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Abstract 

 
Despite the physiological and psychosocial health benefits of youth achieving at least 
60 minutes of moderate-to-vigorous physical activity (MVPA) every day, only a small 
proportion of youth in the UK meet this daily target. While there are several reasons 
for this failure to achieve the recommended amount of MVPA, recent evidence 
suggests that many youths lack awareness of their physical activity levels (PAL) and 
have difficulty interpreting and applying the guidelines to their daily activity. One 
solution to counteract this problem is to utilise and integrate technology, such as an 
objective measurement of PAL in combination with personalised feedback, to enhance 
youth’s awareness and understanding of, and motivation for, physical activity. 
 
Whilst accelerometers are the de facto standard in objectively measuring PAL, they 
have limitations when it comes to assessing non-linear movements, such as turning, 
that are habitual to youths’ sporadic activity.  Study 1, therefore, investigated the 
energy expenditure of turning in children, finding that the magnitude and frequency of 
turns completed are important considerations when measuring habitual PAL. 
Specifically, significant differences in energy expenditure to straight-line walking 
within speed were established for 2.5 km·hr-1 at 90° turn (~7% increase) and 3.5, 4.5 
and 5.5 km·hr-1 for 180° turns (~13%, ~14% and ~30% increase, respectively). 
Nonetheless, one innovative method that has potential to make physical activity targets 
more comprehensible and actionable for youths is personalised, 3D-printed feedback 
that can conceptualise their PAL. Therefore, Study 2 explored youths’ perceptions of, 
and designs for, 3D-printed visualisations of PAL. The findings revealed that youths 
understood the concept of visualising physical activity as a 3D object and felt that such 
feedback could act as a motivational tool to enhance youths PAL. Following youths’ 
preferences for weekly models represented as abstract and bar-chart designs, two age-
specific 3D models were developed to represent MVPA, across a week, with the 
recommended guideline depicted as a tangible goal. Study 3 sought to validate youths 
understanding of the age-specific 3D models and intensities of physical activity. Youth 
were able to correctly interpret the different components of the age-specific 3D 
models, although showed some misconceptions when defining moderate-intensity 
activities. Despite this, the age-specific 3D models showed promise to enhance youths 
understanding of the recommended guideline and associated MVPA intensities. Study 

4 subsequently examined the efficacy of the age-specific 3D models within an 
intervention setting, whereby youth received personal models of their PAL. Over time, 
the 3D models enhanced youths’ awareness of their PAL and provided a tool to 
compare their MVPA levels to the recommended guideline. Youths displayed their 3D 
models in their home environments and utilised the models as a goal-setting strategy 
to increase their PAL. In conclusion, the nature of the 3D models being a blend of 
personalised feedback, a reward and a goal-setting tool, may offer a unique strategy 
for the promotion of PAL and associations to the recommended guideline. 
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1  

Introduction 

 

Physical activity is a fundamental part of life, serving our earliest and most primitive 

ancestors by enabling them to hunt, gather, adapt and survive different environments 

(Eaton et al., 1988). Indeed, human evolution has been sculpted by necessity-driven 

functional activities, such as foraging, farming, nurturing, building shelters and 

fighting (Cordain et al., 1998). As a result of persistently practising these tasks, it is 

likely that they contributed to the development of modern Homo sapiens. Since the 

industrial revolution of the 1800’s, technological innovations have created an 

environment where physical activity is restricted or not as valuable as a result of 

transitioning from hand production to machine tools, with only a select few individuals 

motivated to lead an active and healthy lifestyle (Hallal et al., 2012). This recent 

divergence between human behaviour and genetic makeup is problematic for the 

biochemistry and physiology of the human body that is designed to function optimally 

when undergoing regular bouts of daily physical activity (Eaton and Eaton, 2003).  

 

Physical inactivity is presently considered to be one of the greatest public health 

problems of our time, and promotion to increase engagement in physical activity 

remains a high priority (Blair, 2009, Mountjoy et al., 2011, Trost et al., 2014a). The 

time spent and intensity of physical activity have consistently been associated with 

physiological and psychological health benefits in youths (Janssen & Leblanc, 2010a). 

However, much concern has been expressed regarding the lack of youths engaging in 

sufficient sustained physical activity to accrue such health rewards (Biddle et al., 2004, 

Riddoch et al., 2007). For basic health benefits, the World Health Organisation (WHO) 

and UK Government both recommend that youths aged 5 to 18 years engage in a 

minimum of 60 minutes moderate-to-vigorous physical activity (MVPA) every day 

(Department of Health, 2011, 2011b, WHO, 2011). Recent UK figures report that only 

23% of boys and 20% of girls aged 4-15 years meet these minimum levels of physical 

activity (Health Survey for England, 2017b), while it is estimated that almost half the 

number of boys and two thirds of girls fail to achieve even half the recommended 

amount (Graig et al., 2009). 
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Low levels of physical activity in youths are of considerable concern given the 

concomitant increased risk for obesity, hypertension, cardiovascular risk factors, type 

2 diabetes mellitus and coronary heart disease (Mountjoy et al., 2011, Lee et al., 2012). 

Recent estimates suggest that one in five children in the UK are obese when they start 

school, rising to one in three children when leaving primary school (Department of 

Health, 2011, 2011b). Worryingly, evidence suggests that approximately 40% of obese 

children will continue to have increased weight during adolescence, with 75-80% of 

these obese adolescents becoming obese adults (Rowicka et al., 2017). Indeed, due to 

the direct results of obesity and associated deleterious non-communicable diseases 

(NCDs; Banjare and Bhalerao, 2016), it is currently predicted that today’s youth will 

be the first generation with a lower life expectancy than their parents (Designed to 

Move, 2012).  

 

Health-related behaviour change is a complex process determined by biological, 

psychological, social and environmental factors (Uphill, 2014). Awareness of physical 

activity levels (PAL) has been identified as an independent correlate for behaviour 

change and important for motivating individual’s movement from pre-contemplation 

to contemplation of behaviour change, as described in the Transtheoretical model 

(TTM; Ronda et al., 2001, Kremers et al., 2008). To date, there is consensus within 

research supporting a lack of awareness of PAL within youths (Kremers et al., 2008, 

Corder et al., 2010, Xu et al., 2017). Research exploring youths’ awareness showed 

that the majority of the study population (64%) were unaware of their PAL (Kremers 

et al., 2008). Furthermore, youths that were aware of their PAL were reported to be, 

on average, 20 minutes per day more physically active than their unaware counterparts 

(Kremers et al., 2008). According to Kremers et al. (2008), this lack of awareness of 

PAL among youths is likely to make them less susceptible to educational programmes 

that aim to influence attitudes, norms, self-efficacy or other cognitive factors, because 

youth will not perceive a need to change. One possible reason for the limited success 

of physical activity interventions in youths (Mears & Jago, 2016, Owen et al., 2017) 

is suggested to be the paucity of research focussing on the component of raising 

awareness within interventions (Corder et al., 2010). Therefore, researchers argue that 

more attention should be focused upon raising youths’ awareness of PAL (Kremers et 

al., 2008, Corder et al., 2010). Equally important, understanding youths’ perceptions 
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about a particular behaviour, such as physical activity, should not be neglected in 

designing a programme aimed at improving physical activity engagement (Cottrell et 

al., 2012). Indeed, enhancing an individual’s knowledge of the nature of physical 

activity and its relationship to health is likely to act as a fundamental drive towards 

appropriate levels of health behaviour (Bandura, 1998, Nutbeam, 2000).  

 

Physical activity is a phenomenon that is difficult to assess and measure as activities 

tend change with days, weeks, and seasons (Pearce et al., 2008). Factors such as 

environmental context (i.e., inside or outside) and conditions (i.e., weather) can affect 

the energy expenditure of activities (Shephard & Vuillemin, 2003). It could be 

conceivable that these interchangeable variables would make it hard for youths to 

interpret the concepts behind physical activity. Noonan et al. (2016) highlighted that 

children’s interpretations of ‘physical activity’ revolved around traditional sports (i.e., 

football, basketball, gymnastics). Consequently, other important sources of physical 

activity, such as playing active games, walking to school and household chores, are 

not considered to contribute towards physical activity by children (Trost et al., 2000a), 

with similar findings reported in adolescents (Harris et al., 2016). Therefore, many 

children who do not adequately understand the concept of physical activity may 

erroneously consider sedentary behaviours, such as watching television (TV) or 

playing traditional video games, as a physical activity (Trost et al., 2000a). Perhaps 

more complex for youths is understanding the duration, frequency and intensities of 

physical activity (Pearce et al., 2008). Indeed, more recent findings show that youths 

have a limited ability to classify the intensity of physical activity (Harris et al., 2016). 

It is especially important that youths understand the type and intensity of physical 

activities that form the recommended guideline of 60 minutes of MVPA to gain 

associated metabolic health benefits (Andersen et al., 2006a, Ekelund et al., 2007). 

While there are several reasons that youth fail to achieve the recommended amount of 

MVPA, including socioeconomic status, urbanisation, social and environmental 

differences, it is sedentary screen-based technology that garnered most public criticism 

(Carrington, 2016). 

 

As one cultural historian Steven Mintz notes (2004), young people’s lifestyles have 

gradually shifted over the past century from outdoors to bedrooms and from 

improvised to fantasy toys. Consequently, these shifts in behaviour have increased 
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youths’ sedentary time to more electronically mediated play (i.e., watching television, 

video gaming and internet usage; Foley & Maddison, 2010, Ofcom, 2014), with 

declining participation in unstructured play (Mintz, 2004, Gray, 2011). Indeed, these 

technology-based activities have been independently associated with adverse health 

outcomes, such as obesity (Proctor et al., 2003) and hypertension (Pardee et al., 2007). 

Some studies have shown promise in increasing youths’ physical activity by limiting 

screen-time (Carlson et al., 2010, Hoyos Cillero & Jago, 2011, Brindova et al., 2014), 

however, many interventions have been unsuccessful, as youths’ are reluctant to 

relinquish such highly-valued behaviours (Timperio et al., 2004).This reluctance to 

relinquish technology-based behaviours is most likely attributed to technology being 

is an important part of youths’ daily habits and lifestyle (Smahel et al., 2015). Most 

notably, young people are currently labelled as ‘digital natives’ and the ‘iGeneration’ 

(Prensky, 2012, Rosen, 2012) because they have grown up and developed with 

technological innovations, such as the internet, smartphones and sophisticated video 

games (Hillier, 2008). As technology continues to permeate, and become increasingly 

adopted, within young people’s everyday lives (Cullen et al., 2013), it is important that 

we educate youth to be more responsible and aware to how they use such technology 

to benefit a healthy lifestyle (UNICEF, 2017). In this respect, technological 

innovations that can create opportunities for youth to engage in physical activity, 

empower them and actively protect them from damaging health behaviours, such as 

inactivity, are evidently required (Chaddha et al., 2017). Indeed, evidence suggests 

that youth prefer health support from information technology rather than traditional 

sources that may cause embarrassment with peers or conflicts with parents or teachers 

(Skinner et al., 2003). Hence the movement of technology as a ‘new channel’ to 

develop behaviour change strategies in youths (Cullen et al., 2013). Subsequent 

research has therefore focussed on the utility of technology as part of the solution to 

elicit positive health behaviour change, rather than part of the problem to youths’ 

present physical inactivity levels (McDougall & Duncan, 2008, Duncan & Staples, 

2010, Poole et al., 2011, Lubans et al., 2016, Mackintosh et al., 2016). In this light, the 

use of technology, such as objective measure of physical activity are suggested to be 

great tools to facilitate youths’ awareness and understanding about physical activity 

through the monitoring of behaviours (Brusseau et al., 2011).  
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Providing youth with constant feedback of their behaviours, by employing objective 

measures (e.g., accelerometers), may positively influence behaviour by enhanced 

awareness (van Sluijs et al., 2007). Indeed, the most accurate and detailed objective 

measure of energy expenditure to which physical activity contributes is by assessing 

the body’s oxygen utilisation and carbon dioxide production by indirect calorimetry 

(Levine, 2005). This direct physiological measure is known as the ‘gold standard’ for 

assessing physical activity, although it comes at a price and is impractical in free-living 

settings (Strath et al., 2013, Westerterp, 2009). Accelerometers, on the other hand, are 

small and unobtrusive (Freedson et al., 2005a, Rowlands, 2007) and can be used to 

quantify physical activity into categories of intensity, frequency, duration and total 

volume of activity (Rowlands, 2007, Rowlands et al., 2004b). However, accelerometer 

measures are based upon linear regression models that emphasise that energy 

expenditure increases linearly with vertical acceleration during locomotive activities 

(Freedson et al., 2012). Therefore, this method is thought to be less accurate for non-

linear activities that are representative of daily living (Bassett & John, 2010, Chen et 

al., 2007, Van Remoortel et al., 2012). 

 

One such movement that is fundamental to performing physical activity is turning. 

Historically, turning was thought not to have a significant additional energetic cost to 

that of straight-line locomotion, however, recent studies suggest otherwise (Buchheit 

et al., 2010b, Buchheit et al., 2012, Buchheit et al., 2011, Dellal et al., 2010, Hatamoto 

et al., 2014, McNarry et al., 2017, Minetti et al., 2011, Wilson et al., 2013). Buchheit 

et al. (2010b) reported increased physiological changes in adult’s heart rate, blood 

lactate and perceived exertion whilst running and turning at 180°, with more recent 

research highlighting a synergistic interaction between increasing walking speed and 

angle of turn in determining energy expenditure (McNarry et al., 2017). Such findings 

are particularly pertinent to identifying the true energetic costs associated with youths’ 

PAL, especially given the highly sporadic and ballistic movement patterns of children 

that involve considerable amounts of non-linear locomotion (Adamo et al., 2009, 

Baquet et al., 2007, Sleap & Warburton, 1996, Welk et al., 2000). In this respect, a 

greater understanding of how to measure and account for the diverse nature of physical 

activity more accurately is required, especially if we expect youths to understand their 

behaviours through monitoring devices. However, wearing an accelerometer does not 

develop youths’ awareness or increase youths’ engagement in physical activity alone 
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(Vanhelst et al., 2017) as it must run parallel to personalised feedback (Bentley et al., 

2012). 

 

Over the past decade there has been an explosion in the availability of technologies 

facilitating self-monitoring (e.g., Fitbit) and thereby providing real-time feedback on 

PALs through phone applications. In the past few years, these self-monitoring 

technologies, coupled with online gaming with reward platforms (e.g., Sqord, iBitz, 

Striiv), have become more readily available to the youth consumer market (e.g., Fitbit 

Ace, Garmin Vivofit jr 2; Ananthanarayan, 2015). These commercially-designed 

health technologies are showing some degree of success within youth, improving their 

daily step count (Miller & Mynatt, 2014, Hayes & Van Camp, 2015, Hooke et al., 

2016) and increasing the time spent in MVPA during school playtime (Hayes & Van 

Camp, 2015). Although, contrary to adult literature, youths’ are not naturally taking 

up these types of fitness instruments in the way that adults most commonly use them, 

with only 2% of youth being current users of such devices, taken from a sample of 

1,156 participants (Wartella et al., 2016). With recent advances in digital fabrication, 

such as 3D printing, a new innovative approach to visualising data has been developed. 

Specifically, Khot et al. (2013) used 3D printing to create personalised physical 

activity feedback for adults, reporting that the 3D artefacts of activity data acted as a 

reward and created time for personal reflection and awareness of physical activity 

behaviours. Indeed, tangible interfaces have been shown to promote youths’ 

engagement and reflection in learning (Rogers et al., 2002a, Price et al., 2003, 

Marshall, 2007). However, this type of feedback is yet to be explored in the context of 

physical activity within youths, which is especially pertinent given that developmental 

psychology promotes the use of tangible objects to stimulate intellectual development 

and understanding of concepts (Rita & Dunn, 1979, Cole & Wertsch, 1996, Piaget & 

Cook, 1952, Fleming & Mills, 1992, Montessori, 1912). Therefore, more empirical 

research is required to establish how 3D printing could offer a novel platform to 

conceptualise physical activity data for youths to enhance awareness and 

understanding of and motivation to engage in physical activity to promote positive 

behaviour change.  
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General Aim 

To this end, the overarching aim of the present thesis was to investigate the 

measurement and tangible visualisation of youths’ physical activity. The aims of the 

studies within the experimental chapters (Chapter 3 to 6) are outlined in Table 1.1. In 

summary, Study 1 will investigate the energy expenditure associated with turning in 

children to facilitate more accurate measures of their habitual PAL which is essential 

for investigations requiring detailed physical activity feedback and knowledge of 

results to enforce behaviour change and health policies, respectively. Study 2, will 

therefore, explore youth’s and adults’ perceptions of and designs for detailed physical 

activity feedback displayed as tangible objects to promote physical activity and 

reinforce health messages and polices. Following this, Study 3 will seek to validate 

any specifically designed 3D-printed models of physical activity as a tool to enhance 

youths understanding of intensities of physical activity within a school-based 

intervention. Finally, Study 4 will investigate the efficacy of personalised 3D-printed 

models of youths’ physical activity in a school-based intervention to elicit enhanced 

levels of awareness, understanding and motivation for physical activity. 

 

Table 1.1 Experimental study aims 

 
Aims 

 

Study 1 

 

To investigate the influence of walking speed and angle, and their interaction, on the 

energy expenditure of healthy children. 

 

Study 2 To elicit children’s, adolescents’, parents’ and teachers’ perceptions and understanding 

of 3D physical activity objects to inform the design of future 3D models of physical 

activity. 

 

Study 3 To elicit children’s and adolescents’ (i) interpretations of two age-specific 3D models 

displaying physical activity and (ii) ability to appropriately align activities to the 

respective intensity of physical activity. 

 

Study 4 To investigate the efficacy of two age-specific 3D models to enhance youths’ awareness 

and understanding of, and motivation for, physical activity during a 7-week faded 

intervention, whereby youth receive personal 3D-printed models displaying their PAL. 
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2  

Literature Review 

2.1 Physical Activity 

Physical activity is defined as any bodily movement caused by the musculoskeletal 

system that exerts energy expenditure above that expended at rest (Caspersen et al., 

1985). Energy expenditure is the sum of basal metabolic rate (i.e., the amount of 

energy expended by bodily systems at complete rest), the thermic effect of food (i.e., 

the amount of energy used to digest and absorb food), and the energy expended during 

physical activity (Westerterp, 2004). The basal metabolic rate and thermic effect of 

food account for ~60% and ~10% of total energy expenditure, respectively (Abadi et 

al., 2010). Although, basal metabolic rate and the thermic effect of food can both be 

subtly modified by factors such as body composition (Cunningham, 1980) and the 

volume and ingredients of food (Westerterp et al., 1999), physical activity is the most 

adjustable component of energy expenditure (Rising et al., 1994). On average, physical 

activity accounts for about 30% of total energy expenditure, although can vary 

depending on the activity level of an individual (Abadi et al., 2010). Physical activity 

has multiple sub-dimensions that include the frequency, intensity, time and type, 

collectively referred to as FITT. Frequency can be defined as the rate at which physical 

activity occurs over a period of time, such as a day, week or month (Gabriel et al., 

2012), with intensity referring to the level of effort or physiological demand required 

to perform a physical activity (Gabriel et al., 2012). Time, or duration, is the amount 

of time (i.e., minutes or hours) spent in a physical activity (Gabriel et al., 2012), with 

type alluding to the physical activity being engaged in, such as walking, running or 

swimming (Gabriel et al., 2012).  

 

It is important to understand that ‘exercise’ is a sub-domain of physical activity, which 

describes the premeditated and structured set of actions undertaken to achieve a goal 

of improved fitness or skill (Caspersen et al., 1985). With the exception of sleep, there 

are a number of domains in which people can engage in physical activity over the 

course of the day, as suggested by the socioecological ‘SLOTH’ model that categorizes 
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an individual’s day into five domains: sleep, leisure, occupation, transportation and 

home (Pratt et al., 2004). Leisure-based physical activity can include exercise 

participation and play, although this only constitutes a small percentage of an 

individual’s total physical activity (Ng & Popkin, 2012). Activities undertaken at home 

(e.g., cleaning and cooking), at work or school, active travel (e.g., walking or cycling) 

and passive movements brought on by reactive interactions with the environment, all 

contribute to an individual’s physical activity (Gabriel et al., 2012). Thus, the nature 

of physical activity is not only in the form of highly strenuous exertion, but a reflection 

of behavioural actions that an individual can undertake, whether it be light-, moderate- 

or vigorous-intensity (Powell et al., 2011).  

 

The intensity at which a physical activity is engaged in are usually estimated with 

metabolic equivalents (METs), with one MET referring to the resting metabolic rate, 

equivalent to 3.5 ml·kg-1·min-1  of oxygen consumption or 1 kcal·kg-1·h-1 of energy 

(Hills et al., 2014b). As such, two METs requires twice the resting metabolism (i.e., 7 

ml·kg-1·min-1) and three METs requires three times the resting metabolism (i.e., 10.5 

ml·kg-1·min-1; Jette et al., 1990). However, it is important to note that adult MET 

values are not applicable to youths (Aull et al., 2008, Bailey & McInnis, 2011, 

Banerjee & Saha, 1972), as a result of youths’ higher basal metabolic rates per unit 

body mass which declines as they grow and mature (Butte et al., 2017). Indeed, as in 

many other species, the metabolic costs within humans are shown to be correlated with 

age, sex, health status, fitness level, body mass and height (Ocobock, 2014). It is also 

important to note that energy expended is sensitive to environmental factors, such as 

altitude and temperature, which can alter basal metabolic rate and thermoregulation 

(Ocobock, 2014). Therefore, the human body relies on the interaction between 

morphology, physiology, behaviour and the environment to perform activities, all of 

which determines the energy expenditure (Ocobock, 2014). In this case, the youth 

compendium of physical activities defines light-intensity physical activity as <3 

METs, moderate-intensity as between 3-6 METs and vigorous-intensity physical 

activities as >6 METs (Butte et al., 2017). However, it is important to recognise that 

MET levels for moderate-intensity have varied, with previous research defining it to 

be between 4-7 METs (Corbin & Le Masurier, 2014). Despite this, activity intensities 

range from 0.9 METs for sleeping to 11.5 METs for running at a speed of 8 mph (Butte 

et al., 2017, Ridley et al., 2008). These MET estimations of daily energy expenditure 
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are particularly useful for epidemiological studies, as MET scores can be derived from 

individuals’ self-reported physical activity levels (PAL; Manson et al., 1999). 

Furthermore, understanding the dose (i.e., frequency and duration) of physical activity, 

and its associated intensity, is important for identifying and applying physical activity 

guidelines (i.e., 60 minutes of moderate-to-vigorous physical activity every day; 

WHO, 2011). Indeed, the dose of physical activity is especially important when 

informing intervention studies to account for how much physical activity youths’ need 

to do, but also to classify them as inactive or active for the purpose of monitoring. In 

this respect, physical activity is most commonly measured for interventions that are 

designed to effectively promote the adoption and maintenance of active lifestyles in a 

large number of individuals (Marcus et al., 2006). Interventions can be either acute or 

chronic in their nature, whereby a chronic based physical activity intervention refers 

to an intervention that involves participation in multiple sessions of physical activity 

and an acute physical activity intervention implements a single session of activity 

(Bouchard et al., 2012). Most commonly, studies investigating physical activity and 

health deploy chronic physical activity strategies (Bouchard et al., 2012). Indeed, 

research using chronic strategies for physical activity have led to a greater 

understanding of the benefits of engaging in physical activity to improve an 

individual’s health status (Warburton & Bredin, 2017).  

2.2 Physical Activity and Health Outcomes 

Physical inactivity is identified by the World Health Organisation (WHO) as the fourth 

leading risk factor for global mortality. Indeed, engaging in regular physical activity 

has been considered to be an integral preventative strategy to eliminate or prevent the 

burden of a variety of health-related risk factors associated with physical inactivity 

(Sallis et al., 2008, Janssen & Leblanc, 2010a, Tremblay et al., 2011b, Trost et al., 

2014a). Historically, this understanding of its importance was pioneered by the work 

of Jeremy Morris in the 1950’s, who discovered that physically active workers had 

significantly fewer instances of chronic heart disease when compared to their less 

active counterparts (Morris & Crawford, 1958, Morris et al., 1953). A synthesis of 

existing evidence comparing individuals of high and low PAL indicates individuals 

with high PAL have a 30% risk reduction for all-cause mortality, 20-35% for 

cardiovascular diseases, 30-40% for diabetes mellitus type II and 20-30% for colon 
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and breast cancer (Department of Health, 2011a). A more recent systematic review 

showed that inactive individuals are 26% and 21% more likely to suffer from a stroke 

and coronary heart disease, respectively (Kyu et al., 2016). In this respect, there is a 

linear relationship between PAL and adverse health conditions, meaning that those 

individuals with the highest PAL have the lowest risk of contracting such adverse 

health conditions (Lee & Skerrett, 2001b, Powell et al., 2011). 

 

The dose-response relationship between physical activity and health implies that 

increases in physical activity results in additional improvements in health status, even 

when an individual is not frequently engaging in activity (Galán et al., 2013). Past 

research on the dose-response relationship of physical activity and health indicators 

has mainly focused on adult populations (Abu-Omar et al., 2004, Haennel & Lemire, 

2002, Kim et al., 2008, Lee & Skerrett, 2001a, Martin et al., 2009, Mayer-Davis et al., 

1998, Ohkawara et al., 2007), however, this focus is now changing with increasing 

numbers of studies examining this relationship within youth populations (Biddle et al., 

2004, Biddle & Asare, 2011, Hallal et al., 2006b, Janssen & Leblanc, 2010a, 

Kesäniemi et al., 2010, Mountjoy et al., 2011, Strong et al., 2005). Nonetheless, there 

is still controversy on whether this dose-response relationship is linear (i.e., large 

improvements in health occurring with limited increases in physical activity) or 

curvilinear (i.e., small improvements in health occurring with increases in physical 

activity; Janssen & Leblanc, 2010a, LeBlanc & Janssen, 2010b, Mark & Janssen, 

2008), which is due part to the varying health outcomes being assessed within studies 

(Galán et al., 2013). Within child and adolescent populations, there is much evidence 

to support a positive dose-response relationship between physical activity and health 

benefits (Biddle et al., 2004, Biddle & Asare, 2011, Hallal et al., 2006b, Janssen & 

Leblanc, 2010a, Kesäniemi et al., 2010, Mountjoy et al., 2011, Strong et al., 2005). 

Indeed, engagement in physical activity can significantly reduce the occurrence of 

non-communicable diseases (NCD’s), such as diabetes mellitus type II, cardiovascular 

disease and obesity (Dias et al., 2018, Shiroma et al., 2017, Weston et al., 2016). A 

number of physiological mechanisms may be involved in the relationship between 

increased PAL and the prevention of NCD’s, including the improvement in body 

composition by reduced visceral adiposity and overall body mass, reductions in 

triglycerides, total cholesterol levels, blood pressure and improved blood glucose 

regulation and insulin sensitivity (Booth et al., 2008, Warburton et al., 2001).  
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It appears that MVPA is associated with the greatest number of health benefits in 

youth, such as obesity prevention and improved cardiometabolic health (Janssen & 

LeBlanc, 2010b, Andersen et al., 2006b, Ekelund et al., 2012, Ness et al., 2007, Steele 

et al., 2008, Steele et al., 2009b, Hallal et al., 2006a). In overweight youth, evidence 

shows that programs of moderately intense physical activity between 30 and 60 

minutes in duration, 3 to 7 days a week, reduced total body fat, visceral adiposity and 

blood pressure in youth with mild hypertension, as well as enhancing their aerobic 

fitness (Gutin et al., 2002, LeMura & Maziekas, 2002, Owens et al., 1999, Strong et 

al., 2005). When comparing youths who are habitually more active to those who are 

less-active, the former show better levels of aerobic fitness (Armstrong et al., 1990, 

Craft et al., 2003, Kemper et al., 2001, Rowland et al., 2000, Rowlands et al., 1999). 

Interestingly, a regression analysis on 285 middle school students found that moderate-

intensity physical activity did not contribute meaningfully to aerobic fitness after 

vigorous-intensity physical activity was included in the model (Moore et al., 2013). 

From these findings, Moore et al. (2013) suggested that public health messages should 

look to promote vigorous-intensity physical activity to reap cardiorespiratory health 

benefits among youth. In this regard, research looked to quantify whether vigorous-

intensity physical activity had additional health-enhancing benefits over moderate-

intensity physical activity on a per-minute basis (Owens et al., 2017). Wittmeier et al 

(2008) analysed physical activity data from 251 children, reporting that 45 minutes of 

moderate-intensity physical activity per day were needed to elicit the same benefits as 

15 minutes per day of vigorous-intensity physical activity for reduced body fat and 

BMI. Similarly, Steele et al (2009a) reported that 13.6 minutes per day of moderate-

intensity physical activity compared with 6.5 minutes per day of vigorous-intensity 

physical activity were associated with a reduction in waist circumferences of 0.49 and 

1.32cm, respectively. However, more recent controlled interventions have shown that 

vigorous-intensity physical activity to be less consistently superior to moderate-

intensity physical activity for improving aerobic fitness (Racil et al., 2013, Steele et 

al., 2009a). Nonetheless, bone health is more favourably affected by modest levels of 

high-impact weight-bearing activities, with modest effects on bone mineral density 

typically found anywhere from 3 to 60 minutes on at least 2 or 3 days per week 

(Kontulainen et al., 2002, Linden et al., 2006, MacKelvie et al., 2001, MacKelvie et 

al., 2004, McKay et al., 2005). In this case, vigorous-intensity physical activity is as 
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effective as, but not necessarily superior to, moderate-intensity physical activity for 

improving youth’s health. That said, vigorous-intensity physical activity does have the 

advantages of time efficiency for achieving health benefits, which may be an important 

consideration for time-restricted physical activity interventions (Owens et al., 2017).  

 

Physical activity has also been shown to be beneficial for youths’ psychological well-

being, by enhancing physical self-perceptions, self-esteem and social interaction skills 

(Bunker, 1998, Lubans et al., 2016). Furthermore, previous studies have also shown 

how physical activity positively improves youths’ measures of anxiety (Hilyer et al., 

1982, Norris et al., 1992) and depression symptoms (Brown et al., 1992, Hilyer et al., 

1982, Koniak‐Griffin, 1994, Norris et al., 1992). Rothon and colleagues (2010) found 

that for every additional hour youth spent being physically active resulted in an 8% 

decrease in depressive symptoms. There is, however, much debate on which type of 

activity (i.e., aerobic vs. anaerobic) elicits the greatest improvements in symptoms 

associated with depression and anxiety (Azar et al., 2008, Richardson et al., 2005). 

However, the data suggests that aerobic activity is more effective as it can activate a 

chemical effect similar to that found within an ‘antidepressant’ (Oddie et al., 2014). 

One physiological-based theory for the benefits of aerobic activity is the release of 

dopamine and beta endorphins, which leads to a relaxation or peacefulness effect 

(Stella et al., 2005). The psychosocial theories on the impacts of aerobic activity are 

explained through distraction, task mastery and social interaction as well as improving 

mood and self-esteem (Annesi, 2004, Rothon et al., 2010). Numerous studies 

implementing physical activity interventions demonstrate reduced symptoms of 

depression and anxiety when performing MVPA for 30 to 45 minutes, 3 to 5 days a 

week (Calfas & Taylor, 1994, Richardson et al., 2005, Strong et al., 2005). Others 

show similar effects following an intervention combining both an educational and 

physical activity component lasting 50 minutes in duration (20 minutes of physical 

activity) for 2 to 3 days per week (Melnyk et al., 2009). Physical activity is also 

associated with an improvement in youth’s coping mechanisms (Gerber et al., 2012) 

and lowered perceived stress (Brown et al., 1992, Kantomaa et al., 2008). Therefore, 

physical activity can improve mental resilience and could be one potential preventative 

measure for those youth who may be at a higher risk of developing mental health 

disorders (Oddie et al., 2014). 
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As the numbers of studies investigating the relationship between physical activity and 

health increase, so too does the application of the principles of FITT to reduce the 

burden of diseases (Powell et al., 2011). Given the pandemic rise of childhood physical 

inactivity (Kohl et al., 2012, Moore et al., 2012), public health sectors have produced 

and communicated physical activity recommendations that aim to guide individuals 

towards achieving the minimum levels of physical activity for health benefits (Blair et 

al., 2004). 

2.3 Youths’ Physical Activity Guidelines 

The current recommendations of 60 minutes moderate-to-vigorous physical activity 

(MVPA) were first proposed by a consensus statement released in 1998 (Biddle et al., 

1998). Whilst the government guidelines are currently being updated, the latest 

guidelines were released in 2011 and the WHO and UK Chief Medical Officers both 

recommend that youths (5-18 years old) should engage in MVPA for at least 60 

minutes and up to several hours every day (WHO, Department of Health, 2011b). The 

concept of accumulating 60 minutes per day refers to performing shorter bouts of 

physical activity throughout the day (e.g., 2 bouts of 30 minutes) that can then summed 

to attain the 60 minute target. The term MVPA refers to activities that increase heart 

rate, sweating, heavier breathing or being out of breath (NICE, 2009). Indeed, there is 

much evidence to support the health benefits that can be accrued from children and 

adolescents accumulating 60 or more minutes of MVPA daily (Janssen & Leblanc, 

2010a, Janssen, 2007). However, there are a number of specific types of physical 

activity that youths must include into their overall physical activity to gain 

comprehensive health benefits (Janssen, 2007, Janssen & LeBlanc, 2010b). These 

include, resistance exercise to enhance muscular strength in large muscle groups (e.g., 

trunk and limbs), vigorous aerobic exercise to improve cardiorespiratory fitness and 

weight-loading activities to promote bone health . According to Strong et al. (2005), 

activities such as brisk walking, riding a bicycle and active outdoor play are usually 

indicative of the moderate-intensity threshold. The guidelines also recommend that 

vigorous-intensity activities should be incorporated at least three days a week, 

including those that strengthen muscle and bone (i.e., gymnastics or tennis; 

Department of Health, 2011b). Indeed, evidence supports the use of these 

recommendations as an appropriate measure for detecting a target populations PAL 
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and for examining the efficacy of physical activity promotion and treatment strategies 

(Martinez-Gomez et al., 2010c).  

2.4 Youths’ Physical Activity Levels 

Studies and health surveys indicate that many youths do not meet the recommended 

PAL (Economos, 2001, Westerstahl et al., 2005). Studies assessing PAL are often 

difficult to compare because of the diversity of methodological approaches, data 

analysis, reporting of results and the varying definitions of what constitutes an 

appropriate level of activity (Livingstone et al., 2003, Reilly et al., 2006, Steinbeck, 

2001). The Health Survey for England (2014) demonstrates that self-reported levels of 

youths meeting the current physical activity recommendations has declined from 28% 

to 21% for boys and 19% to 16% for girls across the years 2008 to 2014 (Health Survey 

for England, 2014). Similarly, the percentage of youths meeting the guidelines peaks 

between the ages of 8-10 years for boys (26%) and ages 5-7 years in girls (23%), with 

the decline progressing with age, decreasing to 14% in boys and 8% in girls by 13-15 

years old (Health Survey for England, 2014). However, these measures were based 

upon self-reported methods that are subject to limitations, such as youths 

overestimating their PAL (Adamo et al., 2009), which may be influenced by youths’ 

limited ability to recall their activity as well as conforming to social desirability 

(Biddle et al., 2009, Corder et al., 2008, Gorely et al., 2009). 

 

An alternative method to self-reported physical activity and a more widely adopted 

measure among researchers is an objective measure, thereby removing the potential 

issues of recall and response bias of self-reporting (Adamo et al., 2009). The doubly 

labelled water method (see section 2.13, this chapter) remains the ‘gold standard’ for 

assessing energy expenditure under free-living conditions; however, it is not often 

utilised in studies as it is expensive and has high participant burden and is time-

intensive (Sylvia et al., 2014, Westerterp, 2009). Despite this, studies concerning 

physical activity measurement use the doubly labelled water technique to validate 

instruments, such as accelerometers, for assessing activity in free-living individuals 

(Hills et al., 2014b, Plasqui & Westerterp, 2007). Indeed, accelerometers have gained 

popularity because of their ease of administration and ability to provide a reliable 

assessment of physical activity in terms of time spent active and the distribution of 
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exercise intensities in a large population sample (Adamo et al., 2009, Westerterp, 

2009). A UK study using accelerometers in 11-year old youths reported a median time 

spent in MVPA of 20 minutes per day, with boys accumulating 25 minutes and girls 

16 minutes per day (Riddoch et al., 2007). In contrast, another UK study reported a 

mean time spent in MVPA of 74 minutes per day, with boys achieving 84 minutes and 

girls 66 minutes per day in 10-11 year old youths (van Sluijs et al., 2008).These 

contrasting results may be explained by the specific cut-points of accelerometer counts 

used by the researchers, which determines the amount of time spent in a specific 

physical activity intensity level (Riddoch et al., 2007). In this respect, the choice of 

cut-points used can produce very different estimates of MVPA ranging from 15 to 107 

minutes per day of MVPA for Mattocks and Romanzini cut-points, respectively 

(Banda et al., 2016). Nonetheless, irrespective of the cut points used, it is consistently 

found that boys are more active than girls (Rowlands et al., 2008, Trost et al., 2002b, 

Ekelund et al., 2012, Hallal et al., 2012, Pearce et al., 2012, Telford et al., 2016). In 

detail, Rowlands et al. (2008) investigated the PAL of youths aged 9-11 years based 

in the South West of England, reporting that boys performed a greater frequency, 

duration and intensity of physical activity bouts compared to girls, who were more 

sporadic in their physical activity. Furthermore, the duration of bouts was greater on 

weekdays than on weekends, revealing that youths were more active on school days, 

as supported by Nader et al. (2008). More recent evidence suggests this trend is still 

apparent, with girls aged 4-18 years suggested to be performing 17% (Ekelund et al., 

2012) to 19% (Telford et al., 2016) less total daily physical activity when compared to 

boys. The lower physical activity among girls has been associated with weaker 

influences at the school environment and family levels, with a lower proportion of girls 

participating in extracurricular sport (Telford et al., 2016).  

 

Of particular concern is the evidence supporting the decline in PAL as children 

transition into adolescence (Kimm et al., 2002, Riddoch et al., 2004, Thompson et al., 

2009, Nader et al., 2008), with findings revealing that 16-17 year old adolescents are 

significantly less active (225 minutes per week) than children aged 8-9 years old (1038 

minutes per week;  Thompson et al., 2009). However, a more recent and novel 8-year 

longitudinal study using accelerometers concluded that PAL in both sexes declines a 

lot earlier than previously reported, with children as young as 6-7 years old showing a 

decline in their PAL, therefore reinforcing that methods should target childhood 
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(Farooq et al., 2017). Indeed, childhood is an important period for developing a 

physically active lifestyle that encourages reduced sedentary behaviours (i.e., long 

periods of sitting or lying) that can continue into adulthood (Telama, 2009, Telama et 

al., 2005). 

2.5 Sedentary Behaviour  

It is important to understand that sedentary behaviour is a separate behaviour in its 

own right and not just simply a lack of physical activity or ‘inactivity’. Sedentary 

behaviours are typically defined as pursuits that involve sitting or lying for extended 

periods that require low levels of energy expenditure (i.e. <1.5 METs; Barnes et al., 

2012). Physical activity and sedentary behaviour can co-exist, as an individual can 

engage in the daily recommended requirement of 60 minutes of MVPA and also spend 

prolonged periods engaged in sedentary behaviours (Tremblay et al., 2011a). Indeed, 

reports suggest that youths are spending more time engaged in sedentary behaviours 

(Figure 2.1; Breslin et al., 2012, Colley et al., 2011, Griffiths et al., 2013, Sisson et al., 

2009) and in particular, screen-based sedentary pursuits (Rideout et al., 2010). In the 

UK, youths aged 7 years old are reported to spend 6.4 hours or more each day in 

sedentary pursuits (Griffiths et al., 2013), with 8-9 year old youths from Northern 

Ireland reporting on average 11-12 hours of sedentary behaviour per day (Breslin et 

al., 2012). Worryingly, the problem is widespread, with Canadian youths (aged 6-19) 

spending on average 8.6 hours sedentary (Colley et al., 2011) and similar findings in 

American youths (aged 2-15 years) averaging 6-8 hours per day in sedentary pursuits 

(Sisson et al., 2009).  
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Similar to physical activity, a dose-response relationship is observed with increased 

sedentary behaviour and a greater risk of adverse health-outcomes (Tremblay et al., 

2010). Evidence suggests that prolonged sedentary behaviour is independently and 

positively associated with all-cause mortality and cardiometabolic risk (Katzmarzyk 

et al., 2009, Tremblay et al., 2011a), including increased risk of being overweight or 

obese (Berkey et al., 2003, Jago et al., 2005, Proctor et al., 2003, Wethington et al., 

2013), hypertension (Pardee et al., 2007, Wyszynska et al., 2017), increased risk of 

insulin resistance (Hardy et al., 2010, Sardinha et al., 2008), alterations in lipid profiles 

(Aadahl et al., 2007, Martinez-Gomez et al., 2010b), back pain and headaches 

(Torsheim et al., 2010), respiratory symptoms (Tsai et al., 2007) and reduced fitness 

(Sandercock & Ogunleye, 2013). Dietz and Gortmaker (1985) were the first to 

systematically explore the dose-response relationship between television (TV) 

viewing and health in youth, reporting that more than 5 hours TV per day resulted in 

a higher risk of obesity. A more recent systematic review showed that 1 hour per day 

 
Figure 2.1 Youths’ time spent sedentary on weekdays.  

From British Heart Foundation (2015). 
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increments of TV viewing corresponded to a 13% increased risk of obesity in youth 

(Figure 2.2; Zhang et al., 2015). On the contrary, data from van Ekris et al (2016) 

suggests close to zero effect of each additional hour of TV viewing on adiposity. 

Nonetheless, a number of studies have shown that higher TV viewing is significantly 

associated with increased cardiovascular disease risk factors when a 2 hour (Giussani 

et al., 2013, You & Son, 2012), 3 hour (Martinez-Gomez et al., 2010a) and 4 hour cut-

point (Carson & Janssen, 2011) was used. A large international cross-sectional study 

on 77,000 and 207,000, children and adolescents, respectively, reported a dose-

response effect for obesity in both age groups. In detail, there was a 10 to 27% 

increased risk of obesity in youth watching TV 1 to 3 hours per day, with adolescent 

girls having a 45% increase in risk when watching TV for more than 5 hours per day 

(Braithwaite et al., 2013). However, one major limitation to TV viewing studies and 

greater sedentary behaviour is the consumption of food in front of the TV. Specifically, 

triggers for greater snacking or unhealthy food consumption can be prompted by 

advertisements (Pearson & Biddle, 2011). Indeed, within youth, TV viewing has been 

shown to be positively associated with the consumption of energy-dense snacks and 

drinks, total energy intake and fast foods, which will likely influence findings 

regarding the impact of sedentary behaviour on health parameters (Pearson & Biddle, 

2011). 

 

Sedentary behaviours can negatively impact an individuals psychosocial health (e.g., 

decreased self-esteem) with associations to poorer school performance (Tremblay et 

 
Figure 2.2 Relative risk of obesity in youth watching TV. 

From Zhang et al. (2015). 
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al., 2010). More worryingly, screen-time based sedentary behaviour has been 

associated with an increased risk of depression (Feng et al., 2014, Hamer & 

Stamatakis, 2014). Depression in youth can have significant consequences on their 

psychological health (Thapar et al., 2012, Calles, 2007), such as substance abuse 

(Hersh et al., 2014), increased suicide risk (Hawton & van Heeringen, 2009), impaired 

psychosocial functioning (Gotlib et al., 1995) and even cause psychological health 

disorders in later adulthood (Fergusson et al., 2005). Interestingly, one meta-analysis 

discovered a significant curvilinear dose-response associated with sedentary screen-

time and risk of depression in youth (Liu et al., 2016). The findings suggested that 

when limiting screen-time to 0 to 2 hours per day, screen-time actually decreased the 

risk of depression with lowest risk being detected at 1 hour per day of sedentary screen-

time (Figure 2.3; Liu et al., 2016). Liu et al (2016) postulated that the psychological 

benefits of screen-time could be related to youth processing humorous content on TV, 

the internet and video games (Primack et al., 2009), as well as enhancing ability to 

read and visualise images (Bar-On et al., 2001). Many of the aforementioned reports 

and studies measuring sedentary behaviour in youths have focused predominantly on 

television (TV) viewing which may confound the attribution of other sedentary screen-

based behaviours (e.g., smartphone usage, video game playing, computer use; Biddle 

et al., 2016, Bouchard et al., 2015). Given the trend of sedentary technology use may 

continue to increase, it is critical that youths develop an awareness of their behavioral 

patterns to increase the likelihood of their intentions to change health-risk behaviours 

(Kremers et al., 2008). 

 
Figure 2.3 Curvilinear dose-response relationship between screen-time 

in youth and risk of depression. From Liu et al. (2016). 
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2.6 Youths’ Awareness of their Physical Activity Levels 

Physical activity is a multi-dimensional health-related behaviour that consists of a 

large number of different activities (e.g., cycling, walking, running, swimming and 

jumping; Ronda et al., 2001) and measures of time and intensity (e.g., time engaged in 

moderate-intensity physical actvity; Thompson & Batterham, 2013). More 

specifically, youths tend to display sporadic and irregular movement patterns, moving 

from one extreme intensity to another (e.g., from light- to vigorous-intensity physical 

activity; Adamo et al., 2009, Janssen & LeBlanc, 2010b, Sleap & Warburton, 1996, 

Baquet et al., 2007). These aforementioned complexities of physical activity make it 

especially hard for young people to accurately evaluate their PAL. One behavioural 

model that has be used by researchers to identify and work with young people to raise 

awareness of PAL and modify inactive behaviours is the Transtheoretical model 

(TTM; Prochaska & DiClemente, 1992). The TTM , which incorporates stages of 

change, has been used extensively for different health-related behaviours and exercise 

(Ronda et al., 2001). Specifically, there are five stages of change that are distinguished 

(Figure 2.4): pre-contemplation (i.e., individual is not considering increasing their 

PAL), contemplation (i.e., individual is considering increasing their PAL), preparation 

(i.e., individual intends to increase PAL), action (i.e., individual has started to increase 

PAL more) and maintenance (i.e., individual is sustaining the desired PAL). Given 

that the TTM is a multistage theory, it has the potential to provide a complete picture 

of physical activity stage changes, which could enable conclusions to be drawn on 

what constructs or variables lead to behaviour change (Nigg & Courneya, 1998). It is 

suggested through the TTM that there are certain cognitive processes that influence 

the early stages of physical activity behaviour, including consciousness raising, 

environmental-evaluation and self-evaluation (Maddux & Rogers, 1983, Marcus et al., 

1992, Prochaska et al., 1992, Prochaska & Marcus, 1994). These cognitive processes 

encourage youth to be more aware of their activity levels, which often requires 

repeated awareness-raising to nudge an individual through the stages of behavioural 

change (Walton et al., 1999). Indeed, research has demonstrated that youth in the later 

stages of change (i.e., action and maintenance) reported significantly greater levels of 

both moderate- and vigorous-intensity physical activity to those in the earlier stages 

(i.e., precontemplation and contemplation; Lee et al., 2001, Wyse et al., 1995). 

Sanaeinasab and colleagues (2013) found a linear pattern of improvement in youth’s 
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time spent in MVPA per week across the stages of change (i.e., from precontemplation 

to the maintenance stage). However, there is some uncertainty as to how effective the 

stages of change are in influencing the level of light physical activity and sedentary 

behaviour (Haas & Nigg, 2009, Schumann et al., 2002). Nonetheless, a more recent 

study found that 58% (n=212) of youth resided in the precontemplation stage at the 

start of the study (Pope et al., 2015), which is similar to previous findings (Annesi et 

al., 2010, Prapavessis et al., 2004, Sanaeinasab et al., 2013, Walton et al., 1999, Wyse 

et al., 1995). These similar findings may suggest that future studies should investigate 

tailoring interventions to the first precautionary stages of change (Pope et al., 2015). 

In line with this notion, awareness of personal risk behaviours has been identified as 

an independent correlate for behaviour change, by motivating an individual to move 

from pre-contemplation to contemplation of behaviour change (Ronda et al., 2001, 

Kremers et al., 2008). Indeed, based on Weinstein’s (1988) Precaution Adoption 

Process Model (PAPM), an individual can only be expected to proceed to 

contemplation when they are aware of their inadequate PAL. Despite this evidence to 

promote behavioural change, there is limited research investigating the awareness of 

PAL among children and adolescents.  

 
Figure 2.4 The five stages of change. 

Adapted from Prochaska and DiClemente (1986). 
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Physical activity awareness is defined as the agreement between self-rated and actual 

PAL (Van Hoye et al., 2012). Kremers et al. (2008) investigated the extent to which 

children, aged 8-13 years, were aware of their own PAL using a self-reported 

measurement. The findings revealed that 64% of the children were unaware of their 

PAL, with those that were aware of their physical activity behaviour reporting to be, 

on average, 20 minutes more active per day compared to their unaware counterparts. 

Of more concern perhaps was there was little consistency in children who couldn’t 

accurately self-report, with 41% over-estimating and 23% under-estimating their PAL. 

However, caution must be taken as findings were based upon self-reported methods of 

physical activity that are known to elicit inaccurate measures of a child’s activity 

behaviour when compared to objective methods (Adamo et al., 2009). Consequently, 

Corder et al. (2010) assessed physical activity awareness in youths aged 9-10 years 

using self-reported physical activity perceptions in contrast to an objective 

accelerometer measurement. In total, 31% of youths were objectively recorded as 

inactive, with 40% of this number overestimating their PAL and therefore lacking 

awareness. A more recent one-year observational study examined 1899 youths (9-12 

years) response to a single question regarding their knowledge of healthy behaviour 

and their PAL. The findings revealed that after nine months 71% of youths 

demonstrated an increased awareness of the positive association between increased 

physical activity and reduced obesity. Furthermore, youths who demonstrated 

increased awareness also significantly increased their duration and frequency of 

physical activity by 12.7 minutes per day and 2.5 sessions of exercise per week, 

respectively, from baseline (Xu et al., 2017). Similarly, Huhman et al (2007a) reported 

a positive relationship between the frequency of youth viewing an activity health 

message and their behavioural outcomes related to physical activity. Specifically, 

youth who reported being more aware of the health message engaged in 4 weekly 

sessions of free-time physical activity, whereas youth who were not aware reported 3 

sessions per week, which accounts for a 22% difference. According to Brusseau et al. 

(2011), youth construct knowledge and behaviour cumulatively, therefore, enhancing 

youths knowledge of the concepts and principles related to physical activity and how 

to apply them to daily tasks will likely increase independent cumulative learning and 

participation in physical activity (NASPE, 2004). Based on the ‘Knowledge, Attitude 

and Practice Model’ (KAPM), if an individual has specific knowledge about how their 

negative behaviours can increases their disease risk, they are more likely to modify 
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their behaviour to counteract such adverse health problems (Ward et al., 2002).These 

findings suggest that knowledge dissemination and health education may be important 

strategies to promote positive behaviour modification among youths (Xu et al., 2017, 

Fairclough & Stratton, 2004). Although previous research in adults and the use of 

health messages to increase physical activity has had little impact (Knox et al., 2013a), 

research among youths has shown this to have a positive influence on their physical 

activity attitudes and behaviours (Huhman et al., 2007b, DiLorenzo et al., 1998). 

 

The evidence suggests that youths who are unaware of their PAL are less likely to 

perceive the need to change unhealthy risk behaviours (Kremers et al., 2008). 

According to Kremers et al. (2008), a lack of awareness among youths is likely to 

make them less susceptible to educational programmes that are aimed to influence 

attitudes, norms, self-efficacy or other cognitive means, as they will not perceive the 

need to change. Furthermore, there is contradictory research that the lack of 

effectiveness of physical activity interventions could be, in part, explained by 

individuals lacking awareness of their physical activity behaviours, such as believing 

themselves to be more active than they really are (Oenema & Brug, 2003). Therefore, 

to effectively promote physical activity through health education programmes, 

researchers should primarily focus upon raising awareness levels among youths 

(Kremers et al., 2008). Indeed, the PAPM suggests that individuals are unlikely to 

perceive the need to change unhealthy behaviours unless they become aware that their 

behaviour is not optimal, such as, ‘I do this much MVPA but this much MVPA is 

recommended’ (Weinstein, 1988). In this case, the UK guidelines of 60 minutes of 

MVPA are used as a minimum recommended level for youths to achieve and gain 

associated health benefits. In line with this, evidence suggests that interventions that 

implement knowledge of health messages among youths, such as the guidelines, have 

been shown to increase physical activity and energy expenditure (Kahn et al., 2002, 

Belton et al., 2014, Borges et al., 2015). Therefore, it could be postulated that the lack 

of awareness of the guidelines may be a contributing factor to the declining PAL in 

youths (Roth & Stamatakis, 2010). 
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2.7 Youths’ Knowledge of the Physical Activity Guidelines 

Institutes, such as The National Institute for Health and Care Excellence (NICE) and 

the British Heart Foundation (BHF), support the use of the 60 minutes MVPA 

guidelines to promote awareness of the importance of physical activity and its health 

benefits among youths (NICE, 2015, Townsend et al., 2015). The Health Survey 

England published in 2007 investigated youths’, aged 11-15 years, knowledge of the 

physical activity guidelines. The report revealed that out of 2,510 participants, only 

10% of boys and girls were able to state the current minimum physical activity 

guidelines (HSE, 2007). Furthermore, a smaller number of youths cited more than the 

current minimum (8% boys, 3% girls), with 81% and 87% of boy and girls, 

respectively, reporting less than the current minimum or having no knowledge (HSE, 

2007). In accord with Kremers et al. (2008), the HSE found that those youths who 

correctly reported the guidelines were in the high category of physical activity and did 

attain the target of 60 minutes MVPA, although their ability to articulate the guidelines 

was limited to time spent being active (e.g., 60 minutes). 

 

Snethen et al. (2001) found a limited comprehension about the physical activity 

guidelines, including the recommended frequency, intensity and duration of physical 

activity in a population of overweight youths aged 8-12 years. Similar findings were 

reported in adolescent girls, showing a lack of knowledge of the guidelines with little 

awareness of the required intensity (Sleap & Wormald, 2001). A more recent study 

highlighted that this lack of knowledge regarding the guidelines is still present among 

youths, expressing varying durations of time from 20 minutes to 5 hours, with youths 

most commonly suggesting 2 hours per week of physical activity (Harris et al., 2016). 

The lack of knowledge over the guidelines is disconcerting, especially given the 

number of years that public health physical activity recommendations have been 

available and the evidence supporting that enhanced knowledge facilitates PAL for 

some youths. For these reasons, better ways of marketing, disseminating and 

implementing physical activity recommendations are required. However, this lack of 

knowledge regarding the recommended targets may not be the only concern (HSE, 

2007, Roth & Stamatakis, 2010). Understanding youths’ perceptions about a particular 

behaviour is equally important and should not be neglected when designing programs 

to initiate behaviour change, such as physical activity (Cottrell et al., 2012). According 
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to Noonan et al. (2016), there is a lack of understanding within youths on the various 

forms of physical activity, specifically those of active travel and unstructured play, 

with a need to educate how these types of activities contribute to achieving physical 

activity targets. Similarly, Placek et al. (2001) highlighted that youths have certain 

limitations and inaccuracies in defining and relating their physical activity to the 

principles represented by FITT. Indeed, enhancing an individual’s knowledge and 

understanding of the complexities of physical activity, such as the type, intensity, 

frequency, duration and their associations to health are likely to drive an individual 

towards achieving appropriate levels of health behaviour (Bandura, 1998, Nutbeam, 

2000).  

2.8 Youths’ Understanding of Physical Activity  

Despite the promotion of active lifestyles being a central aim of the UK government 

for many years, there is little evidence that it has significantly impacted youths’ 

knowledge and understanding of physical activity and behavior (Harris et al., 2016). 

Since the early 1990s, findings have reported that youths have misconceptions and 

misunderstandings about health, physical activity and fitness (Brusseau et al., 2011, 

Burrows & Wright, 2004, Burrows et al., 2002, Burrows et al., 2009, Desmond et al., 

1990, Dixey et al., 2001, Harris, 1993, Harris, 1994, Keating et al., 2009, Kulinna, 

2004, Lee & Macdonald, 2009a, Lee & Macdonald, 2010b, Merkle & Treagust, 1993, 

Placek et al., 2001, Powell & Fitzpatrick, 2015, Shea & Beausoleil, 2012, Stewart & 

Mitchell, 2003, Trost et al., 2000a). Trost et al. (2000) addressed the issues of 

children’s understanding of the term physical activity using a 17-item checklist 

displaying different activities (e.g., from playing video games to climbing trees) and 

asked the children to write down what they thought physical activity meant. In total, 

127 youths (aged 8-9 years) participated in the study and were grouped into three 

experimental groups, a video or verbal instruction group and a no instruction group. 

The video group developed the best understanding of physical activity, followed by 

the instruction group. Worryingly, 38% of the control group indicated that working on 

the computer was a physical activity, with approximately 30% believing that sweeping 

the floor was not a physical activity. Nonetheless, it is important to consider the 

applicability of activities, such as sweeping the floor, as a lack of familiarity may lead 

youths erroneous conclusions regarding the intensity (Li, 2016). That said, findings 
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from Trost et al. (2000) highlight that youths aged between 8-9 years, without prior 

intervention, demonstrate a limited understanding of physical activity, as defined by 

researchers and health practitioners. The following year, research from the USA 

revealed that youths aged between 11-12 years also had difficulty in defining physical 

activity, especially in terms of fitness components, activities that improve fitness and 

the principles of training (Placek et al., 2001). For instance, youth had trouble relating 

physical activities to the four main components of fitness, such as bicycling, pushups, 

stretching and weight lifting to enhance cardiovascular endurance, muscular 

endurance, flexibility and muscular strength, respectively (Placek et al., 2001). It can 

be seen that the types of activities associated with physical activity are largely based 

upon sport specific team games (Everley & Macfadyen, 2015, Harris et al., 2016, 

Macdonald et al., 2005, Noonan et al., 2016, Pearce & Bailey, 2011). Specifically, 

Everley and Macfayden (2015) used a drawing technique to elicit children’s 

perceptions of physical activity, finding that boys most commonly drew themselves 

taking part in team games (56%), with football the dominating activity (46%). Noonan 

et al. (2016) reported similar findings using the write, draw, show, and tell (WDST) 

method, with physical activity most frequently associated with organized sports (e.g., 

football, basketball, gymnastics; Figure 2.5). Consequently, research has shown that 

children do not account for unstructured forms of physical activity, such as active 

travel, dog walking, active play, video gaming and household chores (Noonan et al., 

2016, Trost et al., 2000a), even though data from Noonan et al. (2016) reported that 

60% of participants walked to school regularly.  

 
Figure 2.5 Drawing from a boy aged 11 years old illustrating playing 

football with friends. From Noonan et al. (2016). 
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It is likely that cognitive developmental differences between children and adolescents 

have an impact on their understanding of the concepts related to physical activity 

(Piaget & Cook, 1952). Following Piaget’s developmental theory, early cognitive 

development in youth involves processes based upon actions, whereas later it changes 

to more mental operations (Piaget & Cook, 1952). In more detail, Piaget proposed four 

stages of cognitive development to reflect increasing sophistication of a child’s 

thought. These include: 1) sensorimotor stage, birth to age 2; 2) pre-operational stage, 

from age 2 to 7; 3) concrete operational stage, from age 7 to 11; and 4) the formal 

operational stage, age 11+ (Piaget & Cook, 1952). Each child goes through these 

stages in the same order up until adolescence, however, the rate at which a child 

progresses through the stages varies due to biological maturation and interaction with 

the environment, with some youth never attaining the later stages. Given that 

adolescents may differ to children as a result of their greater ability to think about 

abstract concepts and logically test hypotheses, it could be conceivable that their 

understanding of physical activity is greater. Indeed, research has demonstrated that 

youths’ understanding of concepts related to physical activity, such as their ability to 

identify physical activity for health enhancement and vigorous-intensity activities, 

improves with age (Brusseau et al., 2011). On the contrary, more recent evidence 

suggests that this may not be the case (Harris et al., 2016). For example, Harris et al. 

(2016) reported that adolescents aged 11-15 years have a limited awareness of 

incidental or routine moderate-intensity activities (e.g., walking) and informal 

recreational activities, including scootering or roller skating. Similar findings were 

found within Australian adolescent girls, who did not consider walking, cycling and 

physical labour to be legitimate health-enhancing activities (Lee & Macdonald, 2009b, 

Lee & Macdonald, 2010a). One of the problems is that youths tend to associate 

physical activity with being thin and/or being good at sport, as documented in the early 

90s (Harris, 1994, Harris, 1993). Youths limited conceptualisation of what types of 

activities form physical activity is of concern and may have potential impacts on 

youths’ physical activity participation due to the perceived notion that they are not 

good at sport or believing that the activities they choose are not health enhancing.  

 

One possible reason for youths’ lack of understanding physical activity is suggested 

to be their limited ability to understand and identify different intensities of physical 
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activity (Cowden & Plowman, 1999, Prochaska et al., 2001, Snethen & Broome, 2007, 

Placek et al., 2001, Pearce et al., 2008). Placek et al. (2001) discovered that youths had 

no concept of the intensity required to improve fitness levels, with no youths 

mentioning checking heart rate as a way of monitoring effort during running or number 

of repetitions and/or sets during weight training. Moreover, Pearce et al. (2008) found 

that youths had difficulty in categorising their perceptions of intensity as a result of 

skill for an activity or physical competence influencing their ability to identify the 

physical activity intensity. Perhaps this level of competence or skill for an activity is 

explained, in part, by Erikson’s (1998) theory of psychosocial development, whereby 

youths are developing a strong sense of competence for specific activities, which in 

turn, could influence their ability to accurately define the physical intensity. 

Nevertheless, Pearce et al. (2008) did report how some youths demonstrated an ability 

to assess the intensity of activities by body cues, such as heartbeat and sweat. These 

reported types of body cues for activity intensity were similar to those found in 

previous research, with “tired” acting as an indicator for higher intensity activity 

(Lévesque et al., 2004). Indeed, the children’s OMNI exertional scales was developed 

using the body cue “tired” (Figure 2.6; Robertson et al., 2005, Robertson et al., 2000). 

In this respect, youths demonstrate a greater ability to identify the intensity of their 

activities based in laboratory settings (Pfeiffer et al., 2002, Robertson et al., 2005, 

Robertson et al., 2000). A recent longitudinal analysis revealed that the validity of the 

OMNI scale was strong for children aged 9-10, 11-12, and ≥13 years, although 

concluded that caution should be used when interpreting OMNI reports from children 

younger than 8 years (Gammon et al., 2016). The lack of ability to define intensity at 

younger ages aligns with previous research reporting that children do not have the 

cognitive ability to respond to biofeedback from their body (Brief, 1983). Therefore, 

it is reasonable to accept that younger children have difficulty in rating their physical 

activity intensity according to the OMNI scale. Although children have a limited 

ability to consider the intensity of physical activity, some promise has been shown in 

non-laboratory settings with adolescents considering that increased levels of physical 

activity depends on the type of activity performed (e.g., running, star jumps and Wii 

Fit Plus) and on its intensity and duration (Harris et al., 2016). However, these 

adolescents still had little understanding of routine moderate-intensity activities, such 

as walking to school, which highlights gaps within their understanding of intensity.   
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Figure 2.6 The children’s OMNI scale of perceived exertion.  

From Robertson et al. (2000). 

 

Although evidence on the impact of knowledge and understanding of physical activity 

to significantly increase an individual’s PAL is questionable (Abula et al., 2016), 

findings are equivocal (DiLorenzo et al., 1998). Interestingly, Nemet et al. (2012) 

compared knowledge of physical activity in different socio-economic groups of young 

children, revealing that children from lower socio-economic backgrounds reported 

poorer knowledge of physical activity when compared to their middle socio-economic 

counterparts. Although the findings from Nemet et al. (2012) were limited in detailing 

children’s knowledge of physical activity, the findings may, in part, explain the higher 

prevalence of overweight British children in lower socio-economic backgrounds 

reported today (Bann et al., 2018). It is therefore important to recognise this lack of 

knowledge regarding the complexities of physical activity within youths as 

development of content knowledge is a critical step for youth achieving healthy and 

active lifestyles that can be continued into adulthood (Brusseau et al., 2011). Having 

this knowledge of the concepts and principles related to physical activity and how to 

apply them is likely to enhance the likelihood of independent cumulative learning and 

increased participation in physical activity (NASPE, 2004). It has been suggested that 

youths inadequate and/or inaccurate understandings of physical activity are the 

consequence of a lack of teaching within the school environment (Burrows & Wright, 

2004, Burrows et al., 2002, Lee & Macdonald, 2009b, Lee & Macdonald, 2010b). 
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Given the role of schools in influencing healthy lifestyle choices, it is essential that 

they provide both opportunities for activity and a learning space for building 

knowledge related to physical activity and health behaviors (Brusseau et al., 2011). 

2.9 School Context for Physical Activity Promotion 

The importance of schools in promoting health behaviours and physical activity is 

widely acknowledged among researchers (Cale & Harris, 2004, Harrell et al., 1999, 

Penney & Jess, 2004, Salmon et al., 2007, Warren et al., 2003). Youth attend school 

for at least a decade of their lives (Story et al., 2006), spending approximately 40% of 

their waking time in a school setting (Fox et al., 2004). Some researchers have found 

that a majority of youths’ physical activity takes place during the school day, in the 

form of active travel to school, physical education, playtime and extra-curricular 

activities (Fairclough et al., 2007, Mota et al., 2003). Schools can make a difference 

in providing clear and consistent messages to a large population of youths from a broad 

range of socio-economic backgrounds on the benefits of attaining physical activity 

recommendations and developing healthy lifestyle behaviours (Naylor et al., 2008). 

Given that schools have a pre-established organisational, social and communication 

structure, they are a key setting for providing youth with opportunities to engage in 

regular physical activity and health education that can continue into adulthood 

(Fairclough et al., 2013). As identified by Armour and Harris (2013), government 

initiatives are increasingly looking to schools as an appropriate setting for public 

health investment. For example, the ‘Moving More, Living More’ Government plan 

inspired by the London 2012 Olympic and Paralympic Games with the aim of having 

a more physically active nation (Cabinet Office, 2014). The document identifies school 

time and Physical Education (PE) curriculum as potential strands to increase PAL 

among youths. Similarly, the All-Party Commission on Physical Activity report 

‘Tackling Physical Inactivity – Coordinated Approach’ (All-Party Commission on 

Physical ActivityActivity, 2014) advocates a whole school approach, including high 

quality PE, the development of physical literacy, active lessons, activity breaks and 

active travel. Indeed, many school-based interventions have sought to change on the 

school environment, curriculum and structure of the school day in hope to increase 

youths’ PAL (Timperio et al., 2004). A number of these interventions have been 

successful in promoting youths’ physical activity through making changes to the 
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playground environment (Stratton & Mullan, 2005), delivering classroom health 

education (Caballero et al., 2003) and curriculum-based game sessions during 

playtime (Connolly & McKenzie, 1995), as well as physical activity breaks during 

lessons (Donnelly et al., 2009, Kriemler et al., 2010) and providing youth with games 

equipment (Jago & Baranowski, 2004). Most importantly, promotion of physical 

activity within the school setting has shown to not only increase in school PAL but 

also out of school PAL (Kriemler et al., 2011), which is crucial given that evidence 

suggests that youth are less physically active at weekends compared to weekdays when 

attending school (Fairclough et al., 2012). Additionally, school settings have the 

potential to create sustainable physical activity strategies that can be delivered by 

school personnel in ‘real life’ conditions (i.e., without the aid and resources of 

researchers; De Bourdeaudhuij et al., 2011), which lends to reduced costs to run 

(Warren et al., 2003) and an increased likelihood of the strategy being adopted into the 

existing curricula and maintained over time (Stone et al., 1998).  

 

Despite the current drive in promoting youths’ physical activity, the effectiveness of 

strategies within schools, or a lack thereof, appears to be a global issue (Cardon et al., 

2012). Much of this concern has been expressed over the marginal status and limited 

attention given to health and physical activity within school contexts (Alfrey et al., 

2012, Bailey, 2010, Cale, 2000, Cale & Alfrey, 2013, Cardon et al., 2012, Marks, 

2008), including teachers and PE teachers’ limited knowledge and understanding of 

physical activity for healthy lifestyles (Trost, 2006, Tang et al., 2008, St Leger, 2004, 

Speller et al., 2010, McKenzie, 2007, Larsen et al., 2012, Kulinna et al., 2008, Jourdan 

et al., 2010, Davidson, 2007, Castelli & Williams, 2007). Equally, numerous factors 

beyond the school environment influence youths’ health and PAL, such as individual 

(e.g., age, sex, education, socio-economic status, beliefs, self-efficacy), sociocultural 

(e.g., social support, parental/siblings physical activity, ethnicity, social capital and 

norms), and the environment (e.g., seasonality, urban and transport policy, access to 

facilities, traffic, crime and safety rates; Davison & Birch, 2001, Stokols et al., 2002). 

However, it is screen-based technology that has garnered the most public criticism for 

the disparity of youths engagement in physical activity (Carrington, 2016). 
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2.10 Technology as a Barrier to Youths’ Physical Activity Engagement 

In today’s society, technology has become an important part of youths’ everyday lives 

(Smahel et al., 2015), with youths being labelled as ‘digital natives’ (Prensky, 2012) 

and the ‘iGeneration’ (Rosen, 2012). Technological innovations, including the 

internet, smartphones, sophisticated video games and the abundance of TV options 

have changed how youths engage with their environments, with much less engagement 

in the world outside their homes (Hillier, 2008). The adoption of these technologies is 

creating environments that enable youths to communicate with friends around the 

world faster through video gaming or social-media platforms, such as Facebook that 

encourage ‘likes’ that can “bring dings of pseudo-pleasure” (Lewis, 2017). However, 

this use of technology to attain functionality and pleasure can quickly become a form 

of addiction that encompasses sedentary behaviour (Kim et al., 2015). This 

advancement in technology could, at least in part, be attributable to the increasing 

weight status currently reported (Lakdawalla & Philipson, 2009). Moreover, is the 

worrying amount of time youths spend engaging in sedentary screen-based activities, 

such as internet usage, watching TV and playing video games (Coleman, 2014, Foley 

& Maddison, 2010). The 2017 UK Ofcom report revealed that youths aged 5-15 years 

typically spend 15 hours on their mobile and online, 14 hours watching TV and 10 

hours playing video games per week (Figure 2.7; Ofcom, 2017). Moreover, as youths 

age, their time spent online per week and the percentage of youths online increases 

(Coleman, 2014, Greca et al., 2016), from 9 (79%) to 13 ½ (94%) to 21 (99%) hours 

for 5-7 years, 8-11 years and 12-15 year old youths, respectively (Ofcom, 2017). It is, 

however, worth bearing in mind that these Ofcom figures on technology use are 

derived from self-reported levels of technology use from parents’ and youths’, which 

relies heavily on an individual’s ability to recall their behaviours and is open to a 

degree of under- and over-reporting. Given these inherent difficulties in quantifying 

technology use, the Ofcom figures work best as an indication of the relative balance 

of these types of activities and how this balance changes with time within youths’ 

lives.  
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Figure 2.7 Estimated weekly hours of media use in UK youth. 

From Ofcom (2017). 

 

As a result of the deleterious health consequences associated with sedentary screen-

based behaviours (Wethington et al., 2013, Wyszynska et al., 2017, Martinez-Gomez 

et al., 2010b, Torsheim et al., 2010, Tsai et al., 2007, Sandercock & Ogunleye, 2013, 

Banyai et al., 2017), countries such as the USA, Australia and Canada have adopted 

sedentary guideline recommendations towards limiting youths recreational screen time 

to less than 2 hours per day (American Academy of Pediatrics, 2001, Australian 

Government, 2017, Canadian Society for Exercise Physiology, 2017). However, it 

remains unclear as to whether screen-time is negatively associated to health simply 

because it displaces physical activity behaviours (Cummings & Vandewater, 2007). 

Indeed, previous research supports that there is no association between youths’ 

physical activity and the amount of time spent in sedentary screen-based activities 

(Serrano-Sanchez et al., 2011, Feldman et al., 2003, Silva et al., 2016), with some 

studies finding that screen-time did not distinguish the active and inactive youths 

(Santos et al., 2005, Karaca et al., 2011). On the contrary, Tammelln et al. (2007) 

found that youths who engaged in more than 4 hours per day watching TV had a 1.4-

2.5-fold increased risk of not achieving the recommended MVPA guideline compared 

to those youths who watched less than 1 hour of TV per day. Moreover, The Health 

Behaviour in School-aged Children study (Melkevik et al., 2010) reported that, for 

both boys and girls, exceeding 2 hours of daily total screen time was negatively 
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associated with MVPA. Similarly, Ferrari et al. (2015) reported that youths who 

viewed less than 2 hours a day of screen-time accumulated significantly more MVPA 

and steps on weekdays than their counterparts who reported over 2 hours of screen 

time.  

 

A recent systematic review suggests that interventions aimed at reducing recreational 

screen-time are effective in reducing the time youths spend in sedentary screen-based 

behaviours and increasing PAL (Buchanan et al., 2016). The Incorporating More 

Physical Activity and Calcium in Teens (IMPACT; Jones et al., 2008) study sought to 

investigate the effect of promoting physical activity in conjunction with implementing 

physical activity classes (e.g., rope jumping) three times a week in adolescent girls. 

The findings revealed a significant increase of 45.4% in vigorous physical activity 

from baseline, with a significant decrease in the intervention group screen-time of 

16.7% in contrast to a 17.9% increase in the control participant’s screen-time (Jones 

et al., 2008). However, previous interventions are largely based on reducing youths’ 

TV viewing time and neglect the potential impact of more recent technologies such as 

smartphones and tablets that are rarely reported (Buchanan et al., 2016). Indeed, much 

concern has been expressed on the impact of social media apps accessed through 

smartphone or tablet devices on youths’ physical activity engagement, psychological 

health and sedentary behaviour (Eckersley, 2011, Banyai et al., 2017). Although there 

is a paucity of evidence on the impact of smartphone use on PAL, research has shown 

that smartphone use and physical activity are negatively associated in college age 

students (Kim et al., 2015, Lepp et al., 2013). It is unknown to what extent these 

devices may impact youths’ physical activity behaviours, practically given that screen-

time is highly valued and enjoyable behaviour by youths, with attempts to restrict it 

usually met with resistance as they are reluctant to relinquish such technology (Faith 

et al., 2001). Therefore, using technological innovations and applications to promote 

and reverse un-healthy patterns of behaviour in youth are likely to hold more promise 

(Hillier, 2008). 

2.11 Technology as a Facilitator to Youths’ Physical Activity Engagement 

Within the context of this thesis, technology for health purposes is defined as an 

application of organised health data, feedback and knowledge in the form of devices 
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and ubiquitous systems developed to solve health problems, provide reflection and 

promote quality of life. With technology becoming ubiquitous in youths’ everyday 

lives (Kretschmann, 2015), researchers are recognising technology as a ‘new channel’ 

in which to increase youths’ PAL (Cullen et al., 2013). Technology-based methods are 

seen to be particularly advantageous compared to previous strategies as they can reach 

and enable youths who might want to seek help anonymously and autonomously, with 

more sensitive health topics or stigmatised behaviours (Khadjesari et al., 2011), or 

those individuals, particularly boys, who prefer self-help (Ellis et al., 2013). The 

earliest systematic review on the use of technology-based interventions to promote 

youths’ physical activity was conducted by Norman et al. (2007), reporting that 

technology-based interventions were effective at changing physical activity behaviour 

in youths. However, the review was limited as conclusions were drawn on a larger 

sample of adult outcomes, lacking generalisability to youth populations. Since then, 

numerous additional systematic reviews have been conducted, supporting the 

effectiveness of utilising technology to promote behaviour change in youths (Barnett 

et al., 2011, Biddiss & Irwin, 2010, Buhi et al., 2012, Campos & del Castillo 

Fernández, 2016, Lappan et al., 2015, Lau et al., 2011, LeBlanc et al., 2013, Liang & 

Lau, 2014, Park & Calamaro, 2013, Peng et al., 2013, Rose et al., 2017, Shaw et al., 

2015). Specifically, Lau et al. (2011) evaluated the efficacy of youth technology-based 

interventions, reporting that more than 65% of the interventions demonstrated a 

positive effect on psychosocial or behavioural physical activity outcomes. 

Technology-based interventions are diverse in nature, as they can be delivered through 

websites, text messages, games or apps, email, social media platforms or be a 

combination of methods. Understanding how youths interact and experience different 

platforms of technology is imperative for identifying and adapting future strategies for 

physical activity promotion.  

 

Website-based interventions have resulted in marked improvements in PALs among 

youths (Chen et al., 2011, Cook et al., 2014, Cullen et al., 2013, De Bourdeaudhuij et 

al., 2010, Guthrie et al., 2015, Jago et al., 2006, Slootmaker et al., 2010, Whittemore 

et al., 2012). For example, Guthrie et al. (2015) found that participants taking part in 

an accelerometer-linked online website intervention with financial rewards, 

significantly increased their MVPA by 49% and 67% more than the passive 

(accelerometer no website) and active (accelerometer and dance game) control groups, 
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respectively. However, incentivised physical activity through monetary rewards, such 

as gift cards, questions whether similar effects in MVPA could be obtained without 

the inclusion of financial incentives, given that individuals may only engage in 

physical activity to achieve the monetary reward (Lepper et al., 1973). Nonetheless, a 

recent systematic review provides strong evidence for the use of behavioural 

incentives to promote youths physical activity engagement (Corepal et al., 2018). 

Oliver and Brown (2012) argue that maintained behaviour change in youths could be 

achieved if the incentives are in place for a sufficient amount of time, however, the 

appropriate length of time remains unclear.  

 
Short messaging services (SMS) or text messaging offers many benefits in comparison 

to other modes of communications, including speed, cost and convenience (Davie et 

al., 2004). Given that youths are heavy users of texting (Lenhard, 2009), a SMS 

intervention that encourages youths to be take more steps may be an effective strategy 

to increase physical activity that can be sustained throughout life (Thompson et al., 

2014). Indeed, intervention delivering daily texts of encouragement to youths have had 

some level of success to increasing PAL (Lau et al., 2012, Sirriyeh et al., 2010). Of 

more recent interest are the use of social media platforms (e.g., Facebook and 

Instagram) to encourage and promote positive behaviour change (Bennett & Glasgow, 

2009, Pedrana et al., 2013, Vyas et al., 2012, Webb et al., 2010), although there is a 

paucity of literature regarding social media to elicit increased physical activity (Park 

& Calamaro, 2013, Shaw et al., 2015, Cavallo et al., 2012, Kelty et al., 2012, Wojcicki 

et al., 2014, Mendoza et al., 2017, Pumpera et al., 2016, Ridgers et al., 2017). 

Specifically, a recent 10-week intervention utilising the Fitbit Flex activity tracker in 

partnership with a Facebook group for encouragement found no significant difference 

in MVPA between the intervention and control participants, however, modest 

differences were found for select subscales of quality of life and motivation for  

physical activity in the intervention group (Mendoza et al., 2017).  

 

Over the past decade a rapidly emerging body of evidence supports the use of ‘active 

video games’ (e.g., Nintendo Wii Fit, Dance Dance Revolution, Microsoft Kinect) to 

promote youths’ physical activity (Bethea et al., 2012, Errickson et al., 2012, Gao et 

al., 2011, Maloney et al., 2008, Murphy et al., 2009, Graves et al., 2010, Owens et al., 
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2011, Campos & del Castillo Fernández, 2016, Carmo & Palmeira, 2013, Daley, 2009, 

Guy et al., 2011, Johnson et al., 2016, Pakarinen et al., 2017, Parisod et al., 2014, 

Sween et al., 2014). However, more recent statistics suggest that youths are 

increasingly preferring smartphone devices to computers and consoles for gaming 

entertainment (The NDP Group, 2015). Of note are the use of smartphone apps, such 

as the running app ‘Zombies, Run!’ and the more gaming app ‘Pokémon GO’, which 

requires a user to walk around their environment (i.e., city or park) catching virtual 

‘Pokémon’ characters (Figure 2.8). For example, Althoff et al. (2016) found that the 

app ‘Pokémon GO’ significantly increased youths physical activity by 25% when 

compared to their prior activity levels. However, Rasche et al. (2017) reported that 

high numbers of former ‘Pokémon GO’ users quit after a short period of time as a 

result of boredom, with this duration of playing the gaming app shorter than the 

average time individuals abandoned activity trackers (Ledger & McCaffrey, 2014). 

Indeed, previous studies utilising technology to promote physical activity highlight 

that maintaining user engagement can be a significant challenge (Owens et al., 2011, 

Staiano et al., 2012), and it is expected that more change will come in terms of how 

technology is utilised, especially with the on-going development of smartphones and 

tablets (Shaw et al., 2015).  

 

 
Figure 2.8 ‘Pokémon GO’ app gameplay.  

From Pokémon GO (Pokemongo.com). 
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A recent systematic review, exploring the effectiveness of the aforementioned 

strategies, including websites, SMS, active video games, smartphone gaming apps and 

social media platforms, concluded that particular interventions utilising technology 

should incorporate self-monitoring, goal setting, education and parental involvement 

(Rose et al., 2017). Taken from this, it is well documented that self-monitoring 

devices, such as objective measurement tools are important in raising an individual’s 

awareness of their PAL (Van Hoye et al., 2012, Bentley et al., 2012). Furthermore, 

objective measures of physical activity are not only useful for monitoring youths’ 

behaviours in and out of school (Brusseau et al., 2011), but also have potential to 

enhance youths’ understanding of physical activity and encourage optimal levels of 

activity for health benefits (Harris, 2014). 

2.12 Objective Measures of Physical Activity 

Measuring physical activity is pivotal to our understanding of the protective health 

benefits, frequency, intensity, type and duration of activity that individuals engage in 

(Strath et al., 2013). Perhaps the most important feature of any monitoring method is 

the accuracy and precision of which it measures the desired variable (Butte et al., 2012, 

Kelly et al., 2016). Specifically, the accuracy (or validity) refers to how true the 

measurement is compared to what is really happening, whereas precision (or 

reliability) refers to the consistency of the measure to accurately quantify the 

component of interest (Bassett Jr, 2000). In the context of physical activity assessment, 

accuracy would relate to the appropriate estimation of energy expenditure at a given 

moment in time, whilst precision would note whether the same estimate of energy 

expenditure on a specific day and activity would be scored the same on another day, 

week or month. It is important to understand that the constructs of accuracy and 

precision are not dependent upon each other, in that a measure can be reliable but not 

valid and vice versa (Bassett Jr et al., 2012). For example, consistently measuring an 

inaccurate magnitude of energy expenditure may have benefits for assessing relative 

changes in a population’s energy demands but consequently have implications on an 

individual’s personal assessment of energy expended. In this respect, an inaccurate 

measurement of an individual’s physical activity may influence their awareness of 

PAL, and consequently lead to a misguided appraisal of their attainment of a physical 

activity recommendation or goal (Ainsworth et al., 2015, Strath et al., 2013). From 
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this, it could be postulated that the most appropriate method for capturing and 

assessing energy expenditure and thus physical activity, could be an objective tool that 

is highly accurate and precise with a good qualitative resolution. 

2.13 Indirect Calorimetry for Measuring Physical Activity 

The most accurate method for assessing an individual’s energy expenditure is by 

measuring the body’s oxygen (O2) utilization and carbon dioxide production, 

otherwise referred to as indirect calorimetry (Levine, 2005). This measurement can be 

achieved in free-living settings using doubly labelled water (Ainslie et al., 2003) or in 

controlled setting in the form of a metabolic cart or chamber (Haugen et al., 2007). In 

brief, doubly labelled water involves an individual consuming water with a traceable 

isotopic form such as deuterium oxide which replaces the hydrogen and oxygen 

elements. The rate of deuterium and oxygen (18O) elimination over a period of exercise 

is then measured in the blood, which is directly related to the carbon dioxide (CO2) 

production and gives an accurate metabolic rate measurement (Coward et al., 1994, 

Schoeller, 1999). Indirect calorimeters are classified as the ‘gold standard’ as they are 

able to measure the fraction of inspired and expired oxygen and carbon dioxide over a 

given time period (da Rocha et al., 2006). According to Rosado et al. (2013), indirect 

calorimetry is based on the principles that there are no considerable reserves of oxygen 

in the body, with oxygen uptake (V̇O2) reflecting the oxidation of nutrients, including 

carbohydrates, fats and proteins, with the ratio of O2 and CO2 produced from the 

oxidation of these macronutrients being fixed. In more detail, nutrient oxidation 

estimates are dependent upon the respiratory quotient (RQ), which is the ratio of CO2 

produced and O2 consumed. A RQ of 0.7, 0.85 and 1.0 can indicate that fat, protein 

and carbohydrate, respectively, are predominately being catabolized. However, studies 

show that it is not always that easy to determine the nutrient oxidisation, as an RQ of 

0.85 could also indicate a mix of metabolic fuels for catabolism (Kaiyala & Ramsay, 

2011).   

 

There are several physiological assumptions made when estimating an individual’s 

energy expenditure using indirect calorimetry methods (Ocobock, 2014). Firstly, it is 

assumed that the individuals being tested will exhibit the same pattern of fuel 

catabolism as those participants that were originally tested in the experiments that 
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established the relationship between metabolic rate, fuel utilisation and respirometry 

(Walsberg & Hoffman, 2005, Kaiyala & Ramsay, 2011). The second assumption is 

that the cost of fuel conversion through gluconeogenesis within the human body is 

negligible (Kaiyala & Ramsay, 2011) and, thirdly, that the CO2 pool within the body 

remains constant, although, this can be violated by a number of different metabolic 

disorders (Kaiyala & Ramsay, 2011). The fourth assumption is that there is no 

contribution of anaerobic metabolism during the measurement period (Kaiyala & 

Ramsay, 2011). Lastly, the fifth assumption is that individuals are post-prandial prior 

to measurement (Kaiyala & Ramsay, 2011), as indirect calorimetry can differ 

significantly if metabolic rates are measured post-meal consumption (Garby, 1989, 

Kaiyala & Ramsay, 2011). These fundamental physiological assumptions have helped 

in improving the estimation of energy expenditure and population-based PAL (Ainslie 

et al., 2003). Although advances in technology have led to the development of indirect 

calorimeters that are easier to operate and more portable than previous instruments 

(Rosado et al., 2013, Levine, 2005), they are not without their limitations, such as 

being highly expensive (Westerterp, 2009) and impractical to use in free-living 

conditions (Strath et al., 2013). Then again, indirect calorimetry measurements do 

provide an essential criterion method with which to judge the accuracy and precision 

of smaller, cheaper and more practical instruments, such as accelerometers.  

2.14 Accelerometers for Measuring Physical Activity 

Accelerometers are a small, lightweight and un-obtrusive technology that are usually 

worn on an elasticated belt positioned on the right hip or lower back. Accelerometers 

are de facto standard for measuring physical activity and in recent decades have gained 

much popularity, given their ease of administration and capability to capture large 

amounts of varied data within large scale studies (Westerterp, 2009). Accelerometers 

account for physical activity in measures of acceleration (counts) in real-time, 

detecting movements in up to three orthogonal places (anteroposterior, mediolateral 

and vertical, Figure 2.9; Kong & Bassett JR, 2005, Rachele et al., 2012). These counts 

of physical activity can be translated into biological metrics (e.g., energy expenditure) 

or physical activity patterns (e.g., moderate-intensity; Freedson et al., 2005a). 

Accelerometers have led to an increased precision of physical activity and are the most 

common method utilised to objectively assess youths’ habitual physical activity 
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patterns (Cain et al., 2013, Ekelund et al., 2011). Specifically, the ActiGraphs are the 

most widely deployed accelerometers by researchers (Cain et al., 2013, de Vries et al., 

2006), as a result of their large memory capacities (Freedson & Miller, 2000) and 

ability to accurately quantify the intensity, frequency, duration and total volume of 

physical activity  (Healy et al., 2007, Matthews et al., 2008, Welk & Corbin, 1995). 

Although accelerometers are praised for their robustness to measure MVPA, problems 

arise, however, when the translation of activity counts is made to energy expenditure 

as a result of linear regression models that are based upon the notion that energy 

expenditure increases linearly with vertical acceleration in locomotion activities 

(Freedson et al., 2012). Therefore, this method of assessing physical activity is thought 

to be less accurate at measuring non-linear activities (Bassett & John, 2010, Van 

Remoortel et al., 2012, Chen et al., 2007), such as turning the body, that are highly 

representative of youths’ sporadic and irregular physical activity patterns (Baquet et 

al., 2007, Sleap & Warburton, 1996, Welk et al., 2000).  

 

 

Figure 2.9 Directions of movement. From Annegarn et al. (2012). 

AP = Anterior-posterior (forward-backward movement), 

ML = Medio-lateral (left-right movement), 

V = Vertical (up-down movement). 
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2.15 The Energy Exependiture of Turning 

Few sports, fitness, or functional activities are limited to just linear locomotion, with 

the majority involving aspects of turning (Schot et al., 1995). For example, FA Premier 

League professional football players perform more than 700 turns during a match 

(Bloomfield et al., 2007), with turning accounting for 35-45% of all steps taken by 

adults in a typical day (Glaister et al., 2007). Turning is a manoeuvre that involves 

braking in the original direction of forward progression, translation and a reorientation 

in the new direction, all of which is completed without stopping the on-going 

locomotion (Hase & Stein, 1999a, Schot et al., 1995, Rand & Ohtsuki, 2000). As a 

result of these forces (deceleration and acceleration) acting upon the body’s centre of 

mass during a change in direction, turns may impose a greater physiological demand 

to that of straight-line locomotion. Indeed, Hamill et al. (1983) were one of the first to 

suggest that curved path locomotion or turning may subject individuals to unique 

stresses, noting that research examining this non-locomotor behaviour had been 

largely neglected. Although there are several studies reporting the biomechanical 

changes during turning (Rand & Ohtsuki, 2000, Schot et al., 1995, Besier et al., 2003, 

Besier et al., 2001) and the specific turning strategies utilised by individuals (Hase & 

Stein, 1999a, Patla et al., 1991, Taylor et al., 2005, Dixon et al., 2013, Glaister et al., 

2007, Akram et al., 2010), studies assessing turning and its physiological demand are 

limited. A few previous studies have compared the differences in physiological 

response of straight-line running and shuttle runs involving a 180° turn (Buchheit et 

al., 2010b, Buchheit et al., 2011, Dellal et al., 2010). These studies showed that the 

incorporation of a 180° turn during submaximal (Buchheit et al., 2011) and high-

intensity (Dellal et al., 2010) running elicited greater physiological demands, with an 

increased V̇O2, heart rate and blood lactate when compared to straight-line running. 

Buchheit et al. (2012) extended this understanding of the physiological effects using 

three repeated sprint turning protocols at 45°, 90° and 135° turns compared to straight-

line running, all completed at a self-selected pace (Figure 2.10). In contrast to Dellal 

et al. (2010), Buchheit et al. (2012) reported that heart rate, blood lactate and rate of 

perceived exertion were greater for straight-line running when compared to the three 

turning protocols. It was concluded that the greater physiological and perceptual strain 

of the straight-line protocol could be related to the faster absolute running speeds 

attained, which may directly influence energetic demands and trigger a greater  
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contribution of anaerobic metabolism (Buchheit et al., 2011). 

 

 

To take into account the influence of specific speeds of locomotion on turning energy 

expenditure, Hatamoto et al. (2013) investigated the effect of walking at 4.3 and 5.4 

km·hr-1 and turning at 180° over varying distances in young adults. Findings revealed 

that, irrespective of speed, as the frequency of turns increased so too did the gross V̇O2 

in a linear fashion, with 180° turns at 5.4 km·hr-1 (0.55±0.09 ml/kg/min-1, p <0.001) 

requiring significantly greater energy demands compared to 4.5 km·hr-1 turns 

(0.34±0.13 ml/kg/min-1). In this case, Hatamoto et al. (2014) extended their findings 

regarding the energy demands of 180° turns in adults at a range of speeds (3, 4, 5, 6, 7 

and 8 km·hr-1) and turn frequencies (13, 18, 24 and 30 per minute). In accord with 

Dellal et al. (2010) and Buchheit et al. (2011), Hatamoto et al (2014) showed that as 

speed increased during a turn, so too did the physiological responses, including heart 

rate, rate of perceived exertion, blood lactate and V̇O2 cost. Moreover, even low 

walking speeds, such a 3.5 km·hr-1 with 30 turns per minute attained a similar 

metabolic demand to straight-line running at 6 km·hr-1. However, these 

aforementioned studies were limited to measuring 180° turns, which ignore the energy 

 
Figure 2.10 Four repeated-sprint sequences.  

From Buchheit et al. (2012). 
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demands of other important angles of turn, such as 90°, that are likely to be more 

habitual to youths’ physical activities (Bloomfield et al., 2007).  

 

To account for a larger range of angles, including 45°, 90°, 135° and 180°, Wilson et 

al. (2013), investigated the effect of speed 6 km·hr-1 on the V̇O2 demand in healthy 

adults, finding that as angle increased within speed, the energy expenditure also 

increased, with a single 180° turn eliciting the same energy expenditure as walking 

5.88 metres at the speed at 6 km·hr-1 in a straight line (Figure 2.11). To consider the 

energy expenditure of turning in more detail, McNarry et al. (2017) investigated the 

energy expenditure of angles (45°, 90°, and 180°) on various walking speeds (2.5, 3.5, 

4.5, 5.5 km·hr-1) within an adult population. In conclusion, the study found a 

synergistic interaction between speed and angle in determining energy expenditure 

within walking, with 90° and 180° turns associated with a significant additional 

metabolic cost from speeds 4.5 km·hr-1 and above. Similar findings were reported in 

community-dwelling elderly (aged >60 years), with 180° turns associated with a 

significantly greater (p <0.05) energy expenditure to that of 90° turns (Justine et al., 

2014). However, given that children are not “mini-adults”, the applicability of adult 

findings to turning in children are questionable, especially given their unique 

physiological and biomechanical structure (Andropoulos, 2012), which is likely to 

influence the energy expenditure of turning. For example, it is likely that a child’s 

body mass is significantly less than an adult, therefore, it would be expected that the 

forces required in the acceleration phase to move the body through a turn would also 

be less. Indeed, Buchheit et al. (2011) found that even smaller adults demonstrated 

lower energy expenditure of turning when compared to taller adults. This follows from 

Newton’s second law of motion, as a larger body mass requires a greater propulsive 

force to perform a given turn (Cohen et al., 2016). Furthermore, adults’ larger skeletal 

structure and muscle size is also likely to influence energy expenditure given the larger 

moment arm length, defined as the perpendicular distance between the muscle-tendon 

action line and the axis about which the moment (i.e., force) is assumed to be generated 

(O’Brien et al., 2009). In this case, it could be postulated that the smaller body size 

and directional forces associated with turning in children when compared to adults 

would require less energy expenditure to complete. 
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Figure 2.11 Oxygen consumption of turning in adults.  

From Wilson et al. (2013). 

 

To date, there are only two studies examining turning in children (Dixon et al., 2013, 

Hader et al., 2016), with only one identifying the energy costs of turning (Hader et al., 

2016). Specifically, Hader et al. (2016) identified the metabolic power of turning in 

adolescent soccer players (aged 16 ± 0.4 years), finding that turning at 45° and 90° 

whilst running was less metabolically demanding than straight-line running. One 

possible reason for this lower metabolic demand of turning was attributed to the very 

low energy demand of the deceleration phase during the turn, which may not have 

been compensated by the re-acceleration phase. Indeed, previous research reports that 

a deceleration phase is characterised by a decrease in speed and an increase in eccentric 

muscles contractions, which is consequently estimated to be two to six time less 

metabolically demanding than concentric contractions at the same work output 

(Abbott et al., 1952, Ryschon et al., 1997). That said, the study was limited by its 

indirect calculation of energy expenditure estimated using the di Prampero’s 

calculation method (2005), which is  based  upon adult regression models and most 

likely discredits other important non-locomotor muscles involved with turning (e.g., 

upper body and back muscles; Buchheit et al., 2010b).  
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The lack of research regarding the energy expenditure of turning in youths’ warrants 

further investigation, especially given that numerous observational studies of youths 

show they most commonly participate in activities, such as football, sprinting (Fjørtoft 

et al., 2009), brisk walking, general play and chasing games (Sleap & Warburton, 

1996), all of which involve considerable amounts of turning (Bloomfield et al., 2007). 

Such findings could not only have implications for the development of more 

sophisticated algorithms to account for turns in accelerometer-based measurements of 

physical activity, but also provide a more precise assessment of youths’ PAL, which 

is essential for detailed investigations of dose-response relationships, evaluations of 

interventions and enhancing youths’ awareness and understanding of their true PAL. 

However, to effectively raise an individual’s awareness of their PAL, it is well 

documented that objective measurements, such as accelerometers, must come in 

partnership with personalised feedback (Bentley et al., 2012, Van Hoye et al., 2012). 

Indeed, previous qualitative research reports that youths would like to receive their 

PAL via feedback after wearing an accelerometer to encourage their engagement and 

understanding (Kirby et al., 2012, Zieve et al., 2017). 

2.16 The Importance of Feedback  

As defined by Abraham and Michie (2008), feedback is providing an individual with 

data about a recorded behaviour or performance in relation to a set standard or others’ 

performance for evaluation. According to DiClemente et al. (2001), feedback can be 

generic (i.e., generalised information relevant to a whole population), targeted (i.e., 

adapted feedback for a specific demographic or health risk) or personalised (i.e., 

individual feedback based on themselves or on normative data). Personalised data can 

encompass information regarding risk, current state and/or change options, and is 

known to have benefits over other formats as it is easier for an individual to relate to 

and engage with (Kreuter et al., 2013, Kreuter & Wray, 2003). Furthermore, 

DiClemente et al. (2001) define seven potential mechanisms of action for how 

feedback can promote behaviour change within an individual. These include: 1) 

education about the behaviour or outcome; 2) motivation or inspiration to change; 3) 

change in attitude or belief about an issue and the ability to overcome it; 4) provision 

of support to change; 5) providing social norms or standards to promote change; 6) 

increased engagement with the information supplied; and 7) the provision of critical 
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risk or protective factor information. Indeed, within the context of health, it has been 

known for some time that providing an individual with numerical feedback of health 

results has a motivating effect to reduce risk behaviours (Weinberg & Weigand, 1993).   

2.16.1 Numerical Physical Activity Feedback 

Numerous studies have utilised pedometers as a self-monitoring tool to promote 

physical activity in youths by providing numerical feedback (Butcher et al., 2007, 

Goldfield et al., 2000, Goldfield et al., 2006, Horne et al., 2009, Lieberman et al., 2006, 

Oliver et al., 2006, Southard & Southard, 2006, Routen et al., 2014). Specifically, the 

numerical feedback provided by pedometers can inform an individual of their step 

count, distance travelled, and time spent partaking in physical activity. The basic 

premise underlying the use of pedometers is that they can provide individuals with an 

estimate of physical activity dose and provide immediate numerical feedback to 

increase awareness of how their personal behavioural patterns impact their PAL 

(Lubans et al., 2009). Interventions using pedometers in youths have usually employed 

either one or a combination of: self-monitoring (recording daily steps), pedometer 

feedback and step goal-setting in conjunction with additional behavioural strategies 

(Berry et al., 2007, Hardman et al., 2011a, Horne et al., 2009, Oliver et al., 2006). 

Specifically, Butcher et al. (2007) found that children who received a combination of 

step-count feedback and information on how to increase daily step count achieved 

significantly more steps when compared to a just ‘feedback’ group and ‘no feedback 

and information’ control group. Whilst Kang and Brinthaupt (2009) reported a 19% 

increase in youths daily steps following a 6-week intervention of self-monitoring and 

feedback, although no control group was included. A similar study comparing a 

control group (pedometer use) to an intervention group (pedometer self-monitoring 

and feedback) found no significant difference between the groups’ physical activity 

after a 3-week follow up (Routen et al., 2014). The major setback with the 

aforementioned pedometer-based measurements is their inability to account for the 

intensity of physical activity attained (Lubans et al., 2009) and  their weak correlation 

to indirect measurements of physical activity. Therefore, pedometers are limited when 

it comes to providing detailed feedback and prescribing physical activity targets, such 

as 60 minutes of MVPA (Ramirez-Marrero et al., 2005). Furthermore, the nature of 

the feedback displayed in the aforementioned studies were predominantly through 
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numerical score displays (e.g., 10,000 steps; Figure 2.12), which may limit the 

potential to enhance youths’ awareness and understanding of physical activity than 

more visual and meaningful methods of representing numerical feedback through 

visualisations (Edwards et al., 2002, Houts et al., 2006). 

 

2.16.2 Numerical Visualisations of Physical Activity  

Visualisations are particularly central to our understanding of data, as “seeing” makes 

knowledge credible (Bloch, 2008) and a greater visibility of information contributes 

to an added responsibility to act (Viseu & Suchman, 2010). Moreover, visualisations 

are known to enable individuals to identify patterns and relationships within their data, 

leading to the discovery of new concepts and ideas that were previously unknown or 

only hypothesised (Card, 1999). In the context of physical activity, visualisations offer 

individuals awareness of their PALs, making them actionable and comprehensible in 

terms of health-related outcomes (Khot, 2016). Over the past 5 years, there has been 

an explosion of commercially-available activity trackers (e.g., Nike Fuelband, Fitbit 

Charge, Garmin Vivosmart and Polar loop) that incorporate a number of different 

sensors (e.g., pedometers, heart rate monitors, accelerometers) into one device for self-

monitoring physical activity patterns (Hooke et al., 2016). The multitude of 

information collected from these devices (e.g., step count, distance travelled, floors 

climbed, beats per minute, calories burned, sleep patterns and intensity of physical 

activity; Figure 2.13) can be evaluated through interfaced connections with computers, 

smartphones and tablets, which can provide interactive visualisations of feedback. 

 
Figure 2.12 . Numerical physical activity feedback displayed on 

the Omron HJ-109-E pedometer 
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Specifically, these interactive visualisations of data allow an individual to hover over 

a particular number or graph segment to find a specific numerical value to understand 

progress towards personal goals (Polzien et al., 2007). 

 

 

The increasing field of these persuasive technologies has enormous potential for 

promoting physical activity (Fogg & Eckles, 2007), with its greatest appeal for use in 

physical activity interventions, as they can reach large numbers of individuals and 

communicate large volumes of personalised visual feedback that coincides with health 

behaviour theory (Ramirez-Marrero et al., 2005, van Gemert-Pijnen et al., 2011). 

Indeed, several reviews report that  using wearable activity trackers and their visual 

feedback can increase adults’ PAL (Fanning et al., 2012, Lewis et al., 2015, Harries et 

al., 2016, Li et al., 2011b, Tudor-Locke & Bassett, 2004), however, there is a paucity 

of evidence to support their use among youth populations (Ridgers et al., 2016, Dean 

et al., 2016, Hayes & Van Camp, 2015, Jacobsen et al., 2016, Schaefer et al., 2016, 

Hooke et al., 2016, Gaudet et al., 2017). For example, Hooke et al (2016) examined 

the efficacy of the Fitbit One and it’s feedback to promote youths’ (6-15 years old) 

physical activity in a clinical setting. In detail, participants wore the Fitbit for 2-weeks, 

with daily screenshots of the feedback from the associated FitBit app sent via email to 

each individual. The findings reported no significant increase in step count; although 

there were marginal increases in steps per day from weeks 1-2, steps count decreased 

from weeks 2-3 (Hooke et al., 2016). More recently, Gaudet and colleagues (2017) 

 
Figure 2.13 Numerical visualisations of activity feedback 
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investigated the potential of the Fitbit-Charge-HR tracker and its visual feedback to 

increase PAL in adolescents (aged 13-14 years) over a 7-week intervention, with levels 

of MVPA measured using a research-based accelerometer. It was reported that for a 

subset of adolescents, exposure to the Fitbit tracker and associated visual feedback was 

associated with a 15-minute increase in MVPA per day, with participants being in the 

action and maintenance stages of behaviour change in relation to physical activity. 

Participants in the pre-contemplation, contemplation, and preparation stages showed 

no change in their daily MVPA levels (Gaudet et al., 2017). One possible reason for 

this lack of behaviour change could be the numbers of adolescents considering the 

Fitbit activity tracker feedback as an “adult thing” (Wartella et al., 2016). 

 

There are, however, many advantages to the use of activity trackers and their numerical 

visualisations of feedback, in that they only require a small screen (Van Wijk, 2005), 

with graphs or charts making data easier to understand and glance at to raise an 

individual’s awareness of their PAL (Yi et al., 2007). On the other hand, research 

suggests that these numerical or graphical forms of visual feedback are too 

complicated for most adult users, as they are not skilled at interpreting the statistical 

data (Ancker & Kaufman, 2007, Galesic & Garcia-Retamero, 2011). As Khot (2016) 

noted, this could be a result of the visual data being overwhelming to generate new 

insights or actionable knowledge. Indeed, this numerical approach to visualising 

feedback could also be problematic for youths, given that numbers and graphs are 

associated with mathematics, which is unlikely to be meaningful and aesthetically 

pleasing to youth populations (Brian, 2012). As expressed by Hassenzahl et al. (2016), 

numbers could make physical activity feel more like work, with need to explore better 

and richer ways to represent data. While this is the case it can be argued that youths’ 

lack of cohesion with on-screen feedback platforms is that current behavioural theories 

have not yet been adapted to leverage their advantages to promote behaviour change 

(Schembre et al., 2018). Nonetheless, developers and researchers are now exploring 

alternative ways of visualising physical activity data through abstract visualisations 

(Anderson et al., 2007, Fan et al., 2012). 
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2.16.3 Abstract Visualisations of Physical Activity 

Abstract and metaphorical visualisations of feedback allow for data to be 

communicated in a symbolic way, that may have benefits to numerical feedback when 

data is more difficult or subjective to understand (Khot & Mueller, 2013). Previous 

research has emphasised the importance of creating more abstract visualisations of 

feedback to support an individual’s positive engagement with data (Consolvo et al., 

2008b). Indeed, abstract visualisations are known to help an individual with the task 

of impression management, defined as the conscious or subconscious process to 

influence an individual’s perceptions about a behaviour (Goffman, 1959), including 

the ambiguity to create a ‘story’ (Aoki & Woodruff, 2005), which enables increased 

reflection of behaviours (Consolvo et al., 2009). Anderson et al. (2007) developed a 

mobile phone system called ‘Shakra’ that was designed to represent physical activity 

in an abstract form, finding that the visualisations encouraged individuals to reflect on 

their physical activity behaviours and motivated them to attain higher PAL. 

Congruently, Fan et al. (2012) designed a system called ‘Spark’ which could represent 

various abstract and graphical visualisations of physical activity data (Figure 2.14). 

The findings reported that the abstract displays increased adults’ awareness of physical 

activity and sedentary behaviours. Interestingly, some participants preferred the 

graphical visualisations when looking for specific information or historical patterns of 

behaviour, however, all participants agreed that abstract visualisations were more 

appealing and aesthetically pleasing than the graph when “glancing” at their data (Fan 

et al., 2012).  

 

 
Figure 2.14 Spark abstract visualisations of physical activity.  

From Fan et al. (2012). 

a) Spiral, b) Bucket. 
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Larsen et al. (2013) created a system called the QS (quantified self) Spiral which was 

designed to map 7 days of Fitbit activity data onto a spiral timeline. As shown in Figure 

2.15, the outer spirals represent an individual’s most recent physical activity data with 

past activity data displayed towards the centre of the spiral shape. According to Larsen 

et al. (2013), the QS Spiral system may enable users to discover their physical activity 

patterns because it can present a large volume of data at a glance. However, these 

conclusions should be taken with caution given no evidence regarding users’ 

perceptions of the QS Spiral were recorded, therefore, the true impact of such spiral 

visualisations on behaviour outcomes are unknown. Similarly, Tong et al. (2015) 

evaluated the readability and attractiveness of representing physical activity data on a 

circular Ringmap visualisation. The Ringmap was designed as a circular structure that 

could represent a whole month of activity data with multiple rings (~30 rings) used to 

show each day of activity. Each day ring was further split up into 5-minute segments 

which would shine brighter the more active an individual completed within that time 

segment. Although the sample size was relatively small (18 participants), which 

weakens the generalisability of the findings, participants  stated that they found it 

easier to identify patterns within their activity data when structured in the Ringmap 

shape compared to a bar chart design (Tong et al., 2015). Despite this, Tong and 

colleagues (2015) concluded that the Ringmap visualisation was not helpful or 

intuitive enough for participants to reinterpret their activity data, which may have been 

influenced by the novelty of the abstract visualisation. There is, however, much praise 

for abstract visualisations within the commercial sector, such as the Apple watch and 

its ring-based visualisation of PAL with associated goals, rewards and online 

competitions (Figure 2.15b; Cowling, 2016). However, research is scarce on the 

potential of such abstract visualisations, especially among the youth populations. Tong 

et al. (2015) proposed that to increase readability and attractiveness of activity data, 

researchers should look into creating more emotionally resonant visualisations, such 

as virtual pet figures. 
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2.16.4 Living Metaphor and Avatar Visualisations of Physical Activity 

Similar to abstract visualisations, living metaphors (e.g., flowers, animals) are found 

to be more engaging, motivating, glanceable, and ambient than graphical and 

numerical visualisations (Lin et al., 2006, Consolvo et al., 2008a, Consolvo et al., 

2008b, Fan et al., 2012). Furthermore, living metaphors are considered to evoke more 

empathy and emotional experiences than abstract visualisations (Tong et al., 2015). 

One of the first examples of a living metaphor visualisation was the release of the 

Nintendo Pocket Pikachu in the late ‘90s, which was based upon pedometer counts 

and involved the user increasing or maintaining their step count to keep the virtual 

Pikachu alive or make them grow (Fogg, 2002). Similar to this, Lin et al. (2006) 

developed a living metaphor through an animated fish that’s emotional state and size 

changed to happier and larger, respectively, in response to increased physical activity, 

and vice versa (Figure 2.16). The findings from Lin et al. (2006) did, however, reveal 

that those individuals who were inactive disengaged with the software as a result of 

the fish looking unhappy, highlighting that negative framing of data could result in 

user disengagement. Furthermore, Consolvo et al. (2008b) designed a software called 

‘Ubifit’, which involved users growing a garden with increased levels of physical 

activity on their personal mobiles. The findings reported that the garden display helped 

raise adult’s awareness and motivation to maintain their PAL. However, users PAL 

 
Figure 2.15 Abstract visualisations.  

a) QS Spiral (from Larsen et al., 2013), b) Apple Watch rings (from Apple.com) 
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did not significantly increase, with concerns expressed over the novelty effect of the 

system, especially given the study was only a three-month intervention. 

 

 
Figure 2.16 Physical activity represented as virtual growing fish.  

From Lin et al. (2006). 

 

Similar to Lin et al. (2006), Tong et al. (2015) explored how caring for virtual pets 

created an internal awareness of physical activity within adults. The virtual pets were 

categorised into five levels of physical activity: extra high, high, medium, low and 

extra low (Figure 2.17). The virtual pet visuals were designed to resemble an 

individual’s approximate activity level, such as a pet being a ‘couch potato’ to 

represent a low level of activity and a ‘super hero’ to reflect extra high levels of 

activity. From the study findings, participants stated that the virtual pet visualisations 

created a sense of empathy and a level of emotional engagement with the feedback 

and associations to their physical behaviours. However, no correlation between PAL 

and response to receiving such virtual pet feedback were investigated. It could be 

theorised that this emotional response to virtual pets could be harnessed both positively 

and negatively, for example being perceived as a ‘couch potato’ could instil negative 

feelings and lead to disengagement from the feedback as seen in Lin et al. (2006), or 

conversely, elicit positive action to move more (Tong et al., 2015).  

 

 
Figure 2.17 Five virtual pet representations of physical activity levels.  

From Tong et al. (2015). 
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These living metaphor visualisations of feedback have also been represented through 

‘avatars’ (i.e., a digital representation of a person in a virtual environment). Avatars 

are most commonly used to represent a person in internet chat rooms (Kang & Yang, 

2006), social networking sites (Walther et al., 2008), multiplayer online role-playing 

games (Yee, 2006) and social virtual worlds (Castronova, 2008). Previous research 

utilising avatar representations have shown them to influence an individual’s health 

monitoring (Skalski & Tamborini, 2007) and aid health behaviour (Eastwick & 

Gardner, 2009). A meta-analysis concluded that individuals were influenced more by 

human-controlled avatars compared to computer-controlled representations (Fox et al., 

2010). As Biocca (1997) notes, an individual can experience a feeling of avatar 

embodiment, whereby an individual’s perception of their body image can be 

influenced by the geometry and topology of the virtual avatar body. To this effect, 

avatar embodiment may create a more meaningful experience for an individual and 

thus, the delivery of health messages may have greater impact than other mediated 

methods of feedback.  

 

Yee and Bailenson (2007) propose the ‘Proteus effect’ which states that an individual 

may change their behaviours in accord with their avatars behaviour or characteristics. 

In other words, individuals are likely to adopt avatar-consistent behaviours into their 

real-life behaviour. This process is possible because an individual’s self-concept (i.e., 

the collection of beliefs about oneself) is suggested to be easily changeable, therefore, 

having an avatar with a different identity may influence an individual’s self-concept 

and lead to them behaving differently in a real-world setting (Yee & Bailenson, 2007). 

Based on the self-concept theory, Joo et al. (2017) conducted a game-based laboratory 

experiment whereby participants, irrespective of their own bodyweight, were assigned 

to either an obese or healthy weight avatar (Figure 2.18). Participants were then given 

different lifestyle goals for their avatar to complete within the game. For example, 

participants assigned with the healthy weight avatar were told to complete at least two 

treadmill workouts and use the virtual home exercise equipment as much as possible 

whilst participants with the obese avatar were told to eat three large cheesecakes and 

stay on the couch or bed as much as they wanted. The findings showed that participants 

who controlled the healthy-weight avatar, significantly changed their real-life 

behaviours (e.g., increased physical activity) immediately after playing the game 

compared to those participants who controlled the unhealthy obese avatar. Joo et al. 
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(2017) concluded that the interaction between the avatar’s appearance and behaviour 

clearly supports the theoretical literature on how people imitate a model that is 

perceived to be attractive and socially rewarding (Bandura, 2009). Nickel (2013) found 

similar results, showing that individuals who displayed traits of body image 

dissatisfaction and were provided with an avatar that was an alternative view of 

themselves, expressed less anxiety when playing the game compared to participants 

with a positive body image. Nonetheless, neither of the aforementioned studies 

examined the role of users creating their own avatar and behaviour outcomes. Previous 

literature demonstrates that when an individual has an avatar similar to their ideal self, 

they are more motivated to play the game (Jin, 2010, Thin et al., 2013). It could be 

postulated that individuals who have customised their health avatars, would not only 

feel more emotionally connected to the game, but may also reap the benefits of 

enhanced lifestyle behaviours, such as increased physical activity. As argued by Druin 

(2002), it is important that feedback is designed to be visually stimulating and 

meaningful for youth, something that will excite them and aid in their development.  

 

 
Figure 2.18 Obese and healthy weight avatar.  

From Joo et al. (2017) 

 

There are a number of activity trackers on the market, such as the Sqord activity tracker 

and platform where youths can create their own personal avatar to collect points and 

rewards for completing physical activity (Figure 2.19). Other examples include, 

Zamzee (zamzee.com) and Geopalz (geopalz.com), which also utilise a wearable 
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tracker and online visual rewards and feedback through personalised avatars. In accord 

with the popularity of ‘Pokémon GO’ among youths (Althoff et al., 2016), Masteller 

et al. (2017) found that youths liked the ‘avatar’ feedback represented on the Sqord 

(75%) and Zamzee (94%) websites as they could change the avatar to depict 

themselves. Thompson et al. (2016) found that youths (n=48) wanted to customise 

their avatars body type (96%), clothing (94%), hair colour/style/texture (88%), eye 

colour (79%), accessories (79%), skin tone (77%) and facial features (73%). This 

follows the understanding of how individuals become more invested in their avatars 

and their virtual environment when they are able to customise and develop the avatars 

(Lim & Reeves, 2010). 

 

 

More recent technological developments have enabled researchers to use photographs 

or 3D scans of an individual to create a ‘photorealistic’ avatar that closely resembles 

the self (Figure 2.20; Thompson et al., 2018). Specifically, Thompson and collegues 

(2018) created a game called ‘The Nightmare Runner’ which involved youth 

completing physical movements in the real world to control their in-game 

photorealistic avatar to avoid obstacles and escape the chasing monster. The game 

lasted for 20 minutes with participants levels of physical activity measured using an 

accelerometer. The findings showed that approximately 75% (15.9 minutes), 16% (3.3 

minutes), and 10% (1.6 minutes) of gameplay was spent in vigorous, moderate and 

light physical activity, respectively. Furthermore, youth noted how their photorealistic 

 
Figure 2.19 Sqord avatar interface.  

From Sqord (Sqord.com). 
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avatar had a positive impact on their gameplay experience because “it’s almost as if 

[it] was me, like if I were in the videogame I would want to get away from the monster” 

(P5; Thompson et al., 2018). Nonetheless, findings were based upon the short-term 

effects of photorealistic avatars, therefore, the influence of such methods on sustained 

long-term physical activity are questionable. It is also important that researchers 

consider the downside of encouraging youth to spend more time in front of screens 

when utilising avatar-based gaming, which is likely to result in less time spent 

outdoors (Fox, 2012). Furthermore, it can be argued that on-screen visualisations of 

physical activity are limited to stimulating an individual’s visual and auditory senses, 

which ignore the abundance of other senses including touch (Ullmer & Ishii, 2000). 

Indeed, a vast body of research in youths’ educational science (Price et al., 2003, 

Marshall, 2007, Rogers et al., 2002a, Bara et al., 2004) and developmental psychology 

(Rita & Dunn, 1979, Cole & Wertsch, 1996, Piaget & Cook, 1952, Fleming & Mills, 

1992, Montessori, 1912) suggests that manipulation of tangible objects can promote 

intellectual development, understanding and enable higher mental functions. 

 

 
Figure 2.20 Photorealistic avatars. From Facebook.com 

2.16.5 Tangible Visualisations of Physical Activity 

As Jansen et al. (2013) advocate, there are many benefits of tangible visualisations 

over on-screen visualisations. These include: 1) allow for active perception; 2) can 

leverage non-visual senses; 3) can be integrated into the physical world; and 4) can 

harness the interplay of vision and touch to facilitate cognition. In addition, tangible 

objects can offer different opportunities for youths’ interaction when compared to on-
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screen visualisations, such as being able to trade or display them on a shelf 

(Ananthanarayan, 2015), which historically aligns with the popularity of art 

installations and museums (Dragicevic, 2012). With the recent rise of the ‘maker 

movement’, cost-effective 3D printers, such as the MakerBot (makerbot.com) and the 

Ultimaker (ultimaker.com), have given rise to health-related research utilising their 

capacities to create tangible visualisations of physical activity. Specifically, 3D 

printing is an additive manufacturing process where a tangible object is created by 

depositing layer by layer of a material (e.g., plastic) on a print bed. Khot et al. (2013) 

were the first to encapsulate adults’ heart rate data into 3D-printed visualisations based 

upon heart rate data and took both numerical, abstract and living metaphor forms, such 

as a physical graph, flower, frog, dice and ring (Figure 2.21). Findings demonstrated 

that all the tangible representations of physical activity allowed participants to relate 

to their data, showing increased awareness and reflection of their physical activity 

patterns. As described by Khot et al (2013), this type of 3D-printed data acts as both a 

reward and feedback of physical activity data, which may offer more for youths given 

that incentive-based intervention have showed some level of promise to promoting 

PAL (Christian et al., 2016, Finkelstein et al., 2013, Hardman et al., 2011b).  

 

 
Figure 2.21 3D-printed representations of heart rate.  

From Khot et al. (2013). 
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Using a slightly different material output, Khot et al. (2015a) developed a system 

called ‘EdiPulse’ that translated an individual’s heart rate data into 3D-printed 

chocolate treats. These chocolate treats were constructed with less than 20 grams of 

dark chocolate and embodied four different forms, including a graph, flower, emoji 

and slogan (Figure 2.22).  The quantity of chocolate remained the same irrespective of 

the user’s PAL achieved. The chocolate-printed emoji communicated the individuals’ 

progress towards a self-driven goal or target, with a sad emoji appearing if the user 

had achieved less than 50% of their set goal and a happy emoji printed if the user 

attained the goal. The slogan would provide users with motivational words, whilst the 

flower would provide hourly physical activity with the graph displaying heart rate data 

across the day. In conclusion, the users reported that the ‘EdiPulse’ system helped 

manage their cravings for sweets and encouraged them to reflect upon their personal 

data and lifestyles in a playful way. However, one common limitation to both 

aforementioned studies developed by Khot et al. (2013, 2015a) is the use of heart rate 

data to create tangible visualisations of feedback, as even mild mental stress in 

sedentary pursuits can substantially increase an individual’s heart rate (Jouven et al., 

2009), which could make an individual appear more physically active, and thus lead 

to erroneous conclusions regarding their true PAL.  

 

 
Figure 2.22 3D-printed chocolate representations of heart rate.  

From Khot et al. (2015). 

 

Similar to Khot et al. (2013), Stusak et al. (2014) designed 3D-printed sculptures, in 

the form of human figures, necklaces, a lamp and jar that mapped adults running data. 
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However, in contrast to Khot et al (2013), Stusak and colleagues (2014) 3D-printed 

sculptures were created using a number of variables from running data, including 

duration, distance, calorie consumption and elevation gain, which allowed for 

alternative representations of data to be explored. As shown in Figure 2.23, the 3D-

printed human figure body would represent the run duration and the width of the leg 

would denote the calories burned. The 3D-printed sculptures generated curiosity, 

discussions and competition between participants, as well as motivating them to 

increase their sculptures size following receipt of previous 3D outputs. Despite this, 

the 3D-printed sculptures’ only provided participants with a single bout of exercise 

data and, therefore, does not provide individuals with feedback of their overall PAL. 

Indeed, this is particularly important given that an individual who appears to be active 

in short bursts of vigorous-intensity activity can also be sedentary for prolonged 

periods within the same day, with very few individuals able to maintain a consistent 

level of activity (Thompson & Batterham, 2013). Therefore, the 3D-printed sculptures 

may not provide adequate feedback to raise an individual’s awareness and 

understanding of their true PAL.  

 

 
Figure 2.23 Human figure representing running data.  

From Stusak et al. (2014). 

 

Using a Fitbit activity tracker to measure physical activity, Lee et al. (2015) created a 

‘Patina Engraving System', which engraves a patina-like pattern onto the activity 

trackers wristband. Overtime the user’s wristband would accumulate a visually rich 

activity pattern that would recognize the individual’s step count, active time, calories, 
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sleep and walking distance. Although the study focused more on the fashion aspect of 

the patina patterns for styling activity trackers, it was expressed that participants 

cherished the activity wristband more due to the personalisation, which led to more 

spontaneous interactions with other users to discuss their physical efforts. More 

recently, Sauvé et al. (2017) developed a system called ‘LOOP’ which visualises step 

count data recorded from a Fitbit tracker. The LOOP system is made out of eight rings, 

with one ring to represent the daily target (i.e., 10000 steps) and seven inner rings to 

represent each day of the week, with the smallest and largest rings representing 

Monday and Sunday, respectively (Figure 2.24). At the start of a week, each ring starts 

by facing downwards to represent no steps taken, with the position of the ring designed 

to mechanically move upwards (updated every hour) depending on the user’s step 

count activity. Seldom to previous tangible methods is the dynamic ability of the 

LOOP system to change its shape or position with response to physical activity. 

However, the effectiveness of the LOOP system to promote physical activity is 

unknown due to no evaluation study completed in a real-world setting. Nonetheless, it 

could be postulated that the tangible and ubiquitous nature of the LOOP system could 

enhance an individual’s awareness of their activity levels and even elicit increased 

physical activity through motivating an individual to raise all rings (i.e., days) to the 

daily target of 10,000 steps. That said, it is important to note that a majority of research 

surrounding tangible feedback of physical activity is in its early stages, with little 

supporting literature, which makes it difficult to come to definitive conclusions 

regarding its impact upon PAL and behaviour change (Groves, 2010). 

 

 
Figure 2.24 The LOOP system. From Sauvé et al. (2017). 
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To date, there is only one study that has explored the utility of representing health data 

through personalised physical visualisations (Ananthanarayan et al., 2016). 

Specifically, Ananthanarayan et al. (2016) invited children to craft their own tangible 

visualisations using paper and a attachable pre-designed wearable UV tracker provided 

by the researchers to attach to their final design. The UV tracker was designed to send 

warning alarms, through flashing LED lights and a buzzer to inform the children they 

were spending too much time indoors. For example, one participant created an ambient 

octopus visualisation, with the eyes and tentacles of the octopus illuminating with LED 

lights in parallel with the sound of a buzzer from the mouth to inform the participant 

to play outside (see Figure 2.25). The study concluded that children’s health could 

benefit from using the personalised health crafting approach. However, it could be 

argued that feedback through paper visualisations may not provide adequate haptic 

and proprioceptive experience for youths when compared to 3D-printed feedback of 

physical activity (Gillet et al., 2005). Based on Jean Ayres (2005) sensory integration 

theory developed in the late 60s, it is important to understand how an individual’s brain 

receives and processes sensory information (i.e., sight, hearing, smell, touch and taste) 

to completing everyday activities. Sensory integration has become increasingly 

important within schools to promote youth’s health and physical activity through 

designing activities that are rich in tactile and proprioceptive information that can 

stimulate youths sensory experience (Roley, 2015). Following this understanding, 

previous research suggests that the manipulation of tangible representations can 

support a more effective and natural process of learning among youth populations 

(Bara et al., 2004, Marshall, 2007, Price et al., 2003, Rogers et al., 2002b). In this 

regard, 3D-printed physical activity feedback has the potential to stimulate and 

develop youths sensory experience beyond the more traditional on-screen methods to 

promoting and eliciting greater understanding of and motivation for physical activity 

(Roley, 2015). At present, there has been no research to explore the utility of 3D 

printing as a method to visualise youths’ physical activity data objectively assessed 

using an accelerometer, warranting further investigation. One important and common 

approach utlised within the majority of the aforementioned studies, is the use of a user-

centred design approach, which involves stakeholders (i.e., target population) in the 

design process to ensure the diversity of the users’ demands are met and considered 

within the creation of the newly designed technology (Consolvo et al., 2008a, 

Consolvo et al., 2006). 
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2.17 Designing Novel Technology for Youth 

When designing technology, a user-centred approach can have several advantages as 

it involves the end-users throughout the developmental process over the design and 

testing of the technological tool (Dabbs et al., 2009). In this way, efforts can be put 

into optimizing the functionality and usability of the technology and subsequent 

engagement to increase the likelihood of facilitating a positive behavioural change 

(Dabbs et al., 2009). Moreover, the involvement of the users is also likely to enhance 

the adherence to the implementation of an intervention and reduce the potential for 

abandonment of the technology (Johnson et al., 2005, Kelders et al., 2012, van Gemert-

Pijnen et al., 2011). Using qualitative methodologies to inform the design of visual 

representations can help refine the content and reduce individual or cultural differences 

(Rowsell et al., 2015). Therefore, in-depth qualitative research should be implemented 

to not only design and evaluate technological tools and interventions, but to develop a 

greater understanding of the psychosocial context of the individuals who will use them.  

 

The used-centred design approach developed by Druin (2002) for youths is the most 

widely recognised and adopted framework by researchers for eliciting inventive and 

expressive ideas from youths to design, create and adapt new technology 

(Ananthanarayan, 2015, Ananthanarayan et al., 2016, Catala et al., 2018, Fitton et al., 

 
Figure 2.25 Ambient octopus visualisation of activity.  

From Ananthanrayan et al. (2015). 
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2018, Frauenberger et al., 2018, Lazar et al., 2018, Sharma et al., 2018, Woodward et 

al., 2018). According to Druin’s framework (2002), there are four main roles youths 

can play in the technology design process, the design partner, informant, tester and 

the user (Figure 2.26). The methods used within the framework are influenced from 

the larger participatory design (Muller, 2003) and scenario-based methods (Carrol, 

1999, Kankainen et al., 2012), which are known as suitable methods for motivating 

youths’ involvement in learning activities (Sadik, 2008, van Gils, 2005). Firstly, the 

role of the design partner considers youths to be equal stakeholders in the design of 

the technology, where youths contribute to ideas and designs for the technology by 

creating low-tech prototypes using tools such as paper, crayons, Play-Doh, LEGO, as 

observed in previous health design methodologies (Ananthanarayan, 2015). The 

informant role, places emphasis on youths providing input on the design sketches or 

low-tech prototypes, offering feedback to inform the design process. Youths as the 

tester, involves trialing the newly developed technology before it is released into the 

world for evaluation, where researchers can observe youths and ask for their direct 

comments concerning their experiences. Finally, the role of the user, is where youths 

contribute to the research and development process by using the technology in a real-

world setting, while researchers can observe, videotape and quantify their skill or 

ability with the technology. Researchers use this role to understand the impact of the 

technology so future technologies can be adapted or educational environments 

enhanced. As noted within the framework, choosing to use any of these roles is 

dependent upon the resources, timeframe and philosophy of the research. In this 

respect, the current thesis implements youths as the design partners (Study 2), tester 

(Study 3) and user (Study 4) to evaluate the efficacy of 3D-printed physical activity 

data as a tool to promote physical activity. Indeed this thesis takes note from Blandford 

et al. (2013) on how “the art of conducting an effective study is in pulling together 

appropriate ingredients to construct a recipe that is right for the occasion” (P2) - i.e. 

addressing the purpose of the study while working with the available resources.  
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Figure 2.26 The four roles of youths to designing new technology.  

From Druin (1999). 

2.18 Summary and Conclusion 

The literature review in this chapter has summarised the current evidence surrounding 

the health benefits of increased physical activity and highlighted youths’ lack of 

awareness and understanding of their PAL and the recommended Government 

guidelines, whilst considering technology as both a barrier and facilitator to youths’ 

engagement in physical activity. Further, a comprehensive review of the literature on 

the accuracy of objective measurements and their ability to measure more diverse 

movements, and strategies to promote and design visual feedback of physical activity 

data is detailed.  

 

The promotion of physical activity is identified as a public health priority (Trost et al., 

2014a), with nearly a third of youths in the UK not meeting the current guideline of 

60 minutes of MVPA daily (Health Survey for England, 2017b). Two frequently cited 

reasons for youths’ underachievement of these physical activity guidelines are thought 

to be a lack awareness of their PAL (Corder et al., 2010, Xu et al., 2017) and limited 

understanding of what activities and different intensities constitute towards the daily 

target (Harris et al., 2016, Noonan et al., 2016). While sedentary screen-based 

technologies are criticised for discouraging youths from engaging in traditional 
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physical activities (Brockman et al., 2011), technologies such as accelerometers in 

combination with personalized feedback are found to enhance an individual’s 

awareness and understanding of physical activity (Bentley et al., 2012, Van Hoye et 

al., 2012). Indeed, accelerometers are praised for their ability to measure MVPA, 

however, they are limited when it comes to accounting for non-linear movements, such 

as turning, that are habitual to youths’ sporadic physical activity patterns. Moreover, 

evidence from adult based studies suggests that turning has its own significant 

additional energy expenditure over straight-line walking (McNarry et al., 2017, 

Wilson et al., 2013). However, despite the increasing evidence on the energy costs of 

turning, little is known about the energy demands of turning in youths, warranting 

further investigation. However, research to enhance the accuracy and precision of 

accelerometers in estimating youths PAL will not by itself, result in positive behaviour 

change. Accelerometer measurements in combination with feedback that is 

personalised and meaningful has great potential to promote physical activity and thus 

positive behaviour change (Bentley et al., 2012, Van Hoye et al., 2012). More 

specifically, personalised feedback of physical activity data through tangible 

visualisations have been shown to raise adults’ awareness of their PAL when 

compared to on-screen visualisations (Khot & Mueller, 2013, Khot et al., 2015b, 

Stusak et al., 2014). Indeed, tangible visualisations have previously been shown to 

engage youth in playful learning, engagement and reflection (Rogers et al., 2002a, 

Price et al., 2003, Marshall, 2007), however, no studies to date have explored the utility 

of tangible physical activity feedback in youths.  

 

Therefore, the overarching aim of this thesis it to investigate the measurement and use 

of tangible visualisations of youths’ physical activity to positively change behaviour 

and improve health. The individual study objectives within the thesis are listed below 

(p70). 
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Study Objectives 

 

Study 1 To (i) determine the influence of walking speed and angle of turn, and their 

interaction on the energy expenditure of healthy children and (ii) determine 

the influence of sex, stature and cardiorespiratory fitness on the energy 

expenditure of turning in children. 
 

Study 2 To (i) elicit children’s and adolescents’ perceptions of physical activity data 

when represented as 3D-printed objects; (ii) elicit parents’ and teachers’ 

views on the perceived benefits and barriers of 3D-printed objects of 

physical activity for youths; (iii) ascertain youths’ designs for 3D objects of 

physical activity using Play-Doh and (iv) use these data to subsequently 

inform the design of 3D models and a school-based physical activity 

intervention. 
 

Study 3 To (i) elicit children and adolescents’ interpretations of the age-specific 3D 

model prototypes; (ii) examine children and adolescents’ perceptions and 

ability to identify physical activity intensities (i.e., sedentary, light, moderate 

and vigorous) and (iii) use these data to consolidate the design of the age-

specific 3D model prototypes to inform the development of a school-based 

physical activity intervention. 
 

Study 4 To (i) observe youths’ personal experiences with the age-specific 3D models 

over a 7-week faded intervention; (ii) assess youths’ ability to associate their 

personal physical activity levels to the age-specific 3D-printed models of 

physical activity. 
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Thesis Map 

STUDY  OUTCOMES 

1. Energy Expenditure Associated with 

Walking Speed and Angle of Turn in 

Children 

Aim ▪ To investigate the influence of walking speed 

and angle, and their interaction, on the energy 

expenditure of healthy children. 

 Key 

Findings 

 

2. Perceptions of Visualising Physical 

Activity as a 3D-printed Object: A 

Formative Study 

Aim  

Role of DESIGN PARTNERS Key 

Findings 

 

3. Understanding Youths’ Ability to 

Interpret 3D-printed Physical Activity 

Data and Identify Associated Intensity 

Levels 

Aim  

Role of TESTER Key 
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4. The Tangibility of Personalised 3D-

Printed Feedback may Enhance Youths’ 

Physical Activity Awareness 
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CHAPTER 3 
Energy Expenditure of Turning 
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3  

Energy Expenditure Associated with Walking Speed and 

Angle of Turn in Children 

3.1 Introduction 

Insufficient physical activity is one of the leading risk factors for global mortality, at 

least in part due to its association with obesity and non-communicable diseases 

(NCDs), such as cardiovascular disease, cancer and diabetes . However, despite the 

numerous physiological (Sothern et al., 1999, Janssen & Leblanc, 2010a) and 

psychosocial benefits (Nieman, 2002, Eime et al., 2013) associated with physical 

activity, it is suggested that as little as 19% of boys and 16% of girls meet the current 

government guidelines of 60 minutes of moderate-to-vigorous physical activity every 

day (Townsend et al., 2015). A central tenet to these guidelines is the link between 

defined physical activity and energy expenditure.  

 

The most accurate measure of an individual’s physical activity and energy expenditure 

is by assessing the body’s oxygen utilization and carbon dioxide production (V̇CO2) 

using indirect calorimetry methods (Levine, 2005). However, this level of 

measurement is expensive and impractical in free-living settings (Strath et al., 2013, 

Westerterp, 2009), although does provide an essential criterion method by which to 

judge the accuracy and precision of smaller and less obtrusive devices such as 

accelerometers (Freedson et al., 2005a, Rowlands, 2007). Accelerometers measure 

human movement through applied accelerations, usually expressed as multiples of g-

force (1g = 9.8 m/s2, force of gravity), acting along a sensitive orthogonal axis that can 

be translated into the rate and intensity of body movement in up to three planes (i.e., 

anterior–posterior, mediolateral and vertical; Godfrey et al., 2008). The energy 

required to exert a force enables the use of movement acceleration to reflect the energy 

expenditure of an individual performing a specific physical activity (Sasaki et al., 

2016). As a result, accelerometers have been widely utilized among researchers as a 

measurement of physical activity (Doherty et al., 2017, Lee & Shiroma, 2014, Leung 
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et al., 2017, Ward et al., 2005) due to their ability to estimate oxygen uptake (V̇O2) (de 

Almeida Mendes et al., 2018, McGregor et al., 2009). Nevertheless, there are some 

limitations to accelerometer measurements, including upper body movements, 

cycling, walking on an incline and activities that involve carrying heavy loads (Rich, 

2013). In addition, accelerometer measurements are most commonly based upon linear 

regression models that emphasize that energy expenditure increases linearly with 

vertical accelerations (Freedson et al., 2012), which tend to discredit non-locomotive 

activities, such as turning (Bassett & John, 2010, Chen et al., 2007, Van Remoortel et 

al., 2012). In this regard, children are problematic since their movement is highly 

sporadic (Sleap & Warburton, 1996, Welk et al., 2000, Baquet et al., 2007), which 

presents challenges to power-use determination protocols that typically require steady 

state conditions (Reilly et al., 2004, Trost et al., 2011). Subsequently, the development 

of new multi-sensor devices that integrate both accelerometer and magnetometer 

measurements have been extensively used as a proxy of V̇O2 in humans (McNarry et 

al., 2017, Qasem et al., 2012, Weippert et al., 2013) as a result of the combined ability 

to capture additional information regarding how the body rotates during pathways that 

require turning (Williams et al., 2017a) .  

 

The movement of turning has three degrees of freedom because it involves the body 

moving through all three planes (sagittal, frontal and transverse) and around all three 

axes (medial-lateral, anterior-posterior and superior-inferior; Lippert, 2011). 

Specifically, the axial segments of the body are proactively rotated to the new direction 

of travel, usually following a sequential top down pattern with the eyes and head 

leading, followed by the trunk, pelvis and feet (Hollands et al., 2001, Hollands et al., 

2004). In this respect, turning is a fundamental movement within human locomotion 

and is particularly prevalent in children’s habitual physical activity patterns (Sleap & 

Warburton, 1996). Even within adults, turning can make up 35-45% of all steps taken 

in a typical day (Glaister et al., 2007). Whilst turning has not generally been considered 

to be associated with significant additional energetic costs over straight-line walking, 

this attitude is now changing (Dellal et al., 2010). According to Hamill et al. (1983), 

curved path locomotion or turning may subject individuals to unique stresses. For 

example, a study in 2011 suggested that 15% of the total energy expenditure during 

stair climbing can be attributed to turning in adults (Minetti et al., 2011), while 

Buchheit et al. (2011) reported marked physiological changes associated with turning; 
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increased heart rate, blood lactate and perceived exertion during intermittent shuttle 

run tests with a 180° turn compared to straight running. Similarly, it has been shown 

that completing 30 turns per minute at 3 km·hr-1 elicits a similar energy expenditure 

to straight line walking at 6 km.hr-1 (Hatamoto et al., 2014). Furthermore, Wilson et 

al. (2013) extended these findings to consider a range of turning angles, demonstrating 

that as the angle of the turn increased, so did the associated energy expenditure. 

Specifically, a single 180° turn elicited the same energy expenditure as walking 5.88 

m in a straight line at a velocity of 1.67 m.s-1 (6 km·hr-1). To consider these findings 

as a function of walking speed, McNarry et al. (2017) reported a synergistic interaction 

between speed and angle in determining the energy expenditure associated with 

walking. A similar study investigated the energy expenditure of turning and walking 

in community-dwelling elderly, reporting that 180° turns were significantly more 

energy demanding than 90° turns (Justine et al., 2014). However, the applicability of 

these findings to children is questionable, not least due to their unique physiological 

and biomechanical structure (Andropoulos, 2012). To date, no studies have 

specifically addressed the energy expenditure of turning in children. Such findings will 

have important implications for developing technology that enables a more precise 

unobtrusive assessment of children’s physical activity and intensity that is essential 

for detailed investigations of dose-response relationships between physical activity 

and health, the evaluation of interventions and enhancing an individual’s awareness of 

their physical state to enforce behaviour change.    

 

The purpose of the present study was to investigate the influence of turn angle and 

walking speed on energy expenditure in children. We hypothesized that (i) as speed of 

walking increased, so too would the energy expenditure; (ii) as angle of turn increased, 

so would the energy expenditure and that (iii) walking speed and angle of turn would 

interact to modulate energy expenditure. 

3.2 Methods 

3.2.1 Participants and Anthropometry 

One local primary school in Swansea was invited, via telephone, to take part in the 

study. Children were recruited through attending a school assembly presentation on 
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the study aims and protocols in which consent forms and information sheets were 

distributed. From those that responded, twenty healthy children aged 9-12 years (10.1 

± 0.5 yrs; 10 boys), split by sex and free from injury or illness, were selected by 

stratified randomisation to participate in the study. Child assent and parental or 

guardian consent were obtained prior to study participation (see Appendix II). At the 

start of the study and on one subsequent occasion, all participants body mass (Seca 

876, Hamberg, Germany), stature (Holtain Stadiometer, Holtain Ltd) and sitting height 

(Holtain Sitting Height Stadiometer, Holtain Ltd) were measured to the nearest 0.1kg 

and 0.1cm, respectively. For all anthropometrical measures, participants were required 

to be in minimal clothing (i.e., shorts and t-shirt) without shoes. Sexual maturity was 

assessed by self-report using the indices of pubic hair described by Tanner (1963; see 

Appendix C). Pre-pubertal status was defined as Tanner stage 1 (n = 12), with stage 2 

being early pubertal (n = 4), Tanner stage 3 mid-pubertal (n = 4), Tanner stage 4 and 

5 being late pubertal and post pubertal, respectively (Chan et al., 2010). To provide an 

additional indicator of physical maturity, the age to peak height velocity equation 

devised by Mirwald et al. (2002) was used based on the measurement of standing and 

seated height, weight and age to calculate maturity offset. Participants were asked to 

arrive at the laboratory in a rested state, at least 2-hours postprandial. In total, 

participants were required to visit the University laboratories on three separate 

occasions throughout the study. All procedures employed during this study were 

approved by Swansea University ethics committee and were conducted in accordance 

with the Declaration of Helsinki (ref: PG/2014/16). 

3.2.2 Incremental Treadmill Test 

Participants were required to visit the laboratory on one occasion to perform an 

incremental treadmill test to volitional exhaustion for the determination of the gas 

exchange threshold (GET) and peak oxygen uptake (V̇O2peak). The children were first 

familiarised with walking and running on the treadmill at a range of speeds (4, 6 and 

8 km·hr-1) and with the testing equipment. To take into account the variation in 

biological ages, individual V̇O2peak test speeds were calibrated by anchoring treadmill 

speeds to set Froude numbers (Houston et al., 2013). The Froude number is based on 

the dynamic similarity hypothesis (DSH), which implies that optimal walking speed 

will be at Froude number of 0.25, and the transition from walk to run will occur close 
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to a Froude number of 0.5, regardless of body size (Alexander & Jayes, 1983). Given 

that gait parameters change as a direct result of both speed and size of an individual, 

the DSH has been shown to be invaluable for comparing both adults and children of 

different sizes walking at different speeds by providing a size-corrected speed (i.e., 

Froude number) against which gait parameters can be compared (Raichlen et al., 

2013). For example, increased stride frequency is observed in shorter stature 

individuals compared to taller individuals during both walking and running at the same 

speeds (Minetti et al., 1994), which in turn leads to a higher V̇O2 in shorter individuals 

(Rowland & Green, 1988). The differences in V̇O2 between individuals of different 

sizes can be accounted for by scaling the horizontal speed to leg length, as done with 

Froude’s number, during incremental exercise (Ferretti et al., 1991, Kramer & 

Sylvester, 2013, Minetti et al., 1994, Steudel & Beattie, 1995, Steudel-Numbers et al., 

2007). Therefore, to nullify size differences in the present study, treadmill speeds were 

calculated using the Froude number, gravity and leg length equation (Minetti, 2001). 

The initial stages were set at a 1% gradient (Jones & Doust, 1996) and increased every 

2 minutes, beginning with a walking speed equivalent to Froude 0.25. Subsequent 

increments were determined by the calculated difference between stage 1 and 2 speeds 

(~2 km·hr-1) until maximal running velocity was achieved. At this point, the gradient 

was then increased by 1% every minute until volitional exhaustion was reached. 

3.2.3 Turning Protocol 

Approximately 1-3 days after completion of the incremental treadmill test, participants 

completed the second part of the testing involving the turning protocol, which was 

repeated on two occasions, separated by a minimum of 24 hours. During this protocol, 

each participant was asked to complete three-minute bouts of walking interspersed by 

3 minutes of seated rest. As illustrated in Figure 3.1, each participant walked at four 

different walking speeds (2.5, 3.5, 4.5, 5.5 km·hr-1) in combination with four different 

turn angles (0, 45, 90, 180°), in a random order generated using an excel macro 

randomizer. Specifically, each of the conditions involved 5 m straight walking 

stretches interspaced with prescribed turns with the speed dictated by a digital, 

auditory metronome. The auditory metronome sounded half-way along the 5 m 

straight and on the turns so variability in speed within conditions was minimised. 
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Furthermore, all participants were accompanied by one of the research team to act as 

a pace-setter. Each condition incorporated an equal number of left and right turns.  

 

 
Figure 3.1 Experimental setup of the turning protocol showing 5m straights 

interspersed by prescribed angle of turns 

A) 0° B) 45° C) 90° D) 180° with equal left and right hands turns   

3.2.4 Measurements 

Throughout all the tests, gas exchange variables were measured on a breath-by-breath 

basis using the Cortex MetaMax 3B (CORTEX Biophysik GmbH, Germany). 

Previous research comparing data acquired from human participants twice on different 

days has demonstrated that the MetaMax 3B provides a reliable measurement of V̇O2 

and V̇CO2 (Macfarlane & Wong, 2012, Perkins et al., 2002, Prieur et al., 2003, Vogler 

et al., 2010). Furthermore, the MetaMax 3B displays similar validity to other portable 

gas analyser systems (e.g., Jaeger Oxycon Pro; Macfarlane & Wong, 2012, Vogler et 

al., 2010). Prior to each test, the MetaMax 3B was calibrated using gases of known 

concentration and the turbine volume transducer was calibrated using a 3-litre syringe 

(Hans Rudolph, Kansas City, MO). The delay in the capillary gas transit and analyser 

rise time were accounted for relative to the volume signal, thereby time-aligning the 

concentration and volume signals. Additionally, two custom-built tri-axial 

accelerometers and magnetometers, called SLAM Trackers (Wildbyte Technologies 

Ltd, Swansea, UK), measuring at 100 Hz on all channels, were worn by participants; 

one tag was worn on the right mid-axilla line at the level of the iliac crest and one tag 



 

 
 

79 

at the middle of the lower back (see Figure 3.2), in accord with previous methods 

(McNarry et al., 2017). The SLAM tracker device has been mechanically validated as 

a suitable device for assessing human movement at a range of low and fast walking 

speeds (Clark et al., 2016). Previous research has also extensively tested the SLAM 

trackers reliability within various mammals (e.g., humans; Qasem et al., 2012, Wilson 

et al., 2013), birds and ocean dwelling creatures of differing sizes (Wilson et al., 2008). 

The SLAM tracker is used to derive two dynamic acceleration-based metrics, known 

as Overall Dynamic Body Acceleration (ODBA) and Vectorial Dynamic Body 

Acceleration (VeDBA). ODBA is the sum of the absolute acceleration from all three 

orthogonal axes (i.e., surge, heave and sway) after the static portion of the acceleration 

signal has been removed (Wilson et al., 2006). Research shows that ODBA correlates 

well with speed (Halsey et al., 2008, Wilson et al., 2008) and that it is a good proxy 

for movement-related metabolic rate (Wilson et al., 2006). However, Bidder et al. 

(2012b) found that the relationship between ODBA and speed was subject to variation 

within species, gait and stride frequency. Furthermore, acceleration is a vectorial 

quantity, which means that the summation of the three axes to attain ODBA is likely 

to over-estimate the physical acceleration experienced by the SLAM tracker (Bidder 

et al., 2012a). Therefore, researchers suggest the use of the power metric VeDBA 

(McNarry et al., 2017, Wilson et al., 2013, Qasem et al., 2012), as it provides values 

that are closer to the true physical acceleration, with the additional benefit of VeDBA 

being insensitive to device orientation, unlike ODBA (Gleiss et al., 2009, Qasem et 

al., 2012).  

 

 
Figure 3.2 SLAM tracker device placement 

A) right mid-axilla line at the level of the iliac crest; B) middle of the lower back 
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3.2.5 Data Analysis 

The V̇O2peak was defined as the highest 10-s stationary average during the incremental 

exercise test. The GET was determined by the V-slope method (Beaver et al., 1986) 

as the point at which carbon dioxide production began to increase disproportionately 

to V̇O2, as identified using purpose-written software developed using LabVIEW 

(National Instruments, Newbury, UK). Mean absolute V̇O2 values for defining steady 

state for each individual speed and turn were taken from the last 45 seconds of each 3-

minute turning condition (Wilson et al., 2013). Analyses of turning energy expenditure 

were based on the premise that the additional turn cost was superimposed on the 

baseline of straight-line travel. Specifically, the difference in V̇O2 between straight line 

walking (0°) at each velocity relative to the V̇O2 associated with walking at 45, 90 or 

180° turns was defined as the additional cost of turning. The net energy cost of walking 

(Cr) was calculated from participants’ absolute V̇O2 values normalized per unit body 

mass for each experimental condition and divided by the walking speed converted to 

meters per minute (m/min), expressed as ml O2·kg−1·km−1. To account for body size, 

the procedures proposed by Welsman and Armstrong (2000) were used to calculate 

the allometric scaling coefficient for absolute V̇O2 for turning, straights and V̇O2peak. 

Firstly, the data was logarithmically transformed to determine the allometric 

relationship between body mass, V̇O2 and V̇O2peak. Common allometric exponents were 

confirmed, which were then linearly regressed to obtain a coefficient and then 

expressed using the formula: 

 

Scaled V̇O2 = Y / Xb 

 

where Y is the participants V̇O2 for a turn, straight or V̇O2peak, X is the body mass of 

the participant and b is the scaling coefficient derived from the linear regression. 

 

To estimate the caloric energy expenditure of turning, absolute V̇O2 values were 

converted to kilocalories per min (kcal/min) based on the rounded value of 5.0 kcal 

per litre of oxygen consumed (Hoeger & Hoeger, 2015). The caloric calculation 

assumes that an individual’s combustion of fuels is from a mixed diet (i.e., blend of 

carbohydrate, fat, and protein; Plowman & Smith, 2013). However, even with large 

variation in metabolic mixture, the calorific value only varies by 2-4% (Plowman & 
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Smith, 2013). Therefore, to obtain caloric energy expenditure of turning, absolute V̇O2 

was multiplied by 5.0 kcal per litre of oxygen to provide a caloric energy expenditure 

per minute for reference (Hoeger & Hoeger, 2015).  

 

Significant absolute and scaled V̇O2 outliers were established using box plots with 

Tukeys 1.5 multiplier of the standard deviation (Tukey, 1977). Subsequently, one 

participant was excluded from further analyses due to significant outliers identified in 

test 1. 

 

The raw accelerometer data was first converted to dynamic body acceleration (DBA) 

by smoothing each channel to derive the static acceleration using a running mean over 

2 s (Shepard et al., 2008). The static acceleration was then subtracted from the raw 

acceleration data (Gleiss et al., 2011), resulting in values for dynamic acceleration that 

were all converted to positive values. These values for DBA were summed vectorially 

to provide ‘vectorial dynamic body acceleration’ (VeDBA): 

 

𝑉𝑒𝐷𝐵𝐴 =  √(𝐴𝑥
2 + 𝐴𝑦

2 + 𝐴𝑧
2) 

 

where Ax, Ay, and Az are the derived dynamic accelerations at any point in time 

corresponding to the three orthogonal axes of the accelerometer (Qasem et al., 2012). 

VeDBA has been used extensively as a proxy for V̇O2 in a suite of vertebrates (cf. 

Halsey et al., 2011), including humans (McNarry et al., 2017, Qasem et al., 2012, 

Weippert et al., 2013), with appreciable success. However, many aspects of the 

particulars of the acceleration data recorded in such trials (e.g., lateral versus forward-

backward) as well as the effect of incline (cf. Bidder et al., 2012a) and tag mounting 

have not been examined critically so our use of this metric has to be seen within this 

context. 

 

Using the middle minute and overall three-minute bout, both mean and summed 

VeDBA were derived for each individual turn and straight for each condition. The 

individual turns and straight sections were analysed using a custom developed C++ 

software (DDMT Wildbyte Technologies Ltd, Swansea, UK) specially designed for 
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visualizing the accelerometry and magnetometry traces to identify inter alia turns via 

systematic changes in the magnetometry data (Williams et al., 2017a).  

3.2.6 Statistics 

A Sharpiro-Wilks test was used to confirm data normality. Repeated measures linear 

mixed-effects models with a Tukey’s test of post hoc means test were conducted using 

IBM SPSS Statistics 22 (Chicago, IL) to account for the repeated measures and 

correlated nature of the data to determine the influence of, and interaction between, 

independent variables walking speed and angle, with the dependent variables 

expressed as Cr, absolute V̇O2, scaled V̇O2 and mean VeDBA (Halsey et al., 2009, 

Qasem et al., 2012). All condition combinations for turning V̇O2 (absolute or scaled) 

and Mean VeDBA (straight or turn) were placed into one mixed model analysis with 

covariates, sex, stature, cardiorespiratory fitness, to determine their modulatory effect. 

Sex and stature were chosen as covariates in the mixed model on the basis of evidence 

that these parameters are highly variable during childhood and between sexes, very 

rarely progressing at the same growth rate (Katzmarzyk et al., 1997), and thereby 

potentially influencing energy expenditure output. Furthermore, given that previous 

findings demonstrate that the training status of an individual can influence the 

efficiency of turning energy expenditure (Hatamoto et al., 2013, McNarry et al., 2017), 

participants cardiorespiratory fitness was also taken into account. A Pearson product-

moment correlation coefficient was used to determine any associations between the 

dependent variables V̇O2 and straight and turn VeDBA, including all covariates. All 

data are presented as mean ± SD, with statistical difference accepted at p ≤ 0.05.  

3.3 Results 

The characteristics of the sample population are displayed in Table 3.1. Boys were 

significantly heavier, taller and demonstrated a higher peak V̇O2 than girls, in both 

absolute and scaled terms, which is representative of European children aged 

approximately 10 years old (Dencker et al., 2008, Dilber et al., 2015, Graves et al., 

2013). In line with the Royal College of Paediatrics and Child Health maturation 

reference values for Tanners stages (2013), all participants were found to be either pre-

pubertal or early to mid-pubertal according to the self-reported Tanner stages. To 
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determine the relationship between walking speed and angle on energy expenditure, a 

mixed model was used to examine the main effects of speed and angle, and the 

interaction of speed and angle while controlling for sex. Our post hoc evaluations 

indicated that the empirical technique utilized fully met the intended objectives. 

 

Table 3.1 Participants’ characteristics 

 
Total Boys Girls 

n 19 9 10 

Age, yrs 

Tanner Stages, % 

Years to PHV, yrs 

10.1 ± 0.5 

60%T1, 20%T2, 20%T3 

-2.4 ± 0.8 

10.2 ± 0.6 

30% T1, 40% T2, 30% T3 

-3.03 ± 0.3 

10.0 ± 0.3 

90%T1, 10%T3 

-1.9 ± 0.6 

Stature, m 1.39 ± 0.07 1.42 ± 0.05 1.38 ± 0.09* 

Body mass, kg 33.7 ± 5.7 35.03 ± 3.8 32.6 ± 7.0* 

BMI, kg∙m-2 17.1 ± 2.3 17.3 ± 1.7 17.2 ± 2.8 

Peak V̇O2, l∙min-1 1.63 ± 0.39 1.79 ± 0.44 1.49 ± 0.29* 

Scaled peak V̇O2, l∙kg-0.79∙min-1 

GET, l·min-1 

100.8 ± 18.8 

1.03 ± 0.25 

98.8 ± 17.4 

1.17 ± 0.25 

102.5 ± 20.7* 

0.90 ± 0.18 

Mean ± SD. PHV, peak height velocity; T1, Tanner stage 1; T2, Tanner stage 2; T3, Tanner stage 3; BMI, body mass index;  

V̇O2, oxygen uptake; GET, gas exchange threshold. * indicates significant difference between boys and girls (p < 0.05) 

 

The values of Cr, for all participants under all experimental conditions are reported in 

Table 3.2. The Cr straight (0°) decreases with speed to attain a significant (p < 0.001) 

minimum energy expenditure at 5.5 km·hr-1 compared to 2.5 km·hr-1. The effect of 45° 

and 90° turns on Cr is relatively minor, with only a 90° turn at 2.5 km·hr-1 showing a 

significantly (p < 0.05) greater energy cost (~7%) when compared to straight line 

walking at 2.5 km·hr-1. However, for 180° turns at speeds 3.5, 4.5 and 5.5 km·hr-1, 

significantly greater Cr (p < 0.05) were established when compared to straight line 

walking within speeds. More specifically, for a 180° angle, speed increased Cr by ~7% 

at 2.5 km·hr-1, to ~13% at 3.5 km·hr-1 (p < 0.05), ~14% at 4.5 km·hr-1 (p < 0.05), to 

attain ~30% increase at 5.5 km·hr-1 (p < 0.001). 
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Table 3.2 Values for net energy cost of walking and turning 

 
V̇O2 (Cr, ml O2·kg−1·km−1) 

Speed (km·hr-1 = m/min) 

 
0° 45° 90° 180° 

2.5 = 41.67 0.28 ± 0.05 (1.7) 0.29 ± 0.05 (1.6) 0.30 ± 0.05# (1.7) 0.30 ± 0.06 (1.9) 

3.5 = 58.33 0.23 ± 0.04* (1.9)  0.23 ± 0.04* (2.0) 0.24 ± 0.04* (2.0) 0.26 ± 0.05*# (1.8) 

4.5 = 75.00 0.21 ± 0.04* (2.2) 0.21 ± 0.04* (2.5) 0.21 ± 0.04* (3.0) 0.24 ± 0.04*# (3.0) 

5.5 = 91.67 0.20 ± 0.04* (3.6) 0.20 ± 0.03* (3.5) 0.20 ± 0.04* (3.4) 0.26 ± 0.04*# (4.2) 
 

Mean ± SD (Absolute technical error of measurement). V̇O2, oxygen uptake. ‘*’ indicates significant difference to 2.5 kmhr-1 

within angle (p < 0.05), ‘#’ indicates significant difference to straight line walking within speed (p < 0.05) 

 

Participants mean absolute and scaled V̇O2 are reported in Table 3.3. There was a 

significant main effect for speed (F = 101.13, p < 0.001) and turn angle (F = 11.52, p 

< 0.001) on absolute V̇O2 and a significant interaction between speed and angle (F = 

2.01, p < 0.05; see Appendix I), with similar effects still observed when scaled to 

account for body size (speed, F = 106.30, p < 0.001; angle, F = 13.96, p < 0.001; speed 

and angle, F = 168.14, p < 0.05). As shown in Figure 3.3, increasing speed was found 

to increase V̇O2 within a turn angle, but significant increases in V̇O2 due to turning 

relative to straight line walking were only observed at 180° at the highest speed. Boys 

demonstrated significantly greater V̇O2 than girls across all conditions (F = 6.26, p < 

0.05), regardless of the method of expression for V̇O2. Stature (F = 26.27, p < 0.001) 

and V̇O2 peak (F = 24.53, p < 0.001) were significant predictors of V̇O2 during each 

condition for both sexes, although when condition V̇O2 was scaled, scaled V̇O2peak was 

no longer a significant predictor (F = 0.98, p > 0.05). The significant predictors for 

absolute and scaled V̇O2 models on speed, angle and their interaction are shown in 

Appendix I. 



 

 
 

85 

Table 3.3 Mean absolute V̇O2, scaled V̇O2 and caloric energy expenditure during 

each combination of walking velocity and angle 

 
Absolute V̇O2 (l∙min-1) 

 
0° 45° 90° 180° 

2.5 km∙hr-1 0.40 ± 0.10 0.40 ± 0.10 0.42 ± 0.10 0.42 ± 0.10 

3.5 km∙hr-1 0.44 ± 0.11* 0.44 ± 0.10* 0.47 ± 0.11* 0.50 ± 0.13*# 

4.5 km∙hr-1 0.52 ± 0.11* 0.51 ± 0.12* 0.53 ± 0.11* 0.60 ± 0.15*# 

5.5 km∙hr-1 0.62 ± 0.13* 0.60 ± 0.13* 0.63 ± 0.15* 0.75 ± 0.17*# 

 
Scaled V̇O 2 (l∙kg-0.79∙min-1) 

2.5 km∙hr-1 24.75 ± 4.40 25.08 ± 4.40 26.25 ± 4.34 26.00 ± 4.99 

3.5 km∙hr-1 27.62 ± 5.18* 27.56 ± 5.14 29.27 ± 4.58* 31.26 ± 6.06*# 

4.5 km∙hr-1 32.84 ± 5.55* 32.06 ± 6.10* 33.41 ± 5.73* 37.39 ± 6.71*# 

5.5 km∙hr-1 38.73 ± 7.06* 37.79 ± 6.51* 39.41 ± 7.26* 47.11 ± 8.41*# 

 
Caloric energy expenditure (kcal/min) 

2.5 km∙hr-1 2.00 ± 0.50 2.00 ± 0.50 2.10 ± 0.50 2.10 ± 0.50 

3.5 km∙hr-1 2.20 ± 0.55* 2.20 ± 0.50 2.35 ± 0.55* 2.50 ± 0.65*# 

4.5 km∙hr-1 2.60 ± 0.55* 2.55 ± 0.60* 2.65 ± 0.55* 3.00 ± 0.75*# 

5.5 km∙hr-1 3.10 ± 0.65* 3.00 ± 0.65* 3.15 ± 0.75* 3.75 ± 0.85*# 
 

Mean ± SD. V̇O2, oxygen uptake. ‘*’ indicates significant difference to 2.5 kmhr-1 within angle (p < 0.05), ‘#’ indicates 

significant difference to straight walking within speed (p < 0.05) 

 

 
Figure 3.3 The interaction between speed and angle on absolute V̇O2 

Displaying SEM. ‘*’ indicates a significant difference in energy expenditure of turning relative to 

straight-line walking at 5.5 km∙hr-1 (p < 0.05). 
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Significant effects were found for speed and angle on mean VeDBA during the 

straights (speed: F = 548.49, p < 0.001; angle: F = 3.66, p < 0.05) and turns (speed: F 

= 724.88, p < 0.001; angle: F = 4.96, p < 0.05). Speed and angle had no significant 

interaction effect on mean VeDBA during either straight (F = 0.82, p > 0.05) or turns 

(F = 0.99, p > 0.05). Specifically, both straight and turning mean VeDBA increased 

with speed, but the effect of angle was only manifest at 180° at a speed of 5.5 km·hr-1 

for straight and 180° at a speed of 3.5 km·hr-1 for turns (Table 3.4). For straight walking 

VeDBA, there were no significant predictors (sex: F = 0.40, p > 0.05; V̇O2peak F = 2.62, 

p > 0.05; scaled V̇O2peak F = 1.53, p <0.05), with turning VeDBA significantly 

predicted by sex (F = 14.20, p < 0.001) with both V̇O2peak (F = 6.25, p < 0.05) and 

scaled V̇O2peak (F = 2.67, p < 0.05) not significantly predicting (see Appendix I).  

 

Table 3.4 Mean VeDBA, straight and turn mean VeDBA during each 

combination of walking velocity and angle 

 

 Mean VeDBA (g) 

 0° 45° 90° 180° 

2.5 km∙hr-1 0.22 ± 0.02 0.21 ± 0.02 0.22 ± 0.03 0.22 ± 0.03 

3.5 km∙hr-1 0.28 ± 0.04* 0.29 ± 0.05* 0.29 ± 0.04* 0.31 ± 0.04*# 

4.5 km∙hr-1 0.41 ± 0.07* 0.40 ± 0.07* 0.41 ± 0.07* 0.44 ± 0.06* 

5.5 km∙hr-1 0.60 ± 0.10* 0.59 ± 0.11* 0.59 ± 0.13* 0.63 ± 0.11* 

 Straight Mean VeDBA (g) 

2.5 km∙hr-1 0.21 ± 0.02 0.22 ± 0.03 0.22 ± 0.03 0.22 ± 0.03 

3.5 km∙hr-1 0.29 ± 0.05* 0.29 ± 0.04* 0.31 ± 0.04* 0.32 ± 0.05*# 

4.5 km∙hr-1 0.40 ± 0.07* 0.41 ± 0.07* 0.44 ± 0.06* 0.44 ± 0.07*# 

5.5 km∙hr-1 0.59 ± 0.11* 0.59 ± 0.13* 0.63 ± 0.11* 0.63 ± 0.11*# 

 Turn Mean VeDBA (g) 

2.5 km∙hr-1 0.22 ± 0.06* 0.22 ± 0.03 0.22 ± 0.03 0.22 ± 0.03 

3.5 km∙hr-1 0.30 ± 0.07* 0.30 ± 0.05* 0.29 ± 0.05* 0.31 ± 0.06*# 

4.5 km∙hr-1 0.39 ± 0.06* 0.41 ± 0.08* 0.40 ± 0.08* 0.44 ± 0.09* 

5.5 km∙hr-1 0.56 ± 0.11* 0.62 ± 0.13* 0.59 ± 0.13* 0.63 ± 0.12* 

Mean ± SD. VeDBA, vectorial dynamic body acceleration, ‘*’ indicates significant difference to 2.5 kmhr-1 within angle (p < 

0.05), ‘#’ indicates significant difference to straight walking within speed (p < 0.05) 

3.3.1 Pearson Product-moment Correlation Coefficient 

There were significant correlations between V̇O2 and straight (r2 = 0.51; p < 0.001), 

turning (r2 = 0.54; p < 0.001) and total mean VeDBA (r2 = 0.53; p < 0.001), with a 
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weaker but statistically significant relationship between V̇O2peak (r2 = 0.30; p < 0.001) 

and stature (r2 = 0.32; p < 0.001). 

 

3.4 Discussion 

This is the first study to consider the energy expenditure of turning in children, 

demonstrating that as speed increases for any given angle of turn, the associated energy 

expenditure also increases. However, the extent to which angle contributed to an 

increased energetic demand was dependent upon the degree of the angle and, indeed, 

its interaction with walking speed. Specifically, increasing angles of turn and 

increasing walking speeds are linked to an increasing energy expenditure, with 180° 

turns requiring a significantly greater energy expenditure than 45° or 90° turns. The 

findings presented highlight the importance of accounting for the magnitude of turn 

angle and the frequency of turns completed when estimating the habitual physical 

activity and energy expenditure of children; a failure to do so is likely to lead to 

erroneous conclusions regarding daily energy expenditure estimated from 

accelerometry data. 

 

Numerous studies have highlighted the importance of accounting for turning, as well 

as the physiological and the biomechanical effects of turning when compared to 

straight-line locomotion in adults (Patla et al., 1999, Huxham et al., 2006, Orendurff 

et al., 2006, Akram et al., 2010, Dellal et al., 2010, Buchheit et al., 2012, Hatamoto et 

al., 2013, Wilson et al., 2013, Hatamoto et al., 2014, Justine et al., 2014). A recent 

study found that when shuttle run distance was reduced from 7.0 m to 3.5 m and 

completed at the same average running speed, the 3.5 m shuttles induced a greater 

physiological response (Bekraoui et al., 2012). Hatamoto et al. (2014) found that this 

greater physiological demand occurred even during walking velocities as low as 3 

km·hr-1. The present study extends these findings to children, demonstrating a 

synergistic interaction between increased walking speed and angle of turn.  In detail, 

the Cr in a straight line decreased with speed to a minimum energy expenditure 

attained at 5.5 km·hr-1 (1.5 m/s). These findings align with previous research, 

highlighting that human walking displays a U-shaped relationship between walking 

speed and energy expenditure of transport (Sparrow, 2000, Willis et al., 2005). In this 

case, the optimal walking speed in humans is frequently cited to be between 4.8 (1.3 
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m/s) to 6 km·hr-1 (1.7 m/s), in which the energy expenditure per unit distance travelled 

is minimised (Bastien et al., 2005, Zarrugh et al., 1974). Furthermore, the present 

findings regarding the Cr to straight line walking can be closely matched to Waters’ 

and Mulroy‘s (Waters & Mulroy, 1999) regression equation for children’s V̇O2 by 

dividing the walking speed by m/min (following: V̇O2 cost = 0.188+2.61/S). 

 

More importantly, the current findings showed that 180° turns had a significantly 

greater energy expenditure per unit body mass and distance from a speed greater than 

3.5 km·hr-1, with a speed of 5.5 km·hr-1 exhibiting a 30% increase in energy 

expenditure compared to straight line walking at the same speed. The resultant increase 

in energy expenditure of a 180° turn could be partly explained by the greater braking 

(deceleration) and propulsive (acceleration) forces encountered during turning (Schot 

et al., 1995). Specifically, Schot et al. (1995) found that a 90° turn experiences a 

greater acceleration phase because an individual has to begin moving from a near 

stand-still position, whereas a 45° turn encompasses some of the residual incoming 

motion prior to the turn. According to Havens and Sigward (2015), larger turn angles 

lead to greater alterations for both deceleration and translation subtasks. Therefore, it 

could be postulated that a greater angle, such as a 180° turn, would experience larger 

deceleration and accelerations (Havens & Sigward, 2015). As such, these findings 

may, in part, explain why paediatric populations with neuromuscular pathologies have 

trouble in turning, given their postural stability problems (Kenis-Coskun et al., 2016). In 

contrast, a recent study investigating the metabolic power of turning in youth soccer 

players concluded that turning (45° and 90°) whilst running is less metabolically 

demanding than straight line running (Hader et al., 2016). It was concluded that this 

lower metabolic demand of turning, may have been directly related to the very low 

energy demands of the deceleration phase during the turn that may not be compensated 

by the increased requirement for the re-acceleration phase. However, the study was 

limited by using an indirect approach to estimate the energy demands of turning, which 

may ignore other non-locomotor muscles involved with turning (e.g., upper body and 

back muscles; Buchheit et al., 2010b). More research is warranted to investigate and 

strengthen our understanding of the energy expenditure associated with turning in 

child populations. 
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It is important to acknowledge that children are not ‘mini-adults’ (Armstrong & 

Welsman, 1997), mostly due to their anatomical and physiological differences when 

compared to adults (Andropoulos, 2012). Given that these biomechanical and 

physiological differences are likely to influence the energy expenditure of turning in 

children, the applicability of previous findings in adults to children must be 

questioned, even though the physics of force generation needed for turns makes 

increased energy expenditure in a turn inevitable. More specifically however, 

covariates such as age, stature, training status and turning technique (Buchheit et al., 

2011, Zadro et al., 2011) may have a significant role in determining the energy 

expenditure associated with any given task and may lead to discrepancies when 

comparing adults to children. McNarry et al. (2017) reported that 90° and 180° turns 

were associated with a significantly greater energy cost at walking speeds of 4.5 and 

5.5 km·hr-1. In comparison, the present study only found that walking speeds of 5.5 

km·hr-1 at 180° turn were associated with a significantly greater energy expenditure 

when compared to all other combinations. In more detail, the mean V̇O2 for an adult 

turning 180° at a speed of 5.5 km·hr-1 was 1.54 ± 0.36 lmin-1 (McNarry et al., 2017), 

which is substantially more than the value observed in the present study of 0.75 ± 0.17 

lmin-1. This discrepancy may be explained by the much larger stature of adults when 

compared to young children. Adults’ larger skeletal structure and muscle size is likely 

to change the moment arm length, both of which will result in increased energy costs 

(O’Brien et al., 2009). As Buchheit et al. (2011) found that shorter team sport players 

demonstrated less effect of a 180° change of direction than their taller counterparts. 

Lower angles of turn are associated with greater balance and stability as a proper 

support base is established, therefore requiring less energy to turn (Justine et al., 2014). 

This is demonstrated in the present study, whereby children’s stature was a significant 

predictor for estimating the energy expenditure of turning, as supported by a similar 

relationship within adults (McNarry et al., 2017). It could therefore be postulated that 

children’s shorter moment arms and lower centre of gravity would lead to a reduced 

energy expenditure of turning when compared to taller adults. Furthermore, this could 

explain the significant differences found between boys and girls in the present study, 

with boys being significantly taller and demonstrating greater V̇O2 demands across all 

combinations of turn. That said, the present study did not examine Ponderal Index, 

which can be used to identify children whose soft tissue mass may be below normal 

for the stage of skeletal development (Fayyaz, 2005), which is associated with 
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decreased muscle strength and fatigue resistance (Brutsaert et al., 2011). Therefore, it 

is important to consider that shorter children within the current study may have been 

below the normal stage of skeletal development and consequently, influenced energy 

expenditure of turning, warranting further investigation.  

 

The ability to maintain balance is essential for carrying out activities such as walking 

and a crucial component whilst turning. Dynamic postural control (i.e., balance) is 

defined as the ability to keep the centre of gravity within the base of support whilst 

performing a task in a stable condition (Winter et al., 1990). Previous studies observe 

deficits in postural control in children when compared to young healthy adults (Bosco 

& Komi, 1980, Hytönen et al., 1993, Schärli et al., 2013), potentially due to a smaller 

base of support, which would be anticipated to be associated with a greater energy 

expenditure during turning. Furthermore, Geldhof et al. (2006) found better postural 

control in girls compared to boys between the ages of 9-10 years, which could explain 

the sex differences observed in the present study. As described by Hase and Stein 

(Hase & Stein, 1999b), there are two types of turn embedded into locomotion, one 

being the step turn and the other the spin turn. Step turns are biomechanically more 

efficient (Patla et al., 1991, Taylor et al., 2005) and offer greater stability (Taylor et 

al., 2005) than spin turns. When observing turning strategies in adult populations, step 

turns are most commonly reported in both laboratory (Patla et al., 1991) and non-

laboratory environments (i.e., home or community; Glaister et al., 2007). Although 

findings from Dixon et al. (2013) is limited to laboratory settings, evidence suggests 

that children tend to adopt spin turns, with this adoption likely to be dependent on 

increasing gait velocity. Research suggests that spin turns limit the size of the moving 

base of support (Akram et al., 2010), which consequently leads to reduced stability, 

increasing the physiological strain on both lower limb (Hader et al., 2016) and upper 

body muscles (Buchheit et al., 2010a, Buchheit et al., 2010b). Therefore, it could be 

postulated that the increasing demands of a turn, such as a 180° at a speed of 5.5 km·hr-

1, may expose children’s gait immaturity and concurrently lead to the adoption of the 

more complex turning sub-strategies identified within adult populations (Dixon et al., 

2013). Although turning strategies and dynamic postural control were not accounted 

for in the present study, it is important to consider that turning strategies may have 

varied between children, affecting balance and consequently the variance of the values 
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observed for energy expenditure. Therefore, further work on the energy expenditure 

of spin and step turn strategies is warranted in non-laboratory-based environments. 

 

Some of the present study’s findings have implications for assessing children’s 

movement patterns in both habitual and health contexts. As highlighted by McNarry 

et al. (2017), it is important to account for the number of turns during a clinical six-

minute walking test (6MWT), designed to measure both adults’ (Veloso-Guedes et al., 

2011) and children’s (Geiger et al., 2007) functional exercise capacity. McNarry et al. 

(2017) highlight that the 6MWT varies due to limited space and resources, which 

consequently results in distances ranging from 20 m to 50 m being used (Lipkin et al., 

1986, Troosters et al., 1999), subsequently altering the frequency of turns completed 

from as much as 12 to 32 turns (Chetta et al., 2006). These methodological differences 

are likely to affect the reliability of aerobic capacity assessment using this method, 

especially for paediatric populations which have a restricted gait ability, such as those 

with cerebral palsy who show greater physiological cost of walking compared to 

healthy children (Liao et al., 1997). Nevertheless, a more recent study suggested that 

slow jogging with turns could be an effective exercise prescription to promote physical 

activity and fitness in inactive-healthy individuals and those who are overweight or 

obese. Specifically, Araki et al (2017b)  demonstrated that walking at 4.2 km·hr-1, that 

is equal to 3 METs (light-intensity), to jogging at the same speed with turns, increased 

the intensity to 8 METs (vigorous-intensity), which resulted in a 2.7-fold increase in 

energy expenditure. Moreover, Araki and colleagues (2017a) showed that slow 

walking (2.7 km·hr-1) became moderately intense (4 METs) when turns were 

incorporated. Therefore, including turns may be an effective method by which to 

increase the amount of physical activity that inactive individuals perform, to lose 

weight and increase fitness. However, there is a paucity of evidence to support the use 

of turning as a health promotion intervention, especially in children, therefore 

warranting further investigation. 
 

To fully understand the influence of turning on youth’s daily energy expenditure and 

PALs, data from devices, such as accelerometers (i.e., counts per a given epoch or 

time) must be translated into a behaviorally significant variable (i.e., time spent in 

sedentary, light-, moderate-, and vigorous-intensity; Freedson et al., 2005b). This 

process is known as calibration and has been most widely utilised to establish specific 
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cut-points to link between accelerometer counts and physical activity intensity (Kim 

et al., 2012). The majority of the protocols performed during these calibration studies 

have been relatively simple, with long periods of linear treadmill-based locomotion 

that are not true of the nature of habitual physical activity patterns. Moreover, these 

treadmill-based prediction equations and accelerometer-specific thresholds may be a 

contributing factor to the poor accuracy of energy expenditure calculations (Fortune et 

al., 2014, Eisenmann et al., 2004) and minutes spent in physical activity intensities 

(Howe et al., 2018), respectively. Unsurprisingly, protocols based on ambulatory 

activities, such as walking and running, have demonstrated better validity (Chu et al., 

2007, Rowlands et al., 2004a, Sirard et al., 2005, van Cauwenberghe et al., 2011) than 

threshold derived protocols that include a combination of ambulatory and non-

ambulatory activities (Evenson et al., 2008a, Puyau et al., 2004, Tanaka et al., 2007). 

Specifically, activities, such as those that require turning, tend to exhibit lower 

accelerometer counts than ambulatory activities with a lower energy expenditure 

(Romanzini et al., 2012). Indeed, accelerometers tend to be more sensitive to activities 

that produce a larger vertical acceleration component, such as walking and running 

(Romanzini et al., 2012). This factor may explain, in part, the superior validity of 

accelerometer-specific thresholds derived from treadmill-based activities. In this 

respect,  the findings in the present study question the calibration and validated 

accuracy of pedometers, gyroscopes and accelerometers (Crouter et al., 2003, Le 

Masurier & Tudor-Locke, 2003, Mansfield & Lyons, 2003, Salarian et al., 2004, 

Esliger et al., 2007, Rueterbories et al., 2010), given that children are not restricted to 

linear movements. Therefore, it is advisable from the present study that calibration and 

follow-up validation studies should include the movement of turning to develop better 

accelerometer-specific thresholds and predictive models of energy expenditure to 

correctly account for youth’s habitual PAL (Welk, 2005).  

 
One possible solution to the aforementioned inadequacies in correctly accounting for 

physical activity, is the use of the magnetometer utilised in the present study and how 

it can provide additional information on body rotation (Williams et al., 2017b), so 

when used in conjunction with accelerometers, it will provide more context. Indeed, 

using the current methods to establish VeDBA from analysing the accelerometer and 

magnetometer traces proved to be relatively accurate in predicting energy expenditure 

expressed as V̇O2, aligning with previous research (McNarry et al., 2017, Qasem et al., 
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2012, Weippert et al., 2013). However, from the present findings, it is apparent that 

there is a dissociation between VeDBA and turn angle, whereby increasing the angle 

of turn was not associated with significant increase in VeDBA. Similar findings were 

reported in adults by McNarry et al. (2017) arguing that this dissociation of VeDBA 

when turning could be a result of the complex and individual specific interaction 

between the surge, heave and sway components of DBA as well as the muscular effort 

involved in generating forces without the dynamism of straight locomotion. Although 

little is known about the benefits of including such magnetometry-derived data on the 

accuracy of energy expenditure prediction, the present study highlights this collective 

measurement as an area that warrants further investigation, especially in children who 

are characterised by spontaneous and transitory movement patterns (Stone et al., 

2009), such as football (Fjørtoft et al., 2009) and chasing games (Sleap & Warburton, 

1996) that likely involve a considerable number of turns. 
 

It is important to note certain limitations of the current study. As this was the first 

study to investigate the energy expenditure of turning in children, findings should be 

taken with caution, due to the limited sample size and lack of evidence on the influence 

of children’s growth and maturation on the energy demands of turning, warranting 

further investigation. Additionally, the highly-controlled nature of this study may limit 

the generalisability of the findings and its ecological validity. Future research should 

seek to increase the sample size, use different age groups (i.e., adolescents) and assess 

participants turn strategies (i.e., pivot or step turns). Finally, to improve the accuracy 

of aerobic fitness data, future studies should scale V̇O2 by lean mass of both legs or by 

DXA-estimated total lean body mass (Graves et al., 2013).   

3.5 Conclusions 

In the present study, we found that the energy expenditure of turning whilst walking 

was significantly greater at speeds of 3.5, 4.5 and 5.5 km·hr-1 at a turn angle of 180° 

in children. The study demonstrated a synergistic interaction between turn angle and 

walking speeds on the energy expenditure of turning, with stature and sex adding 

additional determinants of the demand. More research is warranted on running speeds 

and the effect of turning technique on the energy expenditure of turning. These 

findings highlight the importance of accounting for the costs of turning in children, 

with implications for both sporting, habitual physical activity and health related 

contexts where turning is a fundamental part of movement.
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Thesis Map 

STUDY  OUTCOMES 

1. Energy Expenditure Associated with 

Walking Speed and Angle of Turn in 

Children 

Aim ▪ To investigate the influence of walking speed and 

angle, and their interaction, on the energy 

expenditure of healthy children. 

  

 

 

Key 

Findings 

▪ Significant differences to straight line walking 

energy expenditure within speed were established 

for 2.5 km·hr-1 at 90° (~7% increase) and 3.5, 4.5 

and 5.5 km·hr-1 for 180° turns (~13%, ~14% and 

~30% increase, respectively).  

▪ Estimations of children’s habitual physical 

activity should account for the magnitude and 

frequency of turns complete. 

2. Perceptions of Visualising Physical 

Activity as a 3D-printed Object: A 

Formative Study 

Aim ▪ To elicit children’s, adolescents’, parents’ 

and teachers’ perceptions and understanding 

of 3D physical activity objects to inform the 

design of future 3D models of physical 

activity. 

Role of DESIGN PARTNERS Key 

Findings 

 

3. Understanding Youths’ Ability to 

Interpret 3D-printed Physical Activity 

Data and Identify Associated Intensity 

Levels 

Aim  

Role of TESTERS Key 

Findings 

 

4. The Tangibility of Personalised 3D-

printed Feedback may Enhance Youths’ 

Physical Activity Awareness 

Aim  

Role of USER Key 

Findings 
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CHAPTER 4 
Perceptions of Visualising Physical 

Activity as a 3D-Printed Object 
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4  

Perceptions of Visualising Physical Activity as a 

3D-printed Object: A Formative Study 

4.1 Introduction 

The UK Government recommends that children aged 5 to 18 years engage in at least 

60 minutes moderate to vigorous physical activity (MVPA) every day (Department of 

Health, 2011, 2011b). Despite the well-established physiological and psychosocial 

health benefits of regular physical activity for youths (Sothern et al., 1999, Nieman, 

2002, Janssen & Leblanc, 2010a, Eime et al., 2013), many fail to meet these 

recommended guidelines (Hills et al., 2011). More specifically, for these populations, 

sedentary screen-based pursuits are thought to have displaced active behaviours and 

have been independently associated with adverse health outcomes, such as obesity 

(Proctor et al., 2003) and hypertension (Pardee et al., 2007). According to Noonan et 

al. (2016), there is a lack of understanding within youths on the various forms of 

physical activity, including those of active travel and unstructured play, with a need to 

educate how these types of activities contribute to achieving the physical activity 

recommendations. Conversely, Kremers et al. (2008) argue that a lack of awareness of 

physical activity among youths is likely to make them less susceptible to educational 

programmes that are aimed to influence attitudes, norms, self-efficacy or other 

cognitive means, as they will not perceive the need to change. Indeed, research 

supports this notion, demonstrating that youths who are aware of their physical activity 

levels (PAL) and the recommended guideline are, on average, 20 minutes more active 

than their unaware counterparts (Kremers et al., 2008), and as a result, more likely to 

achieve the daily 60 minutes of MVPA (Roth & Stamatakis, 2010, Nemet et al., 2012). 

Therefore, developing youths’ understanding and awareness of their physical activity 

behaviours is crucial for implementing a successful health programme designed to 

increase PAL (Kremers et al., 2008). 
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Schools have been identified as ideal settings to integrate health-promoting 

interventions due to their established infrastructure and role in health education 

(Dobbins et al., 2013). Subsequently, researchers have developed numerous school-

based interventions that seek to utilise technology as part of the solution, rather than 

part of the problem (McDougall & Duncan, 2008, Duncan & Staples, 2010, Poole et 

al., 2011, Lubans et al., 2016, Mackintosh et al., 2016). Although technology-based 

interventions have shown promise in improving psychosocial outcomes, efforts to 

elicit sustainable behaviour change have been less consistent (Lau et al., 2011). This 

may, at least in part, be a result of the traditional power structure of the “all-knowing” 

adult and the “all-learning” child, where adults’ development of new technology 

limits the personal opinions of youths when it comes to deciding what technology 

should be used within a school-based environment (Druin, 2002). It is, therefore, 

important to acknowledge youth as the experts (Greene & Hogan, 2005), allowing the 

creation of technology through the eyes of the child rather than the researcher, teacher 

or parent (Noonan et al., 2016). As argued by Druin (2002), children as design partners 

can play an impactful role in the creation of new technologies, that are not only going 

to be effective and meaningful, but that will excite children and aid learning. 

 

Research shows that 80% of youths are visual and tactile learners (Rita & Dunn, 1979); 

relying simply on numbers and figures as a source of knowledge is limited (Petrakaki, 

2016), and richer ways of data representation are required (Hassenzahl et al., 2016). 

Indeed, visualisations can play a key role in motivating individuals to enhance their 

PALs, enabling reflection on personal performance and current level of physical 

activity (Li et al., 2011a). A recent school-based intervention using glanceable LED 

light technology to display groups’ PALs reported that children wanted more 

personalised forms of visual feedback (Mackintosh et al., 2016), with others 

suggesting that material rewards are cherished more than virtual rewards (Munson & 

Consolvo, 2012) due to their higher visibility and uniqueness (Kirk & Sellen, 2010, 

Golsteijn et al., 2012). Indeed, previous research utilising paper and LED lights to 

create PA awareness promoting artefacts found that youth took incremental steps 

towards self-regulation through goal-setting and reflection (Ananthanarayan et al., 

2016). It was concluded that although the artefacts did not elicit improved physical 

activity in youth, using tangible artefacts in conjunction with wearables could benefit 

youths’ health (Ananthanarayan et al., 2016). However, it could be argued that paper 
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artefacts do not provide youth with an adequate haptic and proprioceptive experience 

of personalised feedback to reap health benefits (Gillet et al., 2005). With the recent 

rise of the ‘maker movement’ and cost-effective 3D printers (Mueller et al., 2014), 

numerous opportunities in health-related research have emerged, utilising 3D printers 

to create tangible visualisations of physical activity (Khot et al., 2013, Rohit Ashok et 

al., 2015b, Stusak et al., 2014). As Jansen et al. (2013) advocate, there are many 

benefits of tangible visualisations over on-screen visualisations of data which include: 

(i) allowing for a more active perception; (ii) leveraging non-visual senses such as 

touch; (iii) integration with the physical world; and (iv) harnessing the interplay 

between vision and touch to facilitate cognition. For example, Khot et al. (2014) 

transformed adults’ heart rate data into 3D-printed artefacts, with participants 

reporting that the artefacts acted as a reward and allowed for reflection and 

reminiscence on past physical activities. Indeed, tangible interfaces have been reported 

to involve children in playful learning (Price et al., 2003), engagement and reflection 

(Rogers et al., 2002a). Consistent with goal setting theory (Locke et al., 1981), 

incentives are important in maintaining interest in an activity, with incentive-based 

interventions to ‘nudge’ healthy behaviour change in youths demonstrating potential 

(Christian et al., 2016, Finkelstein et al., 2013). However, whether personalised 3D-

printed objects can be used to enhance youths’ understanding, awareness and 

motivation relating to engagement in physical activity remains to be elucidated.  

 

Therefore, the aims of the present study were (i) to formatively elicit children’s, 

adolescents’, teachers’ and parents’ perceptions of physical activity data when 

represented as 3D-printed objects; (ii) to ascertain how youths visualise their personal 

3D objects of physical activity using Play-Doh; (iii) to obtain parents’ and teachers’ 

views on the perceived  benefits and barriers of 3D-printed objects of physical activity 

for youths; and (iv) use these data to subsequently inform the design of 3D models to 

be used within a school-based physical activity intervention, whereby youth receive 

personal 3D-printed models displaying their PAL.  
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4.2 Methods 

4.2.1 Recruitment 

In total, twelve primary and eight secondary schools from the Swansea region of South 

Wales were contacted and invited to take part via emails to the Head of School 

(primary schools) or Head of Physical Education (secondary schools). The schools 

were stratified by high and low socio economic status (SES) according to the 

percentage of students per school eligible to receive free school meals with the national 

average at 19% (Hobbs & Vignoles, 2010). From those schools that expressed an 

interest (35%, n=7/20 response rate), four schools, one high and one low SES primary 

(n=2) and secondary (n=2) school, were selected based on order of availability to take 

part in the study. Typically developing children (aged between 7-9 years old) or 

adolescents (aged between 13-15 years old), which could include overweight or obese, 

or disadvantaged pupils, were allowed to participate in the study. According to the 

Estyn reports (Her Majesty’s Inspectorate for Education and Training in Wales, 2017), 

out of the 205 and 352 pupils that attended the high and low SES primary schools, 

respectively, 4% (high SES school) and 35% (low SES school) of pupils are eligible 

for free school meals. Both primary and secondary schools were regular community, 

public schools. The high and low SES secondary schools had a total of 1,105 and 1,026 

pupils, respectively, with 7% and 31% being eligible for free school meals, 

respectively.  

4.2.2 Participants 

In total, twenty-seven primary school children (8.4 ± 0.3 years; 15 boys) and forty-two 

secondary school adolescents (14.4 ± 0.3; 22 boys), 8 teachers (2 male) and 7 parents 

(2 male) provided written informed parental or carer consent and child assent (see 

Appendix II), as appropriate, to participate in the study. All participants from the high 

SES primary and secondary school, including all parents and teachers, were White 

British. Within the low SES primary and secondary schools, 8% (n=1) were Black 

British and 6% (n=1) were Asian British, respectively. All procedures were approved 

by the Swansea University Ethics Committee and were conducted in accordance with 

the Declaration of Helsinki (ref: PG/2014/40). 
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4.2.3 Procedures 

All semi-structured focus group discussions and interviews were conducted by the first 

author (SGMC) in a non-directive and unbiased way (Gibson, 2007), with 6 groups of 

children, 8 groups of adolescents and a total of 13 individual interviews with teachers 

and parents. Sample questions for the focus groups and one-to-one interviews are 

presented in Table 4.1. On two separate occasions, two parents and two teachers were 

interviewed together due to restricted availability (Liamputtong, 2006). Focus group 

discussions with youths involved 4-6 participants to allow for lively, yet manageable, 

interactions (Gibson, 2007, Mackintosh et al., 2011, Morgan et al., 2002), with the 

exception of one primary school focus group where a child with special educational 

needs (SEN) required a smaller group of 3 children with one support teacher. Both 

single and mixed sex focus groups were conducted (Hill et al., 1996). All focus group 

sessions were completed within the school environment, either within a familiar 

classroom, or in the school library, to provide comfort and reduce anxiety (Kennedy 

et al., 2001). Participants were seated in a circular arrangement around a table to create 

a relaxed and informal atmosphere (Gibson, 2007), maximizing social interaction and 

observer involvement (Dilorio et al., 1994). Moreover, this seating arrangement allows 

the facilitator to sit amongst the participants to establish a non-authoritarian approach 

to questioning. To ensure each of the group members was comfortable with talking 

aloud, and to create an environment in which sharing and listening were valued, an ice 

breaker question was used (Gibson, 2012). All pre-determined questions were 

reviewed and discussed by SGMC, MAM, PE and KAM and additional feedback was 

provided independently by two Health and Care Professions Council Registered 

Practitioner Psychologists (JH and ZRK). 
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Table 4.1 Example focus group and interview questions 

Interview Topic Examples 

Children/Adolescents Motivation What would you think if I said we could 3D print your 

own personal model which shows how physically active 

you are? 

Children/Adolescents Model Design What sort of model would you like to develop or represent 

your own physical activity as in the video, how would it 

look?  

Adults Motivation How do you think the 3D models of physical activity 

could motivate children to be more physically active? 

Adults Model Design Are there any models that you think would be good to help 

children to visualize physical activity?  
 

 

Alongside focus group discussions and one-to-one interviews, children, adolescents 

and adults were all shown a custom-made video on the concept of 3D printing physical 

activity. Following this, participants were shown three different prototype 3D-printed 

models displaying example accelerometry-derived physical activity data (see 

Appendix V), and discussions focused on how participants thought the physical 

activity data were represented by these models. Finally, children and adolescents were 

asked to independently design their own personalised model of physical activity using 

Play-Doh. The Play-Doh modelling process builds on the principles of the write, draw, 

show and tell method (Noonan et al., 2016) by replacing the write and draw 

components of the framework with the modelling of Play-Doh. Following the Play-

Doh modelling task, the facilitator asked each child to articulate and explain the 

characteristics of their design in a verbal statement at their own pace. All Play-Doh 

models were photographed for further analyses.  

 

Focus group discussions lasted between 60-90 minutes and 50-60 minutes for primary 

and secondary school groups, respectively, and adult interviews lasted approximately 

25-45 minutes. All the focus groups and one-to-one interviews were digitally voice 

(Olympus DM-520 digital voice recorder, Shinjuku, Japan) and video (Sony 

Handycam HDR-PJ540, Minato, Japan) recorded.  
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4.2.4 Data analysis 

All focus group discussions and one-to-one interviews were transcribed verbatim 

resulting in 774 pages (327, 297 and 150 pages for children, adolescents and adults, 

respectively) of raw data. Researchers SGMC, MAM and KAM read each transcript 

in order to familiarise and immerse themselves with the data. Out of the 774 pages of 

transcript, 445 pages (187, 148 and 110 pages for children, adolescents and adults, 

respectively) were deemed relevant to the topic of 3D-printing physical activity and 

consequently, further explored. Following the initial stage of data immersion, 

transcripts were thematically analysed by SGMC using data coding and identification 

of themes by a manual cut and paste technique (Clarke & Braun, 2013). Emergent 

themes were explored using an inductive process to aid the exploratory nature of the 

research (Trochim & Donnelly, 2001). Quantitatively, through the process of content 

analysis, the number of participants that raised specific statements and could correctly 

interpret the different components of the 3D model prototypes (i.e., data 

representation, length and size; Hamad et al., 2016) were noted. The process of 

frequency counting enables the analytic generalisation of findings (Sandelowski, 

2001), which is crucial for the development of new technology as patterns and 

deviations within the data can be easily recognised (Kim & Kuljis, 2010). Participants’ 

verbatim quotations were chosen by SGMC and discussed in collaboration with MAM 

and KAM. The themes, frequency counts and meaningful quotations were then 

displayed diagrammatically using a pen profile approach. Pen profiling has been used 

within studies exploring perceptions and experiences of physical activity in youths 

(Knowles et al., 2013, Mackintosh et al., 2011) and is considered to be an accessible 

technique for researchers who have both quantitative and qualitative backgrounds 

(Krane et al., 1997). Through the process of reverse triangulation authors critically 

questioned and cross-examined the data in reverse from the pen profiles to the 

transcripts. This process was repeated, allowing authors to offer alternative 

interpretations of the data, until a consensus was reached to finalise the pen profile 

designs. In some cases, visual illustrations were presented to add more context to the 

data collected. Triangulation of the data tests the robustness of the findings and ensures 

methodological rigour using a ‘trustworthiness criterion’ (Ridgers et al., 2012). The 

criterion places trust in the researcher responsible for data collection to determine key 
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findings that are worthy of attention. These were then assessed by PE, JH and ZRK 

who were not as directly involved in the analysis process (Hardy et al., 1996).  

 

In addition to transcript analysis, the primary and secondary school participants’ Play-

Doh model photos aligned with the relevant verbal statements were analysed by 

SGMC, MM, JH, PE and KAM as a group to identify common trends and designs. 

Specifically, all Play-Doh model photos, with their respective verbal statements, were 

displayed on a large white board and appraised by the research team. Throughout this 

process, the Play-Doh models were grouped based on similar structural (e.g., sun or 

bar chart design) and verbal (e.g., the more physical activity you do, the larger the 

model) characteristics. The most common Play-Doh model designs created by children 

(abstract, n=12; graphical, n=15) and adolescents (graphical, n=28) were subsequently 

considered for further interpretation and 3D model design. 

4.3 Results 

In total, three separate pen profiles were constructed to represent children’s (Figure 

4.2), adolescents’ (Figure 4.4) and adults’ perceptions of 3D models. There were 

consistent themes identified between parents and teachers and therefore their data were 

combined for final analysis.  

4.3.1 Children’s Perceptions and Designs of 3D Physical Activity Models 

As shown in Figure 4.2, key emergent themes were structured around ‘Temporal 

Representation of Physical Activity’, ‘Motivation’, ‘Interpretation’ and ‘Physical 

Activity Guidelines’. The higher order theme ‘Interpretation’ was linked to further 

sub-themes ‘Physical Activity Representation’ and ‘Design’. Primary school children 

demonstrated the ability to interpret and apply the different component lengths and 

sizes of the prototype 3D models in relation to physical activity parameters. 

Specifically, 92% of children were able to accurately understand how the changing 

length of the model represented increasing levels of physical activity. However, only 

26% of children were able to understand the alternative method of increasing the size 

of the model to represent greater levels of physical activity. The physical activity data 

displayed on the models was correctly identified by 59% of the children as 
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representing either hours or days of physical activity. The majority of children (81%) 

preferred the 3D models to represent a week of their physical activity data, compared 

to a day (n=3), year (n=2) or month (n=1).  

 

“Because you do…you probably do more exercise in a week than a day” 

(G16) 

 

From the Play-Doh modelling task, two sub-themes emerged, one being ‘Abstract’ and 

the other ‘Graphical’. Children revealed no preference for abstract (n=12) or graphical 

(n=15) model representations of physical activity. Children’s abstract models were 

characterised by the model changing shape or size, such as a volcano with more lava 

erupting for higher levels of physical activity (Figure 4.1A). Graphical (n=15) 

representations, such as the flower (Figure 4.1B), distinguished between different 

hours, days or weeks of physical activity completed (i.e., the flower’s petals 

resembling the different days of physical activity). Please see Appendix V: 3D Model 

Designs, for more Play-Doh models created by participants. 

 

 
Figure 4.1 Children’s Play-Doh model designs 

A) ‘Abstract’ volcano; B) ‘Graphical’ flower 

 

Twenty-one children (78%) commented that the 3D models had potential to motivate 

themselves to engage in more physical activity, substantially outweighing the 

negatives expressed by one child. Specifically, children revealed that the 3D models 

would add competition between classmates and motivate them to do more. For 

example:  

 

A B 
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“Because you might see how people have done much more activity than you 

and then you…you would think I want to be like that person and then you’d 

do more” (G16) 

  

Sixteen children (59%) displayed limited knowledge of the current UK 

government physical activity guidelines or how to achieve them, with only three 

children able to express the amount through the context of time spent being 

physically active, with no reference to intensity level. For example:  

 

“…probably something like an hour, two hours a day [of physical activity]” 

(G9) 
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Figure 4.2 Children's pen profile 

B = Boy, G = Girl, PA = Physical activity, N = frequency counts 
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4.3.2 Adolescents’ Perceptions and Designs of 3D Physical Activity Models 

Four higher order themes were identified structured around ‘Temporal 

Representation’, ‘Motivation’, ‘Interpretation’ and ‘Physical Activity Guidelines’ 

(Figure 4.4). The higher order theme ‘Interpretation’ was further linked to sub-themes 

‘Physical Activity Representation’ and ‘Design’. Adolescents demonstrated the ability 

to identify and compare the different components of the prototype 3D models and their 

changing length and size in relation to physical activity. Specifically, the increasing 

size (n=16) and length (n=28) of the models was correctly interpreted as representing 

higher PALs. The majority (81%) of adolescents showed a clear understanding of the 

represented data (n=34) on the models. For example: 

 

“The lines [on the models] are the days of the week” (B30) 

 

“…so does that mean he’s most active Tuesday, Wednesday, Thursday sort of 

thing” (G3) 

 

Adolescents highlighted a preference for a week (n=25) of physical activity data to be 

displayed on the 3D models because of the greater variety and reflection of their PALs 

in a week when compared to a model based on a day (n=5), month (n=4) or year (n=1). 

The Play-Doh modelling task displayed similar sub-themes to those found in children, 

with a larger proportion of designs displaying graphical (n=28) compared to abstract 

(n=11) designs. Abstract models, such as the butterfly (Figure 4.3A), were 

characterised by the changing size or detail of the models. Graphical representations 

resembled typical bar charts or line graphs (Figure 4.3B) to display different days, 

weeks or months of physical activity. Please see Appendix V: 3D Model Designs, for 

more Play-Doh models created by participants. 
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Figure 4.3 Adolescents’ Play-Doh model designs 

A) ‘Abstract’ butterfly; B), ‘Graphical’ bar charts 

 

Thirty-five adolescents (83%) expressed that the 3D models would motivate them to 

engage in more physical activity by beating previous models. For example: 
 

“Oh yeah you can try and beat it [the model] the week after or the session 

after” (G18) 

 

Eight adolescents thought that the 3D models may discourage engagement in physical 

activity because of feelings of doing worse than others and embarrassment if the model 

showed low PALs:  

 

“If you don’t do like a lot of exercise in compared to like people that you 

know…like family or friends then you might feel worse…” (G11) 

 

“…if other people like saw the object or something it might be a bit 

embarrassed if you haven’t done enough exercise” (G21) 

 

Twenty-eight adolescents (67%) showed some knowledge of the government 

guidelines for physical activity. A specific Sport Wales initiative called ‘5x60’  may 

have influenced these findings: 

 

“they [Sport Wales officers] try and get everyone to do five sessions of sixty 

minutes a week of exercise” (G3) 

A B 



 

 
 

109 

 

 

 

 
Figure 4.4 Adolescents’ pen profile 

B = Boy, G = Girl, PA = Physical activity, N = frequency counts 
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4.3.3 Adults’ Perceptions and Designs of 3D Physical Activity Models 

The key adult emergent themes were ‘Design’, ‘Temporal Representation of PA’, 

‘Engagement’ and ‘Motivation’ with a few distinct sub-themes (Figure 4.5). The 

higher order theme ‘Engagement’ was linked to additional sub-themes ‘Sex 

Differences’, ‘Teacher Involvement’ and ‘Intervention’. Adults described 

characteristics similar to those used to construct both abstract (n=7) and graphical 

(n=8) model representations. Adults placed emphasis on making the 3D models 

attractive and recognizable, but also something that challenges children’s and 

adolescents’ numeracy skills to work within the school curriculum.  

 

“Bar charts and graphs, that’s a big part of numeracy, so if you could maybe 

like make a physical graph…and it would go up in bars every day…” (TF8) 

 

One parent added that a link between the 3D model and a recommended goal for 

physical activity could help encourage youths to achieve greater PALs. 

 

“…you know…maybe there’s strips [on the model] and each one, I don’t know 

if you reach the sort of recommended goal you get like another strip or 

something [on the model]” (PF5) 

 

 Similar to youths, adults preferred a week (n=12) of physical activity data represented 

on the model, as this was thought to have greater potential to visually guide youths, 

creating more awareness of their physical activity behaviours than a day (n=3) or 

month (n=1). Furthermore, some adults emphasised that changing the colour (n=3) of 

lines on the models could visually aid participants in distinguishing the different days. 

The majority (87%) of adults believed that if youths received and compared new 

models over time this would act as a strong motivation for increased engagement in 

physical activity. 

 

 “They [youths] could see at the end of five or six weeks…they could place 

their models and compare them then…then you’re definitely motivating them 

[youths]” (TM4) 
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Furthermore, some teachers (n=4) reported that receiving their own 3D models would 

act as an additional competition and potential motivation for the pupils. However, 

some adults (n=7) expressed that the 3D models may ostracize youths from others if 

they under-achieved in physical activity.   

 

“…they [the models] might ostracize them…you know where they might 

go…no that’s too painful because, they’re going to get a better [model]” 

(PF5) 

 

Adults perceived both positives (n=14) and negatives (n=14) for participants’ 

engagement with the concept of 3D printing physical activity. Positives included that 

the use of new technology (i.e., 3D printers) would create awareness of current 

technological advances, with negative responses highlighting concerns about potential 

disruptions to teaching during lesson time. Moreover, some adults (n=8) believed that 

there would be no differences in how boys and girls engaged with the models, although 

five adults highlighted that the girls may be more reflective and the boys more 

competitive.  

 

“I think the boys are more upfront and ‘what did you get and what did you 

get, let me see yours’ [the model], whereas I think a few of the girls would do 

that but the rest I think would do it more reflective when they’re on their own” 

(TF5) 
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Figure 4.5 Adults’ pen profile 

T = Teacher, P = Parent, M = Male, F = Female, 

PA = Physical activity, n = frequency counts 
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4.4 Discussion 

The aims of the research were, first, to formatively elicit children’s, adolescents’, 

teachers’ and parents’ perceptions of physical activity data when represented as 3D-

printed objects and their personal Play-Doh designs, and, to examine parents’ and 

teachers’ perceived benefits and barriers to 3D-printed objects of physical activity. 

This research extends from that of previous studies that have implemented formative 

research techniques to inform the development of school-based interventions 

(Mackintosh et al., 2011, Boddy et al., 2012). The second aim of the study was to use 

the formative data to inform the design of age-specific 3D models of physical activity 

to enhance youths’ understanding, awareness and PAL.   

 

The data indicated that youths can conceptualise physical activity data represented as 

a 3D object. This ability to detect and mentally represent a relationship between a 

symbol (i.e., 3D object) and its referent (i.e., physical activity) is known as 

representational insight (Uttal & Doherty, 2008). However, the visual nature of the 

models does not always guarantee representational insight and its relation to the 

intended use (Uttal & Doherty, 2008). For example, adolescents in this study showed 

greater ability to analyse and critique the physical activity behaviours represented on 

the prototype models. Adolescents could highlight, in some detail, differences in low 

and high PAL and how this related to their own and others’ personal habits. These 

differences between adolescents and children could be explained by a greater age-

related cognitive ability in adolescents (Piaget & Cook, 1952). However, differences 

in cognitive ability may be less influential as evidence suggests that visualisations help 

make complex information more accessible and cognitively tractable (Uttal & 

Doherty, 2008). More specifically, previous research supports the use of tangible 

objects to stimulate youths’ intellectual development as they support a more natural 

way of learning (Price et al., 2003, Marshall, 2007, Rogers et al., 2002a, Bara et al., 

2004, Gillet et al., 2005), aligning with youths being regarded as ‘visual and tactile’ 

learners (Rita & Dunn, 1979). For example, Gillet et al. (2005) investigated the use of 

3D-printed enzyme molecules for teaching biology in youth, reporting that the tangible 

models provided a natural and intuitive mechanism for manipulation, exploration and 

a proprioceptive pathway for learning. Whilst the present findings hold promise, given 

that youths recognise the relationship between the tangible visualisation and its 
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intended referent (i.e., physical activity), which is a necessary condition for developing 

a visual learning tool, others argue that this representational insight is fragile 

(DeLoache et al., 1998, Uttal & Doherty, 2008, DeLoache, 2000). Specifically, even 

if youth initially grasp the representational relation between the 3D model and PAL, 

previous research on scaled-models shows that youth can easily lose sight of this 

relation (DeLoache, 2000). Based on this understanding, DeLoache and colleagues 

(1998) formulated the dual representation hypothesis to account for youth’s success 

and failure in understanding visualisations and their intended use. Central to this theory 

is the notion that all representations (i.e., visualisations) have a dual nature, whereby 

they are intended to stand for something else, but at the same time, they are objects in 

their own right (DeLoache et al., 1998). For instance, research has demonstrated that 

highly attractive visualisations may actually be counterproductive, as youth 

(Goldstone & Sakamoto, 2003) and even adults (Goldstone & Son, 2005) focus more 

on the properties of the visualisation (e.g., shape and colours), rather than what the 

visualisation is intended to represent or teach. These errors illustrate that visual 

correspondence may not be enough to promote representational insight. In this light, 

future research should consider investigating 3D-printed physical activity feedback 

conditions to include and exclude an additional classroom educational component on 

PALs to fully understand the benefits of the 3D model alone. 

 

The current study revealed that 78% (n=21) and 83% (n=35) of children and 

adolescents, respectively, believed the 3D models would act as a motivational tool to 

enhance their own and their peers PAL. These results are promising, especially for the 

utilisation of 3D models within a school-based intervention setting whereby youths 

receive their own personal 3D models of physical activity in the presence of peers. 

Indeed, previous research suggests that school-based interventions that promote 

youths’ physical activity with peers significantly increases their motivation for 

physical activity (Salvy et al., 2009), as well as their enjoyment (Jago et al., 2012, 

Salvy et al., 2012), intensity (Barkley et al., 2014) and engagement in out of school 

physical activity (Pearce et al., 2014). Furthermore, the majority of primary school 

children expressed that the 3D models would introduce competition between 

classmates, motivating them to engage in more physical activity. It has been argued 

that competition between children can be healthy if it provides feedback about 

performance and improvements, where children can learn about themselves, and the 
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sole or primary objective is not about winning . Conversely, adolescents placed more 

emphasis on how they would be motivated by beating their own personal model from 

the week before rather than comparing to others. These differences between youths 

could be, in part, explained by the adolescents’ greater understanding of the concept 

of effort in the physical domain (Fry & Duda, 1997) and applied ability to think 

independently, fostering enhanced self-evaluation skills that are important for 

preparation into adulthood (Jacobs & Klaczynski, 2002).  

 

Parents and teachers also agreed that the models would help motivate children and 

adolescents, allowing them to compare the models over time. Adults highlighted that 

boys may take a more competitive approach than girls who may engage in more 

reflective thoughts about the 3D models. Indeed, evidence suggests that young males 

engage in more individualistic competition than female counterparts (Benenson et al., 

2008). Contrary to this, Bjorkqvist (1994) found that girls use subtler, more indirect 

strategies for competition than boys from childhood through to adulthood. Adolescents 

also displayed concerns that they might be perceived as inactive by their significant 

others, a consensus that was supported by the adults. Similar concerns have been raised 

when using digital fish avatars, the growth and emotional state of which is dependent 

on the participant’s PALs, with participants reporting being discouraged from using 

the app if they saw that the avatar was unhappy (Lin et al., 2006). Of concern is the 

fact that material objects are more valuable than digital objects because of their higher 

visibility within the physical world and lower replication possibility (Golsteijn et al., 

2012, Kirk & Sellen, 2010). In this respect, material objects make physical activity 

data more publicly visible to peers than that of data collected and shown on a private 

computer or smartphone (Khot, 2016). Indeed, Khot (2016) notes that public displays 

of material physical activity data could lead to issues with privacy. That said, privacy-

related concerns could be tackled through the creation of abstract forms of 

visualisation that are meaningful to the participating-individual but not so familiar to 

non-participating onlookers (Khot, 2016). Another point for consideration is that 

material objects can gain ‘autotopographical’ meaning (i.e., a means of representing 

oneself to others through material objects; Khot & Mueller, 2013, Petrelli et al., 2008), 

which links to a person’s social identity (i.e., a person’s sense of who they are based 

on their group membership), such as age, sex, sports team and ability (Reynolds et al., 

2015). In this way, physical objects that display low levels physical activity may result 
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in youth not wanting to display or interact with their models as it may negatively 

impact their social identity and result in feelings of pressure and guilt for not achieving 

enough physical activity (Reynolds et al., 2015). On the other hand, the visibility of 

physical activity data through 3D models may support two forms of social incentive: 

i) Competition, where youth can compare their data against others; and ii) Co-

operation, where youth can motivate each other to achieve a set goal (Khot, 2016), all 

of which may strengthen a person’s social identity (Ostrom, 2000). In this light, 

monitoring how youth personally evaluate models displaying low PALs, and, their 

support and interactions with significant others should be considered within future 

research.  

 

Whilst beyond the scope of the present study, it is pertinent to note that further work 

is also required to adapt these models to other populations and cultures, with the 

current results suggesting that children with SEN may misinterpret the models with 

negative health consequences. For example, one child participant with SEN interpreted 

the 3D models as something that would intensify their personal need to engage in 

sedentary computer-based activity, stating: “It [the model] would make me always do 

computers.” (B27). This reaction to the models may be a result of the behavioural 

and/or emotional problems of a child with SEN and how this interferes with their 

cognitive ability to interpret scientific concepts (Scruggs & Mastropieri, 1986, Trout 

et al., 2003). However, evidence also suggests that there is no substantial differences 

in scientific understanding between SEN children and healthy children (Van Der Steen 

et al., 2012). Nonetheless, it is particularly important to consider those children with 

SEN as evidence suggests they do not engage in as much physical activity as typically-

developing youth (Hinckson & Curtis, 2013). Research shows that those youth with 

SEN do indeed reap the physiological and psychosocial benefits of physical activity, 

such as improved motor skills, social interactions, cognition, language and reduced 

stereotypic behaviours (Lang et al., 2010). Although the present findings suggest 

otherwise, it could be postulated that the unique strategy of 3D printing physical 

activity for youth with SEN may facilitate increased accessibility (Zuckerman et al., 

2005), interactions and offer an alternative way of promoting physical activity to that 

of traditional ‘sport’ inspired games that have been less effective for this population 

(Boddy et al., 2015). Therefore, more research is warranted to explore the perceptions 

of youth with SEN of 3D-printed feedback as a method to enhance PAL. 
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For the adults, the tangibility of being able to hold something that participants have 

created was perceived as original and personalised. Adults expressed that the tactile 

forms of information would interest youths and encourage them to purposely think 

about the importance of physical activity, as previously identified by Mackintosh et 

al. (2016). Furthermore, they also believed that the 3D models could act as a material 

reward or medal representing achieved physical activity, something children and 

adolescents “could put [the models] up on their wall when they get them” (PM7). 

Indeed, much research suggests that material rewards are cherished more than virtual 

rewards (Munson & Consolvo, 2012), as a result of their higher visibility and low 

replication possibility (Kirk & Sellen, 2010, Golsteijn et al., 2012). Incentive-based 

interventions to encourage children to take part in more physical activity have been 

shown to have promising effects (Finkelstein et al., 2013, Hardman et al., 2011b), 

although findings have been mixed regarding sustained behaviour change following 

removal of incentives (Strohacker et al., 2014). Sport capitalises on this incentive form 

of reward system with physical medals and trophies being presented to individuals. 

However, while these rewards focus on the completion of certain fitness or sports 

goals, they do not embody any personal data or represent the active self (Khot, 2016). 

However, Khot (2016), notes that there is a learning value to be gained from blending 

rewards and representations to create more personalised and meaningful data. This 

concept is supported by findings from ‘Pokémon GO’, where children and adolescents 

can create and identify themselves with a visual avatar surrounded by recognizable 

characters (e.g., Pikachu) in a socially networked system, which was associated with 

significant increases in physical activity in both age groups (Althoff et al., 2016).   

 

The current utilisation of Play-Doh enabled youths to creatively explore, adapt and 

develop their personal 3D model creations. This relatively inexpensive form of design 

prototyping has been used previously with malleable materials and is effective for 

brainstorming new ideas and designs from which high-tech prototypes emerge (Druin, 

2002). The present findings revealed that children and adolescents preferred different 

types of 3D model design, leading to the development of two age-specific 3D models 

of physical activity. For children, a preference for a combination of both abstract (43%, 

n=12) and graphical (54%, n=15) models was demonstrated, most commonly 

expressed as Play-Doh models of flower or sun like shapes. However, to avoid any 
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potential sex bias resulting in boys dissociating with a flower-shaped 3D model, the 

more neutral sun 3D model design was chosen for further development. Interestingly, 

a majority of adolescents (67%, n=28) showed a preference through Play-Doh models 

for a simple bar chart design. However, with regard to the two-different age-specific 

3D models identified, there is limited literature as to whether the mapping of data 

should be abstract or graphical. Abstract data allows users to be more curious and 

speculative, whereas graphical representations provide more direct and comprehensive 

representations of data. Davis et al. (2005) suggest that more informative feedback 

provides greater opportunities to learn and improve performance. Indeed, it has been 

shown that 3D physical bar charts have benefits for information recall when compared 

to digital visualisations (Stusak et al., 2015). Similarly, Khot et al. (2013, 2015b) 

compared thoughts on both graphical and abstract 3D-printed objects of physical 

activity. In accord with Stusak et al. (2015), 3D-printed line graphs had more 

informative qualities to that of abstract objects (e.g., flowers) as participants were able 

to easily distinguish the low and high peaks of physical activity, which was essential 

for identifying and reflecting on past activities. However, participants noted that they 

did not find the line graphs very exciting as it was just relaying information that is 

commonly displayed on a screen. Participants described the abstract flower designs as 

more aesthetically pleasing to look at, a reflective picture of their lifestyle that 

highlighted their sedentary behaviours (Khot & Mueller, 2013, Khot et al., 2015b). 

Stusak et al. (2014) found that participants liked abstract 3D-printed models because 

they cannot be identified as being related to physical activity, with Sauvé et al. (2017) 

noting that tangible abstract displays of physical activity can provide a level of privacy 

when observed by others. Nonetheless, adults believed that both methods of mapping 

a week of physical activity data were equally important, adding that presenting daily 

physical activity could potentially ‘overwhelm’ the children and adolescents with data. 

As Khot (2016) pointed out, embedding too much data can make the material model 

less readable, but on the other hand, with too little data the model loses its intended 

purpose.  

 

Whilst physical activity recommendations for youths are set to advise them on how to 

achieve an active lifestyle and create awareness of the important health benefits, few 

children were able to identify the UK recommended amount of physical activity. 

Children’s interpretations of how much physical activity they should achieve was 
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largely based on ‘how much sport’ or ‘how many different sports’ they could complete 

per day (e.g., football, rugby, netball and running), aligning with previous research 

findings (Trost et al., 2000a). In comparison, the adolescent group showed greater 

knowledge of the government guidelines, but this may have been influenced by the 

on-going Sport Wales initiative ‘5x60’  implemented at the time of the study and aimed 

at encouraging youths to engage in 60 minutes of MVPA every day within school. 

However, it was evident that neither children nor adolescents were able to associate 

their understanding of the UK government recommendations with the intensity levels 

of moderate-to-vigorous physical activity, which highlights the need to promote 

youths’ knowledge of government recommendations, as reported by Mackintosh et al. 

(2016). As aforementioned, tangible interfaces may offer a more playful learning 

experience (Price et al., 2003) and natural interaction than other learning interfaces 

(Dourish, 2004, Jacob et al., 2002, Klahr et al., 2007), suggesting that the tangibility 

of data may benefit children’s and adolescents’ learning (Marshall, 2007). As one 

parent expressed, creating a recommended goal for the youths on the model could be 

beneficial. Therefore, by using a goal-setting strategy (Locke et al., 1981) and 

structurally developing the government recommendation into a tangible goal on the 

model, may not only help in developing children’s and adolescents’ understanding of 

the Government recommendations of 60 minutes of MVPA, but also motivate youths 

to increase their PAL.  

 

One of the major strengths of this study is its originality, however, this also highlights 

the paucity of other supporting research for this age group and that further 

investigation is warranted on this tangible form of data representation. Research 

should focus on the relative effectiveness of different types of 3D-printed 

visualisations of physical activity for the promotion of active learning in youths, and 

a means of strengthening the articulation of such initiatives with public health 

guidelines (i.e., 60 minutes of MVPA) to enhance understanding and increase the 

motivation and engagement of youths in sustained physical activity. Given the nature 

of focus groups and potential for social-desirability, it is important recognise that 

participants may have influenced other peer-participants interpretations of the 

prototype 3D models and their components as there was no independence of 

observations. A potential limitation is that participants viewed a video of 3D model 

creation and were shown prototype 3D models prior to designing their own Play-Doh 
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models which may have influenced their designs. This method was adopted due to the 

novelty of the concept of 3D printing to these children and adolescents. Furthermore, 

the variance in Play-Doh model designs (e.g., flowers, suns, waves, grass, animals, 

fruits, footballs, surfboards and bar charts) compared to the prototype models, suggests 

that youths were more influenced by personal possessions and hobbies. Finally, one 

variable that limits the generalizability of the present findings is the localised area of 

data collection and sample size which may underrepresent the ideologies of youth from 

other important social-economic groups and ethnic minorities within the UK or 

globally. 

4.5 Conclusion 

The present formative study provides insight into the utilisation of tangible 3D-printed 

objects displaying physical activity as a tool to benefit children and adolescents. The 

findings demonstrate how youths actively and enthusiastically engaged with the 

concept of 3D objects of physical activity and felt it could not only enhance their 

understanding of, but motivate them to increase, their PALs. From pupils’ Play-Doh 

model outputs, two age-specific 3D models representing weekly physical activity data 

were developed. The motivational results will be used to inform the design of a school-

based physical activity intervention that utilises 3D printing to create tangible, 3D-

printed models, that display youths’ personal PAL data as a unique strategy to promote 

their engagement in physical activity. 
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Thesis Map 

STUDY  OUTCOMES 

1. Energy Expenditure Associated with 

Walking Speed and Angle of Turn in 

Children 

Aim ▪ To investigate the influence of walking speed and 

angle, and their interaction, on the energy 

expenditure of healthy children. 

  

 

Key 

Findings 

▪ Significant difference to straight-line walking 

energy expenditure within speed found at 2.5 km·hr-

1 at 90° turn, and speed 3.5, 4.5 and 5.5 km·hr-1 at 

180° turn. 

▪ Estimations of children’s habitual physical activity 

should account for the magnitude and frequency of 

turns complete. 

2. Perceptions of Visualising Physical 

Activity as a 3D-printed Object: A 

Formative Study 

Aim ▪ To elicit children’s, adolescent’s, parents’ and 

teachers’ perceptions and understanding of 3D 

physical activity objects to inform the design of 

future 3D models of physical activity. 

Role of DESIGN PARTNERS  

 

Key 

Findings 

▪ Youths demonstrated a good ability to conceptualise 

physical activity as a 3D-printed object and 

highlighted the potential of 3D models as a 

motivational tool. 

▪ Two age-specific 3D models of physical activity 

were developed from children’s preference for 

abstract designs and adolescents’ bar chart designs. 

3. Understanding Youths’ Ability to 

Interpret 3D-printed Physical 

Activity Data and Identify 

Associated Intensity Levels 

Aim ▪ To elicit children’s and adolescent’s 

interpretations of two age-specific 3D models 

displaying physical activity. 

▪ To assess children’s and adolescent’s ability to 

appropriately align activities to the respective 

intensity of physical activity. 

Role of TESTER Key 

Findings 

 

4. The Tangibility of Personalised 3D-

printed Feedback may Enhance Youths’ 

Physical Activity Awareness 

Aim  

Role of USER Key 

Findings 
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CHAPTER 5 
Youths’ Understanding of Age-

Specific 3D Models and Intensity 
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5  

Understanding Youths’ Ability to Interpret 3D-printed 

Physical Activity Data and Associated Intensity Levels 

5.1 Introduction 

Regular physical activity is considered an essential part of youths’ (children and 

adolescents) overall physiological health and psycho-social development (Sothern et 

al., 1999, Nieman, 2002, Janssen & LeBlanc, 2010b, Eime et al., 2013), providing 

immediate and future health benefits (Shiri et al., 2013, Tammelin et al., 2014, Wolin 

et al., 2009). Indeed, strong relationships exist between physical activity and health, 

with individuals attaining higher physical activity levels (PAL) being rewarded with a 

risk reduction of 30% for all-cause mortality, 20-35% for cardiovascular diseases, 30-

40% for type 2 diabetes and a 20-30% reduction in cancer when compared to an 

individual classified as low activity (Davies et al., 2011). Moreover, youths who 

frequently participate in physical activity demonstrate reduced symptoms of anxiety 

and depression, which subsequently leads to psycho-social benefits, such as improved 

self-esteem and confidence (Janssen & LeBlanc, 2010b). Similar to physical activity, 

there is a dose-response relationship observed with increased sedentary behaviour 

(activities in a sitting or reclining position, e.g., watching TV) and greater risk of 

adverse health-outcomes (Tremblay et al., 2010). In the UK, youth aged 5 to 15 years 

have been reported to spend 7 to 8 hours per day in sedentary behaviour, which 

accounts for 60-65% of their day (Biddle et al., 2010). Given the pandemic rise of 

sedentary behaviour in youth, public health sectors have produced and communicated 

physical activity recommendations to guide individuals towards achieving a minimum 

level of physical activity to reap health benefits (Blair et al., 2004). The World Health 

Organisation (WHO) and UK Government both recommend that youths aged 5 to 17 

years should engage in at least 60 minutes moderate-to-vigorous physical activity 

(MVPA) every day (Department of Health, 2011, WHO, 2011). Despite this, reports 

show that only 21% of boys and 16% of girls in the UK meet these current physical 

activity recommendations (Hills et al., 2011, Townsend et al., 2015).  
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Promoting youth’s physical activity relies upon understanding the underlying factors 

which influence the likelihood of achieving the desired behaviour. Among the most 

consistently reported factors are an individual’s age, sex, socioeconomic status, social 

and environmental support, and level of education (Bauman et al., 2012, Carver et al., 

2008, Trost et al., 2002a). However, little attention is given to individuals’ knowledge 

regarding the recommended levels (Snethen & Broome, 2007, Sleap & Wormald, 

2001, Harris et al., 2016, Roth & Stamatakis, 2010) and intensities of physical activity 

(Grewal, 2013, Knox et al., 2013b) and, subsequently, manners in which to achieve 

the international physical activity guidelines. Of concern, youths most commonly cite 

2 hours per week as the recommended PAL, as well as demonstrating a limited ability 

to interpret and classify the intensities associated with daily activities (Cowden & 

Plowman, 1999, Prochaska et al., 2001, Snethen & Broome, 2007, Pearce et al., 2008), 

therefore questioning their ability to translate their own activities to the context of the 

recommended levels. Furthermore, youths’ inability to define and understand the 

intensity of physical activity may, in part, explain the inconsistent reliability and 

validity of children’s self-reported PAL (Aggio et al., 2016, Chinapaw et al., 2010, 

Martinez-Gomez et al., 2009). Therefore, it is important to recognise youth’s lack of 

knowledge regarding the complexities of physical activity; content knowledge (i.e., 

concepts) is a critical step towards youth achieving a healthy and sustainable active 

lifestyle that can be continued into adulthood (Brusseau et al., 2011). This is 

particularly pertinent given that adults also show lack of knowledge of their respective 

physical activity targets and associated activity intensities (Knox et al., 2013b). Indeed, 

DiClemente et al (2001) suggested that one solution to overcome youth’s lack of 

knowledge may be the use of personalised feedback to educate an individual about a 

behaviour and outcome. Whilst there is currently a paucity of literature on youths’ 

perceptions of physical activity intensity, it is evident that the development of personal 

feedback tools (Kremers et al., 2008), which seek to enhance their understanding of 

the importance of physical activity, and indeed interpret the recommended guidelines, 

are warranted. 

 

Digital mediums, such as activity tracking tools and smartphone devices with assisted 

apps, have allowed greater accessibility for users to visualise their personal physical 

activity data. Visualisations are known for enabling users to understand their personal 
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data and associations with PALs, making them more comprehensible and actionable 

in terms of health-related aims (Khot, 2016). However, on-screen visualisations are 

limited to visual stimulation and ignore the abundance of other senses, such as ‘touch’, 

that could potentially enrich personal engagement with data (Ullmer & Ishii, 2000, 

Khot, 2016). This is especially pertinent to the current population, with 80% of youths 

visual and tactile learners (Rita & Dunn, 1979). Given that physical activity happens 

in the physical world, tangible representations of physical activity that can be placed 

in the everyday environment have the potential to make data more available to an 

individual (Khot & Mueller, 2013, Sauvé et al., 2017). Indeed, Khot et al. (2013) 

investigated the use of an innovative visualisation strategy involving 3D printing to 

create tangible physical activity data for adults, demonstrating that the visual and 

tactile nature of the data increased the user’s awareness and reflection of their personal 

physical activity behaviours. Previous evidence within the educational domains 

suggests that tangible interfaces can play an important role in youths’ active learning 

by increasing engagement and reflections upon a topic (Dourish, Jacob et al., 2002, 

Triona & Williams, 2005, Price et al., 2003, Rogers et al., 2002a). Following these 

developments in understanding, recent formative research on youths has demonstrated 

their ability to conceptualise 3D-printed objects of physical activity, with 80% of 

youths expressing that the models would motivate them to engage in more physical 

activity (Study 2). Moreover, with the use of Play-Doh as a prototyping material to 

create models, youths designed 3D models that were represented through abstract and 

graphical representations, which led to the development of two age-specific 3D-

printed model prototypes. However, before introducing the age-specific 3D models 

into an intervention setting, it is important to determine their acceptability of such 

feedback with regards to whether youths can correctly interpret the different models 

in terms of the amount and intensity of daily physical activity displayed. In the absence 

of such formative research, researchers risk the development of 3D models and 

interventions that may be inappropriate or misunderstood by the target population 

(Bopp & Fallon, 2008). Indeed, previous health message interventions have been 

limited by a lack of formative research to guide the development and delivery of 

messages (Martinez et al., 2012). Based on the technology design framework 

developed by Druin (2002), the present study implements the role of the ‘tester’, 

whereby children are the testers of the new technology and their experiences can be 

observed and evaluated for impact by researchers.   
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The aims of this study were, therefore, to (i) examine children and adolescents’ 

perceptions and ability to identify physical activity intensities (i.e., sedentary, light, 

moderate and vigorous); (ii) elicit children and adolescents’ interpretations of the age-

specific 3D model prototypes, and; (iii) use the data to consolidate the design of the 

age-specific 3D model prototypes to inform the development of a school-based 

physical activity intervention whereby youth receive personal age-specific 3D models 

displaying their PAL.  

5.2 Methods 

5.2.1 Recruitment 

Participants were a convenience sample from one primary school and one secondary 

school in South Wales, UK. Schools were invited to take part in the study via email 

correspondence to the Head of School (primary school) or Head of Physical Education 

(secondary school). Participants had to be typically developing children (aged between 

7-9 years old) or adolescents (aged between 13-15 years old), which could include 

overweight or obese, to take part in the study. The schools were regular community 

(primary) or comprehensive (secondary) public schools. Based on Estyn reports (Her 

Majesty’s Inspectorate for Education and Training in Wales, 2017), out of the 205 and 

1,105 pupils that attended the primary and secondary schools, respectively, 4% and 

7% of pupils were eligible for free school meals. 

5.2.2 Participants 

In total, twelve primary school children (9 boys; 7.8 ± 0.4 years) and 12 secondary 

school adolescents (6 boys; 14.1 ± 0.3 years) participated in the study. All primary 

school participants were White British, with 8% (n=1) of secondary school participants 

being Black British. None of the children nor adolescents had participated in previous 

formative research regarding the concept of 3D models and their development. Parents 

and youths returned informed written consent and assent prior to participation (see 

Appendix II), respectively. All procedures were approved by the University Ethics 

Committee and were conducted in accordance with the Declaration of Helsinki (ref: 

PG/2014/40). 
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5.2.3 Procedures 

Twenty-four semi-structured individual interviews were conducted with youths by the 

first author, either within a familiar classroom or the school library (Kennedy et al., 

2001). Individual interviews were chosen as they are a suitable method for exploratory 

research seeking to generate diverse and original ideas within youths (Heary & 

Hennessy, 2006). Although other methods, such as questionnaires or a combination of 

methods (i.e., interviews and questionnaires), can provide evidence of patterns 

amongst large populations, they can be compromised by various methodological and 

cross-comparison factors, respectively (Harris & Brown, 2010). For example, 

questionnaires are subject to problems such as faulty or biased questionnaire design 

and wording, respondent unreliability, ignorance, misunderstanding and statistical 

analysis errors (Oppenheim, 2000). Conversely, the questionnaire and interview 

approach may be seen as advantageous, as researchers gain both depth of 

understanding and corroboration of the same phenomenon, offsetting the weaknesses 

inherent to using a single approach (Symonds & Gorard, 2008). That said, evidence 

suggests that a combination of structured questionnaires and semi-structured 

interviews provide a weak level of consistency or consensus between methods (Harris 

& Brown, 2010), as interviews generally take more time to conduct, consequently 

exposing the variabilities and inconsistencies within human thinking (Marton & Pong, 

2005, Pajares, 1992). This variability between questionnaires and interviews makes it 

difficult to classify some participants’ attitudes towards assessment (Harris & Brown, 

2010). Whilst individual interviews alone are also open to scrutiny, such as interviewer 

question manipulation and participant social desirability, they do, however, allow for 

participants to elaborate on ideas and explain perspectives to gather more in-depth 

insights (Harris & Brown, 2010). For this reason, interview questions were adjusted 

for tone and structure to ensure age-appropriateness; all interview questions and tasks 

were reviewed, discussed and revised by authors SGMC, MAM, ZRK and KAM. The 

interview questions (see examples in Table 5.1) were informed by previous formative 

research (Study 2) and addressed concepts such as youths’ knowledge of physical 

activity intensities and youths’ interpretations of the age-specific 3D models (Figure 

5.1A & B).  
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Complementary to the interview questions, youths were asked to complete two 

interactive tasks: i) a physical activity and intensity-matching task, and; ii) a 3D-model 

recall and interpretation task. The first task was completed at the mid-point of the 

interview process and invited participants to match twenty different pictures of 

activities (e.g., video gaming, walking, climbing stairs, football) to the correct intensity 

(i.e., sedentary, light, moderate and vigorous; Table 5.2). Sedentary activities were 

based on Trost et al. (2000a), with light, moderate and vigorous activities obtained 

from the youth compendium of physical activities (Ridley et al., 2008, Butte et al., 

2017). After completion of the task, participants were asked to describe why they 

placed each activity within the specific intensity box. 

 

 Table 5.1 Example interview questions 

Interview Topic Examples 

 

Children/Adolescents 

 

 

Children/Adolescents 

 

 

Children/Adolescents 

 

Children/Adolescents 

 

PA Intensity 

 

 

PA Intensity 

 

 

PA Model 

 

PA Model 

 

Can you tell me what you think these different 

levels of intensity for physical activity might be?  

 

What word would you use to describe the intensity 

of that activity [e.g., climbing stairs]?  

 

What do you think the lines/bars show?  

 

Can you tell me what you think the rest of the 

physical activity model shows? (Prompt: how do 

you think this model (sun or bar chart) shows 

physical activity?) 
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Table 5.2 Twenty activities and respective intensity levels 

Intensity Activity 

 

 

Sedentary 

Eating, sitting 

Reading, lying down 

Mobile phone, sitting 

Computer, sitting 

Video games, sitting 

 

Light 

(<3.0 METs) 

Fishing, sitting 

Stretching exercises 

Darts, wall 

Walking, slow 

 

Moderate 

(3.0 – 6.0 METs) 

Throwing, snowball 

Sweeping 

Mowing lawn 

Climbing stairs 

 

 

 

Vigorous 

(>6.0 METs) 

Climbing trees 

Football/soccer 

Tennis 

Hockey, field 

Running, hard effort 

Swimming laps 

Riding a bicycle, hard effort 
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The second task was completed at the end of the interview to test youths’ ability to 

recall and interpret the different components of the age-specific 3D models. The 

formatively-developed 3D models were designed by children, who displayed a 

preference for a sun (Figure 5.1A) and adolescents bar chart (Figure 5.1B), using Play-

Doh as a prototype tool for creation (Study 2). Both models depict example tri-axial 

accelerometry-derived (wGT3X-BT, ActiGraph LLC, Pensacola, FL) moderate and 

vigorous PALs achieved for each day, across a week, as well as a reference bar to the 

physical activity guidelines of 60 minutes MVPA. In detail, the moderate and vigorous 

PAL achieved for each day was calculated using Evenson’s child cut-points (2008b) 

on ActiLife version 6.13.3 (ActiGraph LLC, Pensacola, FL). Following this, the PALs 

 
Figure 5.1 Age-specific 3D model prototypes 

A) Children’s Sun 3D Model, B) Adolescents’ Bar Chart 3D Model; PA = Physical Activity, 

MVPA = Moderate to Vigorous Physical Activity 
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were inserted in to the age-specific custom developed 3D model code and loaded on 

OpenJSCAD version 1.8.0, and subsequently 3D-printed using polylactide (PLA) 

filament on the Ultimaker 2 Extended+ (Ultimaker, The Netherlands, Geldermalsen). 

All participants were asked to label a 2D diagram of the relevant model and to verbally 

describe the model’s components. 

 

Interviews lasted 35.8 ± 5.3 and 25.1 ± 4.9 minutes for children and adolescents, 

respectively. All the interviews were digitally voice (Olympus DM-520 digital voice 

recorder, Shinjuku, Japan) and video (Sony Handycam HDR-PJ540, Minato, Japan) 

recorded and transcribed verbatim. In total, 85 and 92 pages of raw transcription data, 

Arial font, size 12, double-spaced were produced for primary school children and 

secondary school adolescents, respectively. Unique identification codes were used to 

ensure anonymity of participants within all transcripts: B (boy) or G (girl), followed 

by participant number.  

5.2.4 Data Analysis 

Through the process of content analysis, transcripts were deductively analysed through 

contextual 3D model themes (separator of MVPA bar, physical activity guideline bar 

and the daily, moderate and vigorous physical activity bars) and activity intensities 

(sedentary, light-, moderate- and vigorous-intensity). Quantitatively it was noted 

whether the classification of data was accurate (i.e., activities to intensities and the 

different 3D model components; Hamad et al., 2016). This mixed-methods approach 

allowed for a greater insight into the meanings of the data (Holsti, 1969, Pool, 1959) 

and took into account the multiple aims of the research regarding youths’ ability to 

identify physical activity intensities and accurately interpret the age-specific 3D 

models (Hamad et al., 2016). Firstly, transcripts were thematically analysed by the first 

author (SGMC) using three steps:  data immersion, coding and identifying themes 

(Braun & Clarke, 2006). The immersion of the data was completed in an active way 

of ‘repeated reading’ of the transcripts, searching and noting of meanings and patterns 

within the data set (Braun & Clarke, 2006). The process of coding, using a manual cut 

and paste technique, organised the data into meaningful groups that were considered 

pertinent to the research questions (Braun & Clarke, 2006). Key themes were 

identified by collating the relevant coded data quotes and discarding any irrelevant 
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quotes from the analysis (Braun & Clarke, 2006). A frequency count of the compiled 

meaningful quotes was conducted to record the number of participants that noted 

respective points within a theme. The meaningful quotes and frequency counts were 

then presented diagrammatically using a pen profile approach, which is considered an 

appropriate method for representing diagrams of key emergent themes (Boddy et al., 

2012). The last author (KAM) independently analysed the data and discussed the 

outcomes with SGMC. Through the repeated process of reverse triangulation, author 

MAM critically cross-examined the data in reverse from the pen profiles to the 

transcripts until all alternative interpretations of the data were exhausted. The pen 

profiles were then assessed by all other authors, enabling further interpretations and 

adjustments prior to a final consensus was reached. For the activity intensity-matching 

task, the activities placed into certain key intensity boxes were counted (sedentary, 

light, moderate and vigorous) and aligned with direct quotations (Table 5.3 & Table 

5.4). 

5.2.5 Statistics 

A “N − 1” Chi-squared test was conducted using IBM SPSS Statistics 22 (Chicago, 

IL) to determine any significant differences between boys and girls who correctly 

associated activities to their respective intensity, with statistical differences accepted 

at p ≤ 0.05 (Campbell, 2007, Richardson, 2011).  

5.3 Results 

Youths’ understanding of physical activity intensities are presented in Table 5.3 

(children) and Table 5.4 (adolescents). Specifically, the tables present the four 

different intensity levels (i.e., sedentary, light, moderate and vigorous) with their 

associated activities, as previously seen in Table 5.2. Following each activities path, 

within a given intensity, is a representative verbal statement that reflects the greatest 

intensity level frequency count. The intensity tables also show the overall percentage 

of youth that correctly aligned activities to their respective intensities, and sex 

differences therein. 
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5.3.1 Children’s Perceptions and Ability to Identify Physical Activity Intensities 

From Table 5.3, children were able to correctly align sedentary-based activities with 

the respective intensity 62% of the time, with girls demonstrating a better 

understanding of sedentary behaviour than boys (girls 80% vs. boys 53%; p > 0.05). 

Specifically, the sedentary activities most commonly correctly-identified were 

technology-based behaviours, such as playing on a mobile phone (75%) or computer 

(75%), and video gaming (75%). A number of children (58%) reported that eating was 

a light-intensity as “eating's easy cause you're just like moving your arms and putting 

it [food] in your mouth” (PB06). Children were only able to correctly identify light-

intensity activities 31% of the time, with girls showing a better understanding of light-

intensity activities than boys (girls 38% vs. boys 28%; p > 0.05). A number of children 

(75%) indicated stretching as a moderate-intensity activity because “for some people 

stretching is really hard…” (PB06), with one child associating stretching with “when 

I do rugby you have to warm up and that's not hard, easy or inactive" (PB07). 

Furthermore, fishing was identified by five children as a sedentary behaviour due to 

the nature of the sitting position, stating “he's just sitting down and waiting for a 

fish…” (PG11). Similarly, some children struggled to define moderate-intensity 

activities, with only 33% of moderate activities being correctly identified. Boys, as a 

group, fared somewhat better in allocating moderate-intensity activities in comparison 

to girls (boys 38% vs. girls 25%; p > 0.05). Children perceived moderate activities, 

such as throwing (83%), climbing stairs (75%) and sweeping (58%) as light-intensity 

activities. Specifically, climbing stairs was thought of as a light-intensity activity 

because “all you’ve got to do is lift a foot and put it on each step” (PB09), with 

sweeping being noted as something that “you can relax while you’re doing it 

[sweeping]” (PB02). Vigorous activities were correctly identified 68% of the time by 

children (boys 73% vs. girls 57%; p > 0.05). Vigorous-intensity activities, such as 

riding a bicycle (92%), hockey (92%), tennis (67%), swimming laps (58%), football 

(58%), running (50%) and climbing trees (50%), were all correctly classified. Children 

described the nature of vigorous-intensity as riding a bicycle or running making 

“you…really tired” (PB09) or “you get a little tired…” (PB01), respectively. When 

referring to swimming laps there was an emphasis on “my swimming teacher pushes 

me really hard” (PB07).  
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5.3.2 Adolescents’ Perceptions and Ability to Identify Physical Activity Intensities 

Table 5.4 shows that adolescents correctly identified sedentary-based activities 87% 

of the time, with boys demonstrating a better understanding when compared to girls 

(boys 90% vs. girls 83%; p > 0.05). Sedentary technology-based activities, such as 

playing on a mobile phone (100%) or computer (92%), and video gaming (75%), were 

all correctly perceived as sedentary behaviours; for example: “they're just on their 

electronics, playing games or watching something...they don't really have to put effort 

into that and they're not moving around or doing anything” (SB01). Light-intensity 

activities were correctly placed 71% of the time, with girls displaying a better 

understanding than boys (girls 75% vs. boys 67%; p > 0.05). Light-intensity activities, 

walking (83%), fishing (67%), darts (67%) and stretching (67%), were all consistently 

identified as being a light-intensity activity. Adolescents correctly identified moderate-

intensity activities only 10% of the time (girls 13% vs. boys 8%; p > 0.05). All 

adolescents reported that the activity of throwing (100%) was a light-intensity activity. 

Other moderate activities, such as mowing the lawn (75%), climbing stairs (75%) and 

sweeping (67%), were also classified as light-intensity, expressing them as “everyday 

things like mowing the lawn” (SG09). Adolescents’ were only able to appropriately 

identify vigorous-intensity activities 46% of the time, with girls demonstrating a 

greater ability to recognise vigorous-intensity activities than the boys (girls 62% vs. 

boys 24%; p > 0.05). Adolescents correctly categorized individual fitness activities, 

such as cycling (75%), running (67%) and swimming (50%) as vigorous-intensity 

activities. In contrast, organised sport activities, such as football (75%), tennis (67%) 

and hockey (58%), were often identified as moderate-intensity, even though they 

regarded football and tennis as “…quite a physical sport” (SB03) or involving 

“…strengths” (SB04), respectively. 
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Table 5.3 Children’s perceptions and ability to identify activities to intensity 

Figure legend: P = Primary, B = Boy, G = Girl, n = frequency count, SED = Sedentary, LPA = Light physical activity, MPA = Moderate 

physical activity, VPA = Vigorous physical activity. ‘%’ denotes percentage of participants correctly aligning to intensity level, “#” denotes 

the representative verbal statement frequency count, ‘*’ denotes significant difference between gender intensity identification (p < 0.05) 

Age Group Children (n=12) 

Intensity 

  Intensity Level Frequency Count (n)  

Activity item Representative Verbal Statement SED LPA MPA VPA % 

Sedentary  

 

Eating, sitting 

 

“Eating's easy cause you're just like moving your arms and 

putting it [food] in your mouth” PB06 
 

 

5 

 

7# 

 

0 

 

0 

62% 

B = 53% 

G = 80% 
 

Reading, lying down  “That one cause you're just lying there” PB03 5# 3 3 1 

Mobile phone, sitting  “These [mobile phone use] are quite easy cause all you're doing 

is basically moving your fingers” PB02 

9# 2 1 0 

Computer, sitting  “Computer you just sitting down and probably typing something 

with mouse and this you're just going [acts out typing] ...” PB07 

9# 2 1 0 

Video games, sitting  “They are like playing video games, this is inactive because 

you're not actually like moving” PB6 

9# 2 1 0 

Light  

 

Fishing, sitting  

 

“He's just sitting down and waiting for a fish but when he winds 

it in he's using kind of his muscles” PG11 
 

 

5# 

 

1 

 

4 

 

2 

31% 

B = 28% 

G = 38% 

Stretching exercises 
“Cause when I do rugby you have to warm up and that's not 

hard, easy or inactive" PB07 

0 2 9# 1 

Darts, wall  
“Throwing darts is pretty easy but not to hit the middle [of the 

dart board]” PB02 

0 5# 4 3 

Walking, slow  “Walking to school's easy, all you're doing is like moving your 

legs” PB06 

1 7# 3 1 

Moderate 

 

Throwing, snowball 

 

“Throwing snowballs is quite easy because you can just throw 

them any way you like” PB02 

 

0 

 

10# 

 

2 

 

0 

33%  

B = 38% 

G = 25% 

 

Climbing stairs 

 

“I've put walking up steps because quite easy because all 

you've got to do is lift a foot and put it on each step” PB09 

 

0 

 

9# 

 

3 

 

0 

 

Sweeping  

 

“And sweeping because you can relax while you're doing it” 

PB02 

 

0 

 

7# 

 

5 

 

0 

 

Mowing lawn 

 

“For lawn, I've done...cause it’s not easy, and it’s not hard and 

it’s not inactive so it’s that one [moderate]" PB07 

 

1 

 

4 

 

6# 

 

0 

Vigorous 

 

Climbing trees  

 

“They're using...their tummy muscles and their arms and their 

legs" PG11 
 

 

0 

 

0 

 

5 

 

7# 

68% 

B =71% 

G = 57% 

Tennis  “Then tennis cause its quite active, you move a lot cos you hit 

and then you have to move to hit the ball again" PB07    

0 0 4 8# 

Swimming laps “When I go swimming my teacher, go in the 3rd lane and my 

swimming teacher pushes me really hard” PB07 

0 0 5 7# 

Hockey, field “Hockey's hard cause some people don't really know how to 

play hockey...” PB06 

0 0 1 11# 

Football/Soccer “...playing football's pretty hard cause...you got to get past the 

people who are doing skills" PB10 

0 2 3 7# 

Running, hard effort  “I think running because you run a long way, you get a little 

tired, then you get sweaty then you can't do any more” PB01 

0 1 5 6# 

Riding a bicycle, hard 

effort 

“I did cycling because if you go really fast you might be really 

tired, and you might not want to do any more” PB09 

0 0 1 11# 
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Table 5.4 Adolescents’ perceptions and ability to identify activities to intensity 
 

Age Group Adolescents' (n=12) 

Intensity 

  Intensity Level Frequency Count (n) 

Activity item Representative Verbal Statement SED LPA  MPA VPA % 

Sedentary  

 

Eating, sitting 

 

“Eating, maybe just a little bit of movement when you 're like bringing it 

[the food] up to your mouth and then when you're chewing” SB02 

 

10# 

 

2 

 

0 

 

0 

87%  

B = 90% 

G = 83% 

Reading, lying down “Reading a book all you're doing is just flipping a page with almost 

nothing movement...” SB02 

10# 1 1 0 

Mobile phone, sitting  “They're just on their electronics...they don't really have to put effort into 

that and they're not moving around or doing anything” SG01 

12# 0 0 0 

Computer, sitting  “Yeah well obviously computer games...you're not doing much except 

moving your fingers maybe” SB02 

11# 1 0 0 

Video games, sitting   “Playing games...like some things that don't require that much 

movement” SG10 

9# 

 
 

2 
 

0 
 

0 

Light  

 

Fishing, sitting  
“Fishing you're just waiting in a boat and when a fish comes you have 

to reel it...” SB02 

 

3 

 

8# 

 

2 

 

0 

71% 

B = 67%  

G = 75% 

Stretching exercises “It's [stretching] not like big movement like they're not really doing much” 

SB11 

2 8# 2 0 

 

Darts, wall  
“Darts, all you're doing is just throwing a small dart at a small target” 

SB02 

 

3 

 

8# 

 

1 

 

0 

Walking, slow  “...walking to school you do need to walk obviously but it’s not very 

hard...” SB02 

3# 1 0 0 

Moderate 

 

Throwing, snowball 

 

“Throwing a snowball not much at all, all you have to do is just craft this 

little ball of precipitation and throw it at someone else” SB02 

 

0 

 

12# 

 

0 

 

0 

10%  

B = 8% 

G = 13% 

 

 

Climbing stairs 

 

“Like walking up the stairs, it's sort of easy... you can get a bit out of 

breath” SB04 

 

0 

 

9# 

 

3 

 

0 

 

Sweeping  

 

“They're just like doing something simple, like their daily life" SG05  

 

4 

 

8# 

 

0 

 

0 

 

Mowing lawn 
“Light is mostly just...everyday things like mowing the lawn” SG09 
 

 

1 
 

 

9# 

 

2 

 

0 

Vigorous 

 

Climbing trees  

 

“Climbing a tree cause it does take a lot of effort to climb a tree” SG01 
 

 

0 

 

5 

 

6# 

 

1 

43% 

B =24%,  

G = 62% 

Tennis   “Just some like basic sports...people would think they're fairly 

easy...running, football and tennis” SG10 

0 0 8# 4 

Swimming laps “Swimming...you have to be able to do the right streamlined technique 

to be able to glide through the water and then...you need to be able to 

breathe...” SB02 

0 2 4 6# 

Hockey, field “A girl playing hockey you need to run around the pitch many times and 

it might get a bit tiring” SB02 

0 0 7# 5 

Football/Soccer “I put quite a few in medium because like football is quite a physical 

sport” SB03 

0 0 9# 3 

Running, hard effort  “These are probably the ones like make you push yourself” SB11 0 2 2 8# 

Riding a bicycle, hard 

effort 

“Like cycling when you're going up hills and stuff, it depends like how 

strong you are...” SB04 

0 0 3 9# 

Figure legend S = Secondary, B = Boy, G = Girl, n = frequency count, SED = Sedentary, LPA = Light physical activity, MPA = Moderate 

physical activity, VPA = Vigorous physical activity. ‘%’ denotes percentage of participants correctly aligning to intensity level, “#” denotes 

the representative verbal statement frequency count, ‘*’ denotes significant difference between gender intensity identification (p < 0.05) 
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5.4 3D Model Understanding 

5.4.1 Children’s Understanding and Ability to Interpret the 3D Model 

In total, six higher order themes were structured around the 3D model’s components: 

‘Physical Activity Guideline Bar’, ‘Daily Physical Activity Bars’, ‘Moderate Physical 

Activity Bar’, ‘Vigorous Physical Activity Bar’ and ‘Separator of MVPA Bar’ (Figure 

5.2). A number of children (75%) were able to interpret the physical activity guideline 

bar on the 3D model as “the 60-minute time bar” (PG10). All children correctly 

identified that the 3D model represented a week of physical activity “Monday they did 

a lot [of physical activity], on Tuesday they did a tiny bit, on Wednesday they did a 

tiny bit less…” (PG05). The data revealed that 58% of children had some difficulty 

interpreting the moderate physical activity bar on the 3D model, with children 

expressing the bar as “…the easy activity to be doing because you do easy more than 

hard…” (PB01). Only 42% of children were able to correctly interpret the moderate 

physical activity bar as the “Medium activity…” (PG05). Ten children (83%) correctly 

interpreted the vigorous physical activity bar as “how much you’ve done of the hard 

level [of physical activity]” (PG11), with only two children incorrectly interpreting 

the bar as the time at which the physical activity was undertaken “the morning [of 

physical activity] and that might be the afternoon [of physical activity]”. The circle 

separator along the Sun rays splitting the moderate and vigorous physical activity bars 

was correctly interpreted by 67% of children as “the blob splits the line up, so you 

know how many of the hard activity and how many of the medium activity” (PG11). 

Only two children expressed that they did not understand the meaning of the moderate-

to-vigorous separator along the ray. 
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Figure 5.2 Children’s interpretation of Sun 3D model 

P = Primary, B = Boy, G = Girl, PA = Physical Activity, N = frequency counts 

5.4.2 Adolescents’ Understanding and Ability to Interpret the 3D Model 

Five higher order themes were identified around the 3D model components: ‘Physical 

Activity Guideline Bar’, ‘Daily Physical Activity Bars’, ‘Moderate Physical Activity 

Bar’ and ‘Vigorous Physical Activity Bar’ (Figure 5.3). The physical activity guideline 

bar was correctly interpreted by 83% of adolescents as “that’s the amount [of physical 

activity] you need to be doing or more…sixty minutes a day” (SP12), with only two 

participants unable to identify the meaning of the target bar. All of the adolescents had 

a good understanding of the physical activity data being represented as a week, with 
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42% of those adolescents able to interpret the data without any previous explanation 

or guidance from the facilitator. The moderate-intensity physical activity bar was 

correctly reported by 75% of adolescents as “…the moderate activity that you 

[themselves] were doing” (SG01), with only three participants incorrectly defining it 

as “how much sport you [themselves] have done” (SG6). All adolescents 

demonstrated a good understanding of the vigorous-intensity physical activity bar, 

stating “…this means how much hard activity you [themselves] are doing…” (SB03).  

 

 

 
Figure 5.3 Adolescents’ interpretations of bar chart 3D model 

S = Secondary, B = Boy, G = Girl, PA = Physical Activity N = frequency counts 
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5.5 Discussion  

The aims of this study were to ascertain youths’ understanding of the age-specific 3D 

model designs and to examine youths’ perceptions and ability to identify activities 

according to their respective intensity. The present study findings suggest that youths 

demonstrate misconceptions in defining different activity intensities. However, 

youths’ ability to interpret the age-specific 3D models supports the use of these 

formatively-designed tangible representations of physical activity within an 

intervention to aid youths understanding and awareness of the recommended 60 

minutes MVPA (Study 2). 

 

To date, little research has explored how youths understand the meaning of the term 

‘physical activity’ (Brustad, 1991, Cardinal et al., 1998, Pearce et al., 2008, Trost et 

al., 2000a). It has previously been suggested that the terminology developed by adults 

used to describe physical activity is too complicated for youths, due to developmental 

and vocabulary differences (Pearce et al., 2008). As highlighted by Pearce et al. 

(2008), understanding how children express physical activity is a logical first step for 

improving overall knowledge and the development of innovative methods for 

enhancing physical activity. In the present study, the intensity-matching task revealed 

that adolescents have a greater ability to identify sedentary behaviours and light-

intensity activities, whilst children showed they could more accurately identify the two 

extremes of intensity (i.e., sedentary behaviours and vigorous-intensity activities). It 

could be expected that as a result of children’s sporadic and explosive patterns of 

activity (Sleap & Warburton, 1996, Welk et al., 2000, Baquet et al., 2007, Adamo et 

al., 2009, Janssen & LeBlanc, 2010b), moving from one extreme intensity to another, 

could explain, in part, the present findings demonstrating children’s limited ability to 

identify the intermediary light and moderate-intensity activities. Furthermore, the 

present study showed that only 25% of children thought that working on the computer 

was a physical activity, with no children characterizing ‘sweeping’ as a sedentary 

behaviour when compared to Trost et al.’s (2000a) findings of 38% and 30%, 

respectively. Whilst Trost et al. (2000a) encompassed a larger sample of 9-10 year 

olds, such discrepancies may be due, at least in part, to the reduced sample size and 

wider age range in the present study. Conversely, it could be argued that the timeframe 

in which the research was implemented could play an influencing role on youths’ 
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understandings of physical activity. For example, since the mid-2000s, the number of 

campaigns with mass media components have led to an increased level of exposure to 

the importance of physical activity behaviours within youths, with evidence 

supporting this exposure-response relationship (Economos et al., 2007, Huhman et al., 

2007a, Sanigorski et al., 2008).  

 

The majority of children tended to over-estimate light-intensity activities, such as 

stretching exercises (75%), darts (58%) and fishing (50%). In some cases, children 

would associate stretching exercises with other more demanding activities, such as 

“when I do rugby you have to warm-up…” (PB07). This type of category 

contamination was a recurring theme within children, with other activities, such as 

throwing (light) and climbing trees (vigorous) being associated with “…running 

around…” (PB01). Other examples include fishing being of vigorous-intensity “cause 

you have to bring a boat down there [to the lake]” (PB02) rather than just the fishing 

effort alone, with the back and forth nature of darts being associated as a moderate-

intensity activity “cos you do move quite a bit, cause you throw [the dart], see what 

you got, get it [the dart] again, throw, get it again…” (PB06). In most cases, this 

category contamination led to an increase in intensity of the dominating activity (i.e., 

going from light- to moderate-intensity). Furthermore, light-intensity activities, such 

as darts and fishing, were often inaccurately identified because of the perceived skill 

or competence required to complete the activity. Specifically, playing darts was 

considered a vigorous-intensity activity as it required a certain skill to “…get it [the 

dart] in the middle [of the dart board]” (PG05), with fishing associated with moderate 

-intensity because it’s “…quite hard to catch fish” (PB02). Skill-level was identified 

as a common characteristic for other activities, including football, hockey and riding 

a bicycle because you need to “know how to play the game” (PB07) or “it’s not that 

easy to play” (PG05) and “you have to learn how to cycle without stabilisers” (PB01), 

respectively.  Consistent with previous findings (Pearce et al., 2008), this study 

emphasises that skill in an activity, or physical competence, may have influenced 

children’s perceptions of the intensity level. It could be speculated that children’s 

perspectives of these skill- or physical competence-associated activities, are likely to 

undergo change and refinement as a consequence of time with personal experience and 

maturation (Brustad, 1991). However, this perspective appears unconvincing, as 

evidence suggests that adults also have a lack of knowledge when it comes to 
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determining intensities of physical activity (Knox et al., 2013b). Given that one child 

even stated that reading a book was a vigorous-intensity activity because “…you have 

to learn how to read words” (PB06), it could be conceivable that children were simply 

just misinterpreting light-, moderate- and vigorous intensity as activities they 

personally find easy, average/normal or hard to do, respectively. This interpretation 

may have been reinforced by the hierarchical structure of the intensity matching task 

(i.e., linear path from sedentary to vigorous-intensity; Harris & Brown, 2010), 

whereby children are just placing activities along a predetermined difficulty scale. In 

contrast, more recent evidence has demonstrated that children are able to accurately 

define the intensity of an activity using the OMNI exertional scale (Gammon et al., 

2016). Therefore, this demonstrated inability to define intensities further highlights the 

importance of educating youths about different intensities of physical activity, so that 

as they age, their understanding of physical activity is more likely to reflect the actual 

intensity according to those associated with the recommended guidelines.  

 

In the present study, youths demonstrated a limited ability to correctly identify 

moderate-intensity activities, although the degree of this inaccuracy was much greater 

in adolescents. It could be postulated that youths’ inability to identify moderate-

intensity activities could be aligned to their limited capacity to describe how a physical 

activity could be performed at different intensities or effort levels (Ridley et al., 2008). 

In contrast, it could be argued that youth (aged 9-13 years) are reasonably good at 

identifying the intensity of their activities based on biofeedback using the OMNI 

exertional scales within a laboratory setting (Gammon et al., 2016, Pfeiffer et al., 2002, 

Robertson et al., 2005, Robertson et al., 2000). However, within non-laboratory 

settings, there is little evidence to support youths being able consider the intensity level 

of various physical activities (e.g., running and star jumps) with problems arising when 

defining the intensity of routine moderate-intensity activities, such as walking to 

school (Harris et al., 2016). In a similar way, the present study showed that youths 

underestimated the intensity levels of moderate activities related to either household 

chores, such as sweeping and mowing the lawn, or the daily activity of climbing stairs. 

Adolescents described such moderate activities as “…everyday things like mowing the 

lawn” (SG09) and “…like it’s easy” (SB04), with children suggesting, when climbing 

stairs that “…all you’ve got to do is lift a foot and put it on each step” (PB09). These 

findings support those of Trost et al. (2000a), as household chores and climbing stairs 
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are not considered as important contributory sources of physical activity, with the 

present study further highlighting that this under-estimation increased with age. 

Nonetheless, it is perhaps pertinent to consider the applicability of some activities, 

such as household chores, as a lack of familiarity may have led to exaggerated 

inaccuracies with respect to the intensity of these activities (Li, 2016). For adolescents, 

the more commonly-performed individual sports (e.g., swimming, running and 

cycling) were correctly identified as vigorous-intensity, with team sports such as 

football, hockey and tennis perceived to be of a moderate-intensity. Indeed, evidence 

suggests that the more the activity is considered as play or fun, the less likely youths 

are aware of the intensity (Pearce et al., 2008). Although there is limited evidence of 

this within the present findings, it could be speculated that the greater level of social 

interaction during team sports (Brettschneider, 2001) and the perceived conception of 

these team activities being for play or fun, could function as a moderator to youths’ 

ability to correctly assess the respective intensity (Pearce et al., 2008). The present 

findings highlight the need to further understand how context (i.e., social settings) 

mediates youths’ ability to interpret intensities between team sports and the more 

individual pursuit sports. Additionally, research is warranted to investigate the 

potential differences between non-athletic youths and sports orientated youths’ 

understanding and ability to conceptualise intensities. 

 

Inconsistencies in youths’ ability to correctly identify and understand different activity 

intensities observed in this study are important, especially given that children’s self-

report physical activity questionnaires rely on youths’ ability to correctly interpret 

activities in accordance to the intensity level (Pearce et al., 2008). The reliability and 

validity of data derived from measuring youths’ physical activity using self-report 

questionnaires is problematic (Aggio et al., 2016, Chinapaw et al., 2010, Martinez-

Gomez et al., 2009). From the present findings, it could be postulated that the 

inconsistent reliability and validity of physical activity questionnaires is, at least in 

part, youths’ misinterpretations and lack of understanding of intensity, supporting the 

findings of LeBlanc and Janssen (2010a). Adding to this dilemma, is that youth may 

find it difficult to quantify participation in physical activity of various intensities until 

they have gained enough experience in and reporting of these activities (Haas & Nigg, 

2009). Given that only 20% of youth in the UK are currently meeting the government 

guideline (National Centre for Social Research, 2017a), this could mean that a large 
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percentage of youth are not gaining the invaluable experience of the health rewarding 

moderate- and vigorous-intensity activities, and as a consequence, be a contributing 

factor towards the poor accuracy of self-reported questionnaires. Additionally, 

although direct comparisons between sexes failed to demonstrate any significant 

difference in the ability to align activities with their respective activity intensities, the 

present findings do suggest that girls, irrespective of age, outperformed boys. For 

example, adolescent girls outperformed their counterparts in correctly identifying 

light-, moderate- and vigorous-intensity activities. Interestingly, girls in the younger 

age group outperformed boys in correctly identifying sedentary and light-intensity 

activities, though the imbalance in the number of girls (n=3) to boys (n=9) may limit 

such comparisons. Indeed, these preliminary findings could be explained by 

differences in cognitive development, supporting that girls have greater verbal and 

written language skills (Lynn, 1992, Mann et al., 1990, Martin & Hoover, 1987, 

Undheim & Nordvik, 1992) and acquire vocabulary faster (Roulstone et al., 2002) than 

boys until adulthood. As a consequence, it could be postulated that girls’ greater level 

of vocabulary may put them at an advantage in aligning activities to intensities. Indeed, 

this is especially pertinent given that previous research has shown that girls provide 

more reliable and valid recollections on physical activity questionnaires than boys 

(Rangul et al., 2008). More research is warranted to determine whether these verbal 

and written advantages in girls do indeed play a significant role in the understanding 

of physical intensities and, if so, how this may impact upon self-report questionnaires 

and how best we account for these sex differences. 

 

One method that has the potential to develop youths’ comprehension of PALs and 

associated activity intensities is the use of personalised tangible interfaces (i.e., 3D 

models) to aid learning (Marshall, 2007). The present findings support this notion, 

with youths demonstrating a good ability to interpret and understand the age-specific 

3D models, which is an important step towards enabling a cognitive experience 

whereby they can start to learn about their physical activity habits (Forlizzi & 

Battarbee, 2004). Indeed, previous research has suggested that physical materials can 

promote playful learning in youth and might offer a more natural interaction than other 

types of learning interfaces (i.e., digital; Dourish, Jacob et al., 2002, Triona & 

Williams, 2005, Price et al., 2003). More specifically, tangible objects can enable 

collaborative interactions with significant others (Fernaeus & Tholander, 2006, Suzuki 
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& Kato, 1995), which coincides with an individual achieving social-interaction more 

readily to that gained from on-screen digital displays (Svendsen, 1991). Moreover, 

evidence suggests that physical activity with the social support of significant others 

can significantly increase youth’s motivation for physical activity (Salvy et al., 2009), 

as well as their enjoyment (Jago et al., 2012, Salvy et al., 2012), intensity (Barkley et 

al., 2014) and overall engagement in and out of school (Pearce et al., 2014), which 

holds promise for the 3D models. Equally important, a large proportion of youths 

(79%) could correctly identify and describe the current physical activity guidelines 

projected on the 3D models. Youths’ ability to understand the physical activity 

guideline as a tangible representation will offer a more haptic and proprioceptive 

experience than visual representations alone (Gillet et al., 2005), which is especially 

pertinent given that youths’ are regarded as visual and tactile learners (Rita & Dunn, 

1979). It is anticipated that the 3D models will act as a form of concept map, whereby 

youths can make connections, relationships and understand that the concepts about 

physical activity are not just factual, but ideas to increase comprehension and expand 

vocabulary (Butzow & Butzow, 2000). Although, adolescents demonstrated a greater 

understanding of the age-specific 3D models and the different representations of 

physical intensities when compared to children, which could be explained by the 

Piagetian developmental theory (Piaget & Cook, 1952). Evidence suggests that the 

exploratory nature of learning through tangible interfaces, such as 3D models of 

physical activity, may offer a more supportive solution to enhancing children’s 

understanding in identifying patterns (i.e., between activities and intensities), and new 

concepts about physical activity than previous digital methods (Marshall, 2007). In 

this context, the present findings support the use of the age-specific 3D models within 

a school-based intervention, whereby youths receive a personalised 3D model of their 

objectively assessed PALs to not only enhance understanding of the recommended 

guidelines and associated intensities, but also as a unique motivational strategy to 

increase their physical activity.  

 

Whilst data saturation was reached throughout both datasets (i.e., intensities and model 

understanding) and lends further credibility to the present findings, the study is limited 

by the relatively small sample size, age range and the geographical area of data 

collection, which may under-represent other social-economic groups and ethnic 

minorities. Furthermore, within children, sex difference comparisons regarding the 
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understanding of intensities may be limited given the small number of girls who 

participated in the study. Therefore, the present findings on youths’ understanding of 

the age-specific 3D models and demonstrated ability to identify activities to respective 

physical intensities should not be generalised but considered as a stimulus for future 

investigation. 

5.6 Conclusion 

This study shows that both children and adolescents have misconceptions when 

identifying corresponding activity intensities. Specifically, children showed recurring 

intensity classification errors, such as category contamination and perceived skill or 

competence of an activity leading to misperceptions of intensity, with both age groups 

severely underestimating moderate-intensity activities. However, youths 

demonstrated a good ability to interpret and describe the age-specific 3D model 

representations of physical activity, intensity and the recommended guideline. 

Therefore, this study highlights the potential utility of these age-specific 3D-printed 

models within an intervention to act as an educational tool to enhance youths 

understanding and awareness of the recommended physical activity guidelines and 

associated intensities.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

147 

 

Thesis Map 

STUDY  OUTCOMES 

1. Energy Expenditure Associated with 

Walking Speed and Angle of Turn in 

Children 

Aim ▪ To investigate the influence of walking speed and 

angle, and their interaction, on the energy 

expenditure of healthy children. 

  

 

Key 

Findings 

▪ Significant difference to straight-line walking 

energy expenditure within speed found at 2.5 km·hr-

1 at 90° turn, and speed 3.5, 4.5 and 5.5 km·hr-1 at 

180° turn. 

▪ Estimations of children’s habitual physical activity 

should account for the magnitude and frequency of 

turns complete. 

2. Perceptions of Visualising Physical 

Activity as a 3D-printed Object: A 

Formative Study 

Aim ▪ To elicit children’s, adolescent’s, parents’ and 

teachers’ perceptions and understanding of 3D 

physical activity objects to inform the design of 

future 3D models of physical activity. 

Role of DESIGN PARTNERS  

 

Key 

Findings 

▪ Youths demonstrated a good ability to conceptualise 

physical activity as a 3D-printed object and 

highlighted the potential of 3D models as a 

motivational tool. 

▪ Two age-specific 3D models of physical activity 

were developed from Children’s preference for 

abstract designs and adolescents’ bar chart designs 

3. Understanding Youths’ Ability to 

Interpret 3D-printed Physical Activity 

Data and Identify Associated Intensity 

Levels 

Aim ▪ To elicit children’s and adolescent’s interpretations 

of two age-specific 3D models displaying physical 

activity. 

▪ To assess children’s and adolescent’s ability to 

appropriately align activities to the respective 

intensity of physical activity. 

Role of TESTER  

Key 

Findings 

▪ Youths demonstrated a good ability to interpret their 

age-specific 3D model of physical activity. 

▪ Youths showed misconceptions when identifying 

activities to respective intensities, particularly, 

moderate-intensity household chore activities. 

4. The Tangibility of Personalised 3D-

printed Feedback may Enhance 

Youths’ Physical Activity 

Awareness 

Aim ▪ To investigate the efficacy of 3D-printed 

models to enhance youths’ awareness and 

understanding of physical activity, as well as a 

motivational tool. 

Role of USER Key 

Findings 
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CHAPTER 6 
3D-Printed Physical Activity to 

Enhance Youths’ Awareness 
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6  

The Tangibility of Personalised 3D-Printed Feedback may 

Enhance Youths’ Physical Activity Awareness 

6.1 Introduction 

The UK Government recommends that youths (children and adolescents) aged 5 to 18 

years should engage in 60 minutes moderate-to-vigorous physical activity (MVPA) 

every day (Department of Health, 2011b) to accrue associated physiological (Sothern 

et al., 1999, Janssen & Leblanc, 2010a) and psychosocial health benefits (Nieman, 

2002, Eime et al., 2013). However, only 23% and 20% of boys and girls, respectively, 

aged 4-15 years in the UK meet these minimum levels of physical activity (Health 

Survey for England, 2017b), with almost 50% of youths failing to achieve even half 

the recommended amount (Graig et al., 2009). Frequently cited reasons for youths 

underachievement of  the physical activity guidelines are thought to be their lack of 

awareness of their physical activity levels (PAL; Kremers et al., 2008, Corder et al., 

2010, Xu et al., 2017) and understanding of what activities and different intensities of 

physical activity ‘count’ towards the daily target (Knox et al., 2013b, Snethen & 

Broome, 2007, Pearce et al., 2008, Noonan et al., 2016, Cowden & Plowman, 1999, 

Prochaska et al., 2001, Placek et al., 2001, Harris et al., 2016). Given that adults also 

show a lack of awareness of their PAL (Godino et al., 2014), limited knowledge of 

their respective physical activity target and struggle to appropriately identify activity 

intensities (Knox et al., 2013b), addressing this during childhood is important for 

fostering healthy lifestyle behaviours that can continue into adulthood (Telama, 2009, 

Telama et al., 2005).  

 

Based on Weinstein’s (1988) Precaution Adoption Process Model (PAPM) from the 

Stages of Change (Prochaska & DiClemente, 1992), an individual can only be 

expected to proceed to the contemplation stage of change when they become aware 

that their behaviours are not optimal, such as ‘I do this much MVPA but this much 

MVPA is recommended’. In a similar way, the Goal Setting Theory (Locke & Latham, 
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1990) notes that setting specific and challenging, yet achievable, goals, in conjunction 

with feedback regarding performance towards goal attainment, is important to enhance 

an individual’s self-efficacy (i.e., an individuals’ belief to carry out a behaviour) and 

health behaviour change. In this respect, personalised feedback that represents an 

individual’s PAL in contrast to the recommended level of activity (i.e., acting as a 

goal) is recognised as an important method for raising one’s awareness of their 

physical activity behaviours and eliciting subsequent behaviour change (Michie et al., 

2009). Therefore, for health education to be successful in youths, efforts must first 

raise the awareness and understanding of their PAL in the form of personalised 

feedback (Kremers et al., 2008) that supports goal-attainment (i.e., meeting the 

recommended guideline; Van Hoye et al., 2012). To make personalised feedback 

effective, it is important that it is visually stimulating and meaningful to the individual 

(Edwards et al., 2002, Houts et al., 2006), as ‘seeing’ makes knowledge credible 

(Bloch, 2008), and greater visibility of feedback contributes to an added responsibility 

to act (Viseu & Suchman, 2010). The majority of personalised feedback is presented 

through digital, on-screen displays (e.g., smartphones or activity tracker displays; 

Ridgers et al., 2016, Dean et al., 2016, Hayes & Van Camp, 2015, Jacobsen et al., 

2016, Schaefer et al., 2016, Hooke et al., 2016, Gaudet et al., 2017), however, with 

recent advancements in 3D printing technology, Khot et al. (Khot et al., 2013) explored 

an innovative approach to displaying adults’ heart rate data through tangible 3D-

printed artefacts to represent a day of physical activity. This novel approach 

demonstrated that the visual and tactile nature of the feedback increased adults’ 

awareness of and reflection on their personal physical activity (Khot et al. 2013). 

Indeed, within youth populations, prior research has demonstrated that tangible 

interfaces can increase youths’ engagement and reflection in active learning (Price et 

al., 2003, Rogers et al., 2002a), with several learning theories placing emphasis on 

tangibles as tools to stimulate intellectual development in youths (Rita & Dunn, 1979, 

Piaget & Cook, 1952, Fleming & Mills, 1992). Building on these conclusions, more 

recent formative research has demonstrated that youths have the ability to 

conceptualise physical activity data represented as 3D-printed objects (Study 2). 

Moreover, two age-specific 3D model representations of youths’ physical activity data 

were developed from the formative research (Study 2), which were further validated 

as a potential tool to increase youths’ awareness and understanding of physical activity 

and the recommended guideline (Study 3). However, the efficacy of the designed age-
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specific 3D models in a real-world setting as a tool to enhance youths’ awareness and 

understanding of physical activity is currently unknown.  

 

In accord with Forlizzi and Battarbee (2004), understanding how a user’s experiences 

change over time in connection to a newly designed product is an essential for 

developing the scalability and potential use of the technology in a realistic context. 

The user’s experience, within the context of technology, is defined by a user’s internal 

state (perceptions, expectations, motivation and mood), the characteristics of the 

product (usability, functionality and purpose) and the context (organisational or social 

setting) within which the interactions occur with the technology (Hassenzahl & 

Tractinsky, 2006). More recently, video interview methods have become increasingly 

popular among researchers to assess a user’s experiences, understanding and 

navigation of newly designed technology (Lopes, 2016, Masteller et al., 2017, 

Schaefer et al., 2016). However, these aforementioned video interviews have either 

been long in duration (e.g., 60 minutes; Lopes, 2016, Schaefer et al., 2016) and/or have 

been implemented with small numbers of individuals (e.g., 16-22 participants; 

Masteller et al., 2017, Schaefer et al., 2016), which may affect the generalisability of 

findings.  

 

Therefore, the aim of the present study was to examine the efficacy of the age-specific 

3D-printed models to enhance children and adolescents’ levels of awareness, 

understanding of and motivation for physical activity during a 7-week faded 

intervention, whereby youth receive personal 3D-printed models displaying their PAL.  

It is hypothesized that receiving personalised 3D-printed physical activity feedback 

will enhance youths (i) awareness of their MVPA levels in comparison to the 

government guideline of 60 minutes of MVPA (ii) understanding of what constitutes 

as physical activity and of moderate- and vigorous-intensity activity and (iii) 

motivation to be more physically active. 
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6.2 Methods 

6.2.1 Recruitment  

The recruitment strategy involved sending emails, detailing the research project to the 

Head of School (primary schools) or Head of Physical Education (PE) departments 

(secondary school). In total, three primary schools and one secondary school from 

South Wales, UK, expressed an interest in participating in the intervention study 

(n=3/4 response rate), from which two primary schools and one secondary school took 

part in the study. A school assembly for the intervention target year groups (years 3 

and 9) was organised in all of the participating schools to introduce the study with 

information sheets and parental/guardian consent and child assent forms distributed. 

Typically developing children (aged between 7-9 years old) or adolescents (aged 

between 13-15 years old) and adolescents, which could include overweight or obese, 

or disadvantaged pupils, who were free from injury and illness, were allowed to 

participate in the study. All schools were either community (primary) or 

comprehensive (secondary) schools. From Estyn reports (Her Majesty’s Inspectorate 

for Education and Training in Wales, 2017), the primary schools sizes ranged from 

205 to 352 pupils, with eligibility for free school meals ranging from 4% to 35%. The 

secondary school constituted of 1,105 pupils with 7% eligibility for free school meals  

which is below the national average of 19%.  A flow chart outlining the school 

recruitment process, intervention allocation, interview completion rate and 

accelerometer wear time compliance is included in Figure 6.1. 

6.2.2 Participants 

In total, 97 youths participated in the study, of which 39 were primary school children 

(22 boys; 7.9 ± 0.3 years) and 58 secondary school adolescents (37 boys; 13.8 ± 0.3 

years). All primary school children were White British, with 96% of secondary school 

adolescents being White British, with the remaining 4% being Asian (2%; n=1) and 

Black British (2%; n=1). All participants returned informed parental/guardian consent 

and child assent prior to participation. Ethical approval was granted by the University 

Ethics Committee and conducted in accordance with the Declaration of Helsinki (ref: 

PG/2014/40).  
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Figure 6.1 Flow chart outlining the school recruitment process, intervention 

allocation, intervention interview completion rate and accelerometer wear-time 

compliance; N=schools; n=total participants 

6.2.3 Intervention Design 

The 3D printing physical activity intervention was informed by two previous, user-

centred, qualitative approaches which explored the needs, preferences for content, 

designs and understanding of 3D-printed models among youth (i.e., children and 

adolescents) as described in detail elsewhere (Study 2, Study 3). To encourage lifestyle 

change, the intervention was theoretically based, in part, on the notion of youths being 

visual and tactile learners (Marshall, 2007, Rita & Dunn, 1979, Rogers et al., 2002b), 
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with an emphasis on the PAPM (Weinstein, 1988) and Goal-setting theory (Locke & 

Latham, 1990) as ideologies to enhance awareness of behaviours in relation to set-

goals through personalised feedback that encompasses a physical incentive. The 

intervention was implemented for 7-weeks to align with the school term time. The 

intervention was designed to objectively measure youths weekly PAL and use this data 

to generate personalised age-specific 3D-printed models to represent the moderate and 

vigorous PAL achieved each day across a week, as well as displaying the physical 

activity guideline of 60 minutes MVPA (Figure 6.2). The intervention employed a 

novel approach that involved participants receiving a total of four respective age-

specific 3D-printed models over the course of the 7-week intervention according to a 

faded intervention design. For example, youths received their 3D models following 

baseline (model 1 = M1) and week 1 (model 2 = M2), week 3 (model 3 = M3) and 

after week 6 (model 4 = M4). The faded approach has been proposed as a method for 

maximising the effectiveness of feedback contrary to frequent feedback that only 

provides short-term benefits (Goodman & Wood, 2009). In this respect, the faded 

method is underpinned by starting with high levels of feedback and then, as the novice 

or participant begins to master the components of the task, gradually reduce or fade 

the feedback until the person is performing the task autonomously (Day et al., 2006, 

Edwards et al., 1995, Hesketh, 1997, Rock & Thead, 2007, Schmidt & Wrisberg, 

2008). A key point to this faded design is to increase the sustainability and real-world 

‘implementability’ of 3D-printing physical activity interventions by examining how 

the 3D models can be integrated into youth’s everyday lives to determine the success 

of deployment and adoption of the models  (Vassilev et al., 2015). Participants 

received their personal 3D-printed model approximately 1-3 days post physical 

activity measurement. Immediately following receipt of each 3D model, all 

participants completed an individual, semi-structured, short video interview conducted 

by the first author either during their PE class (i.e., secondary school) or in an 

appropriate quiet area within the school environment (i.e., primary school) to elicit 

information on study outcomes (Kennedy et al., 2001). Video interviews are 

considered a viable method for recording youths’ experiences with technological 

designs (Masteller et al., 2017). All participants received one instruction manual 

(Figure 6.2) for their respective age-specific 3D model after completing their first short 

individual interview so to obtain baseline perceptions of primary outcome measures. 

To assess accelerometer wear-time compliance, data was analysed using Kinesoft 
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version 3.3.67 (Kinesoft, Saskatchewan, Canada), employing 1 second epochs with 

sustained periods of at least 20-minutes of consecutive zeros considered to be non-

wear time (Catellier et al., 2005). A minimum daily wear time of 600 minutes for any 

4 days was used to calculate the compliance percentages for each time point (Trost et 

al., 2000b).  

 

 
Figure 6.2 The age-specific 3D models of physical activity instruction manuals 

a) Children’s Sun 3D Model, b) Adolescents’ Bar Chart 3D Model 

PA = Physical Activity, MVPA = Moderate to Vigorous Physical Activity 
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6.2.4 Procedures 

6.2.4.1 Anthropometrics 

All participant’s standing stature, body mass and waist circumference were measured 

according to the techniques outlined by the International Society for the Advancement 

of Kinathropometry (Stewart et al.). Participants were required to be in minimal 

clothing (i.e., shorts and t-shirt) and without shoes. Body mass was measured to the 

nearest 0.1 kg using an electronic weighing scales (Seca 876, Hamburg, Germany), 

with stature assed to the nearest 0.1 cm using a portable stadiometer (Holtain Sitting 

Height Stadiometer, Holtain Ltd). Body mass index (BMI) and weight status was 

calculated from stature and body mass measurements as a proxy for adiposity (Cole et 

al., 2000). Based on BMI z-score calculations, UK age- and sex- specific BMI cut 

points were applied to categorise participants as underweight, normal weight, or 

overweight/obese (Stegenga et al., 2014). All anthropometric measurements were 

conducted within the school by trained male and female research assistants under 

supervision of SGMC. Some of the research assistants also played a role in the 

intervention delivery (e.g., handing out accelerometers and organisation of participants 

for interview).  

6.2.4.2 Measuring and 3D-Printing Physical Activity Data 

All participants were asked to wear the wGT3X-BT tri-axial accelerometer (ActiGraph 

LLC, Pensacola, FL) on an elastic belt positioned on their right mid-axilla line at the 

level of the iliac crest for seven consecutive days to provide an objective estimate of 

their PAL. Numerous studies have reported the wGT3X-BT tri-axial accelerometer to 

be a valid and reliable objective measurement of the quantity and frequency of physical 

activity (Trost, 2007, Hills et al., 2014a, Tudor-Locke et al., 2015), with previous 

research demonstrating that the hip placement is the most precise single location to 

detect everyday activities (Cleland et al., 2013, Tudor-Locke et al., 2015). All 

participants were shown a demonstration of the accelerometer hip-placement via 

SGMC and provided an information sheet regarding the use and safety of the device 

at baseline measurement. As far as was practically possible, participants wore the same 

accelerometer (serial number) at each time point, to remove ‘between unit’ variation 

(Robertson et al., 2010). Participants were instructed to wear the accelerometer all the 



 

 
 

157 

time (24 h·day-1), except for when engaging in water-based activities (swimming, 

showering, and bathing) and contact sports. Accelerometers were initiated to run from 

midnight the day participants received the accelerometer until midnight seven days 

later and to record raw accelerations at a frequency of 100 Hz. Data collection took 

place during the school term from January to April 2017, therefore, physical activity 

data was representative of usual winter/spring free-living activities.  

 

Following collection of accelerometers, participants seven-day physical activity data 

were then downloaded and analysed using Actilife version 6.13.3 (ActiGraph LLC, 

Pensacola, FL). Given the intervention was designed to provide all participants with 

feedback on MVPA levels, even if the accelerometer was not worn at all times, no 

inclusion criteria were applied to the accelerometry data. Therefore, implications for 

youth not wearing the accelerometer on one or more days would result in them 

receiving a 3D model with no data displayed on that specific day. Each day’s MVPA 

level was calculated using Evenson’s child cut-points (2008b), which are known to 

provide the closest estimates of moderate- and vigorous-intensity PAL during free-

living measurement (Crouter et al., 2013). Participants MVPA levels and personal ID 

code (e.g., participant initials and model number) to distinguish participants personal 

age-specific 3D model, were then inserted in to the age-specific custom developed 3D 

model code loaded on OpenJSCAD version 1.8.0, and subsequently 3D-printed using 

ABSplus filament on the Objet 1000 (Statasys, United States, Eden Prairie, MN). The 

Sun and Bar Chart 3D models cost approximately £3.20 and £6.60 per print, 

respectively, based on the complexities of the model (e.g., participant ID engraving) 

and the infill used within the model (e.g., density).  

6.2.4.3 Short Individual Video Interviews  

Short, individual interviews were chosen as they lend greater control to the interviewer 

over the interview process relative to the unpredictable nature of focus group 

interactions (Morgan, 1996). Individual interviews also allow the researcher to locate 

specific ideologies within particular individuals (Deanscombe, 2010), which is not 

always possible within focus groups given that youth may tag onto the views of others 

without necessarily reflecting on the value or meaning (Lewis, 1992). To reinforce the 

interpretations of the qualitative data, each individual interview was filmed to capture 
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youths non-verbal and contextual understandings of the 3D model that could be missed 

in a narrative statement alone (Banks, 2018).The interviews were semi-structured so 

that the facilitator could ask probing questions around the pre-defined topics and to 

keep discussions relevant to the study aims (Krueger & Casey, 2014). The two 

interview types (children and adolescents) were conducted using the same research 

protocol and followed a pre-defined schedule of questions (see Table 6.1) sought to 

address concepts on youths; awareness of their PAL; understanding of intensities and 

interpretations of the 3D model; and motivational benefits and utility of the 3D models. 

A total of 369 interviews were digitally voice (Olympus DM-520 digital voice 

recorder, Shinjuku, Japan) and video (Sony Handycam HDR-PJ540, Minato, Japan) 

recorded, lasting 4.5 ± 1.2 and 2.2 ± 0.6 minutes, for children and adolescents, 

respectively. All interviews were transcribed verbatim, resulting in 816 pages (386 and 

430 pages for children and adolescents, respectively) of raw transcription data, Arial 

font size 12, double spaced. 

 

Table 6.1 Example interview questions 

Topic Examples 

 

Motivation/Awareness of PAL 

 

What do you think of your first 3D model?  

 

PA Understanding 

 

What you think physical activity means? 

 

Awareness of PAL/Model Understanding 

 

 

How does your 3D-printed model show your 

physical activity? 

 
Intensity Understanding  
 
 

 
What kind of activities might be vigorous and 
moderate physical activities? 

 
Motivation/Model Utility  

 
What will you do with your 3D model now? 

PA = Physical Activity; PAL = Physical Activity Level  

6.2.5 Data Analysis 

A Sharpio-Wilks test was used to confirm data normality within the anthropometric 

data sets. Once normal distributions were confirmed, independent sample t-tests were 

used to assess differences between sexes in children and adolescents. All statistical 
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analyses were conducted using IBM SPSS Statistics 22 (Chicago, IL) and statistical 

differences was accepted at p ≤ 0.05. A mixed-methods analysis was utilized to assess 

the qualitative outcomes to allow for greater insights into the meanings of the data 

(Holsti, 1969, Pool, 1959) and take into account the aims of the research regarding 

youths levels of awareness, understanding of and motivation for physical activity 

represented as 3D models (Hamad et al., 2016). Through the process of content 

analysis, transcripts were approached qualitatively to focus on the context of youths’ 

awareness of their PAL and pre-understandings of intensities and the motivational 

aspects of the 3D models. To quantify patterns within the different time-points (i.e., 

receiving model 1 to 4), it was quantitatively noted as to the number of participants 

that were associated with specific statements and for the classification of categorical 

data being accurate (i.e., correct interpretations of the 3D model and activity 

intensities; Hamad et al., 2016). To aid in the identification of accurate classification 

of 3D model interpretations, interview videos were also assessed to examine 

participants non-verbal interactions with their 3D model by noting gestures (e.g., 

correctly points to the 60-minute MVPA guideline bar) within transcripts (Banks, 

2018). All transcripts were thematically analysed by the first author, firstly by data 

immersion which involved ‘repeated reading’ of the transcripts in an active way 

searching and noting of meanings and patterns within the data set (Clarke & Braun, 

2013). Following the initial data immersion process, coding was undertaken, using a 

manual cut and paste technique, which allowed for the data to be organised into groups 

that were considered pertinent to the research questions. All codes were then sorted 

into potential themes, by collating all relevant coded data extracts to the newly 

identified theme. The frequency counts and themes with indicative quotes were then 

represented diagrammatically using a pen profile approach (Boddy et al., 2012, 

Mackintosh et al., 2011, Winn et al., 2017, Noonan et al., 2016), with percentages of 

youths expressing specific themes calculated from frequency counts. The first author 

discussed the identified themes with the last author to determine the existence of 

relationships within the data. Themes that did not have enough supportive data or were 

too diverse were discarded. The third author (MAM) critically cross-examined the data 

through reverse triangulation, from the pen profiles back to the transcripts, until all 

alternative interpretations of the data were exhausted. The pen profiles were then 

critically reviewed by all other authors, allowing further interpretations of the data 

until a final consensus was reached.  
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6.3 Results 

6.3.1 Anthropometrics 

Participants anthropometric characteristics are displayed in Table 6.2. There were no 

significant sex differences between children, but adolescent boys were significantly 

taller and heavier than their counterpart girls. At baseline, 13% of children, both sexes, 

were overweight or obese with the remaining 87% (boys, 87%; girls, 88%) of children 

being classified as normal weight with no children being classified as underweight. 

For adolescents, 22% (boys,16%; girls; 33%) were overweight or obese and 78% 

(boys, 84%; girls, 67%) were within normal weight with no individuals categorised as 

underweight. 

 

Table 6.2 Participant anthropometric characteristics 

 Primary Secondary 

 Boys Girls Both Boys Girls Both 

n 22 17 39 37 21 58 

Age, yrs 7.9  0.3 7.8  0.35 7.9 0.3 13.8  0.3 13.7  0.3 13.8  0.3 

Stature, m 1.28  0.1 1.25  0.1 1.27  0.1 1.66  0.1* 1.63  0.1 1.65  0.1 

WC, cm 58.1  4.9 59.6  5.1 58.7  5.0 73.3  6.0 69.2  6.3 72.1  6.4 

Body mass, kg 26.1  3.5 25.8  4.0 26.01 3.5 56.05 10.2* 55.8  6.8 55.9  9.0 

BMI, kg∙m-2 15.9  2.0 16.6  2.4 16.2  2.03 20.2  2.4 21.1  3.0 20.55  2.7 

Weight Status, %       

Underweight - - - - - - 

Normal Weight 87 88 87 84 67 78 

Overweight/Obese 13 13 13 16 33 22 

Mean  SD, WC = waist circumference; BMI = body mass index; ‘*’ indicates significant difference between boys and girls within 

an age group (p < 0.05) 

6.3.2 Primary Outcomes 

The first model outcomes for children’s and adolescent’s data are combined and 

presented in one pen profile (Figure 6.4), as no different themes were found from 

independent analyses. To avoid duplicating the pen profiles and their identified key 
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themes, Table 6.3 displays youths’ frequency of occurrence of key themes for each of 

the four 3D models, with children, adolescents and sex independently split. 

Following the first model, the majority of youths (80%) expressed a high level of 

enthusiasm for their 3D model, expressing that its “really cool…because I’ve never 

seen a 3D-printed model” (PG06, M1). However, by the final model, only 4% of 

children and no adolescents still expressed similar enthusiasm. Despite this, 28% of 

youths displayed satisfaction on how they were “very proud [of the model]” (PG07, 

M1) of their first 3D model, with this level of satisfaction increasing to 39% to 60% 

and 68%, by the second, third and fourth models, respectively. Furthermore, youths 

demonstrated increased levels of reflection through the 3D models upon how they 

“…never thought Saturday was going to be that long” (PB35, M3), from 51% to 60% 

and 66%, for the first, second and third models respectively, although by the fourth 

model, this level of reflection dropped to 58%.  

 

Overall, youths showed little difference in their interpretations of their meaning for 

physical activity (M1, 73% to M4, 76%), stating its “like doing sports and stuff that 

includes moving your body” (PB20, M2), with similar outcomes on their 

interpretations of the intensities of moderate (M1, 44% to M4, 47%) “like walking” 

(SB55, M2) and vigorous (M1, 81% to M4, 81%) “like sprinting so your heart rate is 

like beating at a fast pace” (SB45, M3). Moreover, across all time points, only 5% of 

children and 17% of adolescents were able to relate the guideline bar accurately to “60 

minutes of exercise a day” (SG42, M3), with only a small proportion of adolescents 

(5%) able to articulate the guideline of “...at least an hour of hard and moderate 

activity every day” (SB49, M3). However, youths demonstrated an accurate ability to 

interpret the basic components of the 3D models (e.g., days and high and low PAL) 

from the first (83%) to the fourth model (88%), such as “It [the model] means the days 

of the week and how much activity you’ve been doing” (PG31, M1), with adolescents 

being able to correctly distinguish “this one [vigorous bar] is the high-intensity sport 

activities and this one [moderate bar] is the more moderate sport activities” (SB03, 

M4). Moreover, youths were able to correctly interpret and identify with “the target 

bar…that shows how much exercise you should do in a day, which is one hour” (PB10, 

M3). As consequence, youths increasingly referenced their PAL to the guideline bar, 

adopting it as a goal-setting strategy from the first (18%) to the second (46%) and third 

models (76%), with a small drop following the fourth model (73%). Specifically, 
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youths demonstrated this goal setting by stating how that their PAL had not “reached 

the target point [on] Monday” (SG09, M3) and “you have to try and be higher than 

that arrow [guideline bar] and that would be you reaching your target” (SG35, M4). 

Conversely, some youths expressed inaccurate interpretations of their 3D models, 

however, this number dropped with time from the first (62%) to the fourth model 

(52%). Of note, were the small number of children (26%) by the final model who were 

able to correctly interpret the moderate and vigorous bar representations, with children 

most commonly mistaking the bar as “the morning [vigorous bar] and that’s the 

afternoon [moderate bar]” (PB08, M3). For adolescents, only 14% demonstrated to 

incorrectly identify “the lower solid bar [vigorous bar] is walking activity, and the 

higher bar [moderate bar] is like sprinting activity” (SB52, M4).  

 

In terms of the application of the 3D models, 11% of youths expressed they would 

“compare the next one [3D model] with it [the current model], and I’ll try to do more 

exercise on Sundays” (SG14, M1), with this application of the models increasing 

following the second model (48%), with no substantial change for time points 

thereafter. From the first model, 42% of youths demonstrated self-evaluation of their 

PAL on how “I need to improve certain days and do more on certain days than others” 

(SG32, M1), with this self-evaluation increasing to 61% to 68% for the second and 

third models, respectively. Interestingly, a higher percentage (81%) of adolescent girls 

(n=17) appeared to self-evaluate their PAL, expressing they would “see if there’s 

anything I can change to get a higher activity than what I got” (SG37, M2).  
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Table 6.3 Youth frequency of occurrence of key themes 

Figure legend n = Frequency counts, % = Frequency count percentage, G = Girl frequency count, Child = Children, Adol = Adolescents 

 Youths Frequency Count of Occurrence of Key Themes (n= 97) 

 Model 1 (n (%) G) Model 2 (n (%) G) Model 3 (n (%) G) Model 4 (n (%) G) 

Themes Child Adol Total Child Adol Total Child Adol Total Child Adol Total 

Enthusiasm 30 (37) 15 48 (84) 19 78 (80) 15 (39) 4 4 (7) 2 19 (20) 9 (23) 3 0 9 (9) 4 (10) 1 0 4 (4) 

Level of Satisfaction 8 (21) 3 20 (35) 6 28 (29) 10 (26) 2 28 (49) 14 38 (39) 20 (51) 10 38 (67) 16 58 (60) 24 (62) 9 42 (74) 17 66 (68) 

Reflection 13 (33) 6 37 (65) 12 50 (52) 24 (62) 7 38 (67) 18 62 (64) 20 (51) 9 44 (77) 15 64 (66) 14 (36) 6 42 (74) 16 56 (58) 

Uncertainty 2 (5) 0 2 (2) 2 (5) 0 2 (2) 0 0 0 0 0 0 

Definition 26 (67) 7 45 (79) 18 71 (73) 27 (69) 9 41 (72) 14 68 (70) 32 (82) 11 42 (74) 17 74 (76) 30 (77) 11 44 (77) 15 74 (76) 

Moderate Intensity 5 (13) 2 38 (67) 15 43 (44) 15 (39) 5 34 (60) 12 49 (51) 9 (23) 6 36 (63) 15 45 (46) 12 (31) 2 34 (60) 14 46 (47) 

Vigorous Intensity 29 (75) 10 50 (88) 19 79 (81) 31 (80) 10 47 (83) 17 78 (80) 33 (85) 12 49 (86) 20 82 (85) 32 (82) 13 47 (83) 20 79 (81) 

Accurate Interpretation 34 (88) 14 47 (83) 18 81 (84) 36 (92) 14 46 (81) 17 82 (85) 35 (90) 14 51 (90) 21 86 (89) 36 (92) 14 49 (86) 19 85 (88) 

Inaccurate Interpretation 33 (85) 13 27 (47) 9 60 (62) 19 (49) 6 27 (47) 9 46 (47) 21 (54) 9 29 (51) 10 50 (52) 18 (46) 7 32 (56) 11 50 (52) 

Comparisons 1 (3) 10 (17) 3 11 (11) 20 (51) 8 27 (47) 10 47 (49) 20 (51) 6 30 (53) 13 50 (52) 14 (36) 4 28 (49) 14 42 (43) 

Goal Setting 10 (26) 2 7 (12) 3 17 (18) 21 (54) 9 24 (42) 8 45 (46) 31 (80) 13 43 (75) 16 74 (76) 31 (80) 14 40 (70) 15 71 (73) 

Motivational Tool 5 (13) 19 (33) 7 24 (25) 11 (28) 2 19 (33) 10 30 (31) 18 (46) 7 22 (39) 11 40 (41) 11 (28) 2 23 (40) 9 34 (35) 

Recall and/or Relatedness 18 (47) 6 42 (74) 15 60 (62) 19 (49 7 38 (67) 7 57 (59) 28 (72) 12 40 (70) 16 68 (70) 30 (77) 12 43 (75) 17 73 (75) 

Self-Evaluation 11 (28) 4 30 (53) 11 41 (42) 20 (51) 6 39 (68) 15 59 (61) 22 (56) 9 44 (77) 18 66 (68) 18 (46) 6 39 (68) 17 57 (59) 

Display 23 (59) 10 29 (51) 10 52 (54) 25 (64) 10 21 (37) 5 46 (47) 28 (72) 14 23 (40) 7 51 (53) 24 (62) 12 20 (35) 8 44 (45) 

Family 8 (20) 4 7 (12) 4 15 (16) 5 (13) 2 4 (7) 4 9 (9) 5 (13) 2 7 (12) 6 12 (12) 3 (8) 5 (9) 4 8 (8) 

Peers 3 (8) 2 (3) 2 5 (5) 1 (3) 3 (5) 1 4 (4) 1 (3) 1 2 (4) 1 3 (3) 1 (3) 0 1 (1) 
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Throughout all time-points (M1, 62%; M2, 59%; M3, 70%; M4, 75%), there was little 

change in youths’ ability to recall and/or relate their 3D models to their past week of 

physical activity, expressing how “on Saturdays I do dance so it’s bar of activity is

higher than the rest of them” (SG14, M1). Some youths reported the use of the 3D 

models as a motivational tool because “it’s [the 3D model] kind of encouraging me to

do more activity, so I can get the bar higher [on the 3D model]” (SB19, M2), with this 

perception increasing from 25% to 31% to 41% for the first, second and third models, 

respectively. From all time points, only 5% of youths expressed that they would “show

it [the 3D model] to my friends” (PB01, M1), with a larger number of youths (11%), 

of which were highly representative of adolescent girls and children of both sexes, 

expressing how they would “probably like show my parents the model” (SG43, M3). 

Almost half the number of the youths (48%) mentioned that they would display their 

3D models in their house (Figure 6.3), with this proportion slightly greater in children, 

with a preference to “hang the model up in my bedroom” (PB11, M2).  

Figure 6.3 Youths’ display preferences for 3D models 
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Figure 6.4 Youths’ pen profile model 1 

Figure legend P = Primary, S = Secondary, B = Boy, G = Girl, 

PA = Physical Activity, N = Frequency count
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6.4 Discussion 

The primary aim of this study was to evaluate the effectiveness of age-specific 3D-

printed models of physical activity to enhance youths’ awareness of their PAL, 

understanding of and motivation for physical activity. Taken together, the findings 

suggest that the 3D model feedback offered a unique strategy to enhance youths’ 

awareness of their PAL in reference to the Government guideline and may provide a 

motivational tool for goal-setting.  

 

In the present study, 63% of youths demonstrated that they were able to quickly 

interpret the basic components of their first 3D model (e.g., the different days of 

activity and their low and high PAL). Indeed, these initial interpretations of the age-

specific 3D models are promising given that previous research highlights that being 

able to quickly interact and interpret a tool, such as a 3D model, enables an individual 

to learn about their behaviours from the start, all of which makes the experience with 

the tool rewarding and minimises the potential for abandonment (Forlizzi & Battarbee, 

2004). Following receipt of their final 3D model, 59% of youths self-evaluated how 

the 3D models had made them “more aware” (SB58, M2) of their PAL. It could be 

argued that this raised awareness was a direct result of wearing the accelerometer 

rather than the 3D model per se, however, this is unlikely, as evidence suggests that 

accelerometers alone do not develop youths’ awareness of physical activity (Vanhelst 

et al., 2017). A more likely reason for this increased awareness was the utilisation of 

an objective measure of physical activity in combination with personalised feedback, 

which has previously been suggested as an effective means to raise an individual’s 

awareness of their physical activity (Bentley et al., 2012). Complementary to this 

understanding, the PAPM (Weinstein, 1988) from the Stages of Change (Prochaska & 

DiClemente, 1992), suggests that an individual is unlikely to proceed to the 

contemplation stage unless they become aware that their behaviours are inadequate. 

Based on this notion, the present study demonstrated that 68% and 78% of children 

and adolescents, respectively, were able to identify that “some days I’m reaching the 

guideline bar, but some days I need to do more physical activity” (SB51, M4). This 

ability to apply their respective 3D model guideline bar to their personal PAL is 

hopeful given that previous research has shown that youths who are aware of their 

PAL and the recommended guideline are on average 20 minutes more active than their 
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unaware counterparts, and consequently, more likely to achieve the 60 minutes of 

MVPA (Kremers et al., 2008, HSE, 2007, Roth & Stamatakis, 2010, Nemet et al., 

2012). Therefore, given that awareness of risk behaviours is identified as an 

independent correlate for behaviour change (Ronda et al., 2001), the 3D-printed 

feedback may not only be important to help youths categorize themselves into the 

correct stage of change (i.e., precontemplation, contemplation and preparation = not 

meeting the guideline, versus action and maintenance = meeting the guideline), but 

also help youths perceive the need to change behaviour (De Bourdeaudhuij et al., 

2004), warranting further investigation. 

 

One important consideration with regards to 3D-printed feedback is that it possesses a 

higher level of visibility compared to digital feedback (i.e., on a smartphone) within 

the physical world (Golsteijn et al., 2012). In this way, 3D-printed physical activity 

data is more publicly visible to peers, teachers and family members. In contrast to 

previous perceptions (Study 2), only 5% and 11% of youth in the present study 

seemingly reported that they compared their models to their friends’ models and 

showed their family members the models, respectively. Despite this, it could be 

speculated from previous research that youth may have more frequently compared 

their 3D models to friends within the playground and classroom environments 

(Ridgers et al., 2018). Moreover, it is also likely that family members did indeed come 

into regular contact with the 3D models given the range of ways that youth (~54%) 

displayed their models in the bedroom, on their school bag or attached to the house 

keys. In this regard, it is important to consider how the visibility of the 3D models may 

have stimulated more social-interactions with friends and family and thus, influenced 

youth’s levels of self-evaluation (59%, M4) and reflection (58%, M4) of their PAL, 

rather than the 3D model itself. Indeed, the involvement of friends (Maturo & 

Cunningham, 2013, Pearce et al., 2014, Salvy et al., 2009) and family (Davison et al., 

2013, Haerens et al., 2007, Haerens et al., 2006, Pearce et al., 2014, Sleddens et al., 

2011) can play a significant role in motivating youth to be more engaged in physical 

activity. On the contrary, sharing and comparing 3D models with friends or peers may 

increase competition, which can lead to negative feelings of the self and peer pressure 

to engage in an activity (Goodyear et al., 2017). Of concern are adolescent girls as they 

are particularly vulnerable at this age to body dissatisfaction, as this is a time when 

self-awareness, self-consciousness and preoccupation with self-image all dramatically 
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increase (Harter, 1993). Indeed, a number of adolescent girls (n=9, 43%) in the present 

study reflected on how being perceived as physically active according to the 3D model 

was important because “you’ll be more confident because like people won’t like judge 

you” (SG34, M1) and worried about how “if you’re not active you’ll end up having a 

very, well kind of not nice figure [body shape]” (SG14, M2). As a consequence, youth 

who display such feelings of pressure and guilt for not achieving enough physical 

activity may remove themselves from engaging in peer-comparisons (e.g., sharing 

their PAL with others) altogether (Goodyear et al., 2017, Kerner & Goodyear, 2017) 

and abandon the 3D model. These issues do question how public displays of physical 

activity data could intrude upon an individual’s privacy (Khot, 2016). In this light, 

future research should look to monitoring more closely how youth, and in particular 

adolescent girls, personally reflect and evaluate their PAL with respect to body image 

and the influence of interactions and support from significant others on PAL.  

 

Following receipt of the final 3D model, 72% of youths had seemingly adopted the 

guideline bar as a goal-setting strategy, expressing how they monitored their goal-

related progress through the guideline bar represented on the 3D models. In this way, 

it could be postulated that the 3D model guideline bar acted as an important reference 

for goal attainment, which subsequently led to youths’ self-determined adjustment of 

physical activity strategies (e.g., starting to play football) and/or effort levels (e.g., try 

harder to do more exercise; Cullen et al., 2001, Locke & Latham, 2002). As noted 

within the Goal Setting Theory (Locke & Latham, 1990), and addressed in the Social 

Cognitive Theory (Bandura, 1991), setting specific and challenging (yet achievable) 

goals with feedback on goal attainment is an important step to enhancing an 

individual’s self-efficacy (i.e. their belief to carry out a behaviour), and thus behaviour 

change. Numerous reviews support the effectiveness of goal setting to promote youths’ 

physical activity engagement (Hynynen et al., 2016, Kyllo & Landers, 1995, Rose et 

al., 2017), whilst others suggest that feedback alone has a motivating effect, regardless 

of whether the feedback is tied to a specific goal or not (Weinberg & Weigand, 1993, 

Ivancevich & McMahon, 1982, Hurling et al., 2007).  

 

One particular dimension of the Goal Setting theory (Locke & Latham, 1990) that 

resonates with the present findings, is the notion that goal attainment can be enhanced 

by incorporating feedback with rewards (e.g., monetary rewards that are linked to goal 
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achievement). Indeed, throughout the intervention, 57% of youths expressed how they 

would display their 3D model in their bedroom, with some revealing how they placed 

their models next to their prized “trophies and medals” (PG32, M1). In this way, it 

could be argued that 3D-printed feedback is received by youths as a reward of their 

physical activity achievements, which is known to heighten an individual’s success 

towards a goal as opposed to just setting a goal alone (Latham & Locke, 1991). 

According to Locke and Latham (2006), rewards are important to sustain a person’s 

interest in physical activity, which may stand true given the success of incentive-based 

interventions in promoting youths’ physical activity (Hardman et al., 2011b, 

Finkelstein et al., 2013, Christian et al., 2016). On the contrary, it is important to 

consider the influence of a reward or incentive on youths’ intrinsic interest to engage 

in physical activity as an explicit means to receiving the extrinsic reward (e.g., 3D 

model), and once removed whether their behaviour reverts back to baseline (Lepper et 

al., 1973, Ryan & Deci, 2000). However, a recent systematic review provides strong 

evidence that behavioural incentives are an effective means of encouraging physical 

activity in youths, suggesting that there is a wide range of incentive designs that are 

yet to be explored (Corepal et al., 2018). Perhaps the novelty of 3D printing physical 

activity feedback may offer a greater learning value than previous incentive-based 

designs, as a result of the 3D models being a composite of a reward (i.e., aesthetically 

pleasing tangible object), feedback (i.e., personal physical activity data) and goal 

attainment (i.e., PAL achievement towards 60 MVPA guideline bar) that embodies 

personalised data and represents the active self (Khot, 2016). Therefore, the present 

study supports the utilisation of tangible feedback as a novel goal setting strategy for 

youths’ physical activity through a reward, feedback and goal attainment, each of 

which are known to elicit greater self-efficacy (Latham & Locke, 1991, Bandura, 

1991) and youths’ engagement within interventions (Shilts et al., 2004). Further 

research is warranted to investigate the potential utility of tangible representations of 

physical activity guidelines or goals to support youths’ engagement and understanding 

of their physical activity behaviours. 

 

Based upon previous ‘learning styles’ that support the use of tangibles to inform 

intellectual development and enable higher mental functions in youths (Cole & 

Wertsch, 1996, Price et al., 2003, Rita & Dunn, 1979, Piaget & Cook, 1952, Fleming 

& Mills, 1992), it was originally postulated that the present 3D-printed feedback of  
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physical activity may enhance youths’ comprehension of intensities (i.e. MVPA) and 

associations to the Government guideline (Study 3). However, only 5% of children 

and 17% of adolescents, across all timepoints, were able to interpret the guideline bar 

in terms of the number of minutes (i.e. 60 minutes), whilst no children and 5% of 

adolescents were able to cite “1 hour of physical activity whether it’s moderate or 

vigorous” (SB60, M4). These findings align with previous research suggesting that, 

particularly children, have a lack of ability to define time (Baranowski, 1988, Sallis, 

1991) and intensity in the context of physical activity (Cowden & Plowman, 1999, 

Prochaska et al., 2001, Snethen & Broome, 2007, Placek et al., 2001, Pearce et al., 

2008). Indeed, these findings fuel the present debate to whether ‘learning styles’, such 

as youths being ‘visual and tactile’ learners (Rita & Dunn, 1979), are effective 

strategies to enhance an individual’s understanding of information (Husmann & 

O'Loughlin, 2018). Previous research has demonstrated that changing the learning 

mode or strategy for a specific population had little improvement on learning outcomes 

to justify the time and financial costs involved (Coffield, 2004, Papanagnou et al., 

2016, Pashler et al., 2008, Riener & Willingham, 2010). Therefore, the present 

findings question the use of tangibles as an effective means to enhance youths’ 

comprehension of the MVPA terms associated with the guidelines. Future research 

may wish to explore different 3D model designs using inscriptions of the intensities 

moderate and vigorous on the 3D models to aid youths’ comprehension of terms.  

 

There are a number of the inherent challenges associated with 3D printers and their 

slow development process that should be noted, otherwise the dissemination into 

practice is invariably unfeasible (Dishman et al., 2001, Melanson Jr et al., 1996). 

Specifically, the process of creating the 3D models, following the downloading, 

analysing and mapping of youths’ physical activity data onto the 3D models and 

subsequently 3D printing, involved a considerable amount of time, which 

consequently delayed the delivery of the feedback to youths. It could be speculated 

that this delayed timing of the feedback may have impacted youths’ adherence to 

wearing the accelerometers and consequently awareness of their PAL. Indeed, the 

study showed a declining trend in youths wear-time from baseline (children n=38, 

87%; adolescents n=58, 93%) to the end of the intervention (children = n=38, 72%; 

adolescents n=58, 68%) for a wear-time criterion of 10 hours on any four days. In 

comparison, Sirard and Slater (2009) found that, using the same criteria of 10 hours 
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on any four days, monetary compensation contingent was the most effective 

accelerometer wear-time compliance strategy (n=22, 96%). That said, the 

aforementioned study lacked a follow-up wear-time measurement and was based on a 

smaller sample size, which questions the long-term effectives of such monetary 

incentives (Sirard & Slater, 2009). Furthermore, the use of monetary incentives can be 

costly, ranging from £12 (Sirard & Slater, 2009) to £25 (Christian et al., 2016) per 

completion and return of the accelerometer, when compared to the present study 

costing ~5 per 3D model. It could be argued that 3D-printed physical activity feedback 

may be an as effective strategy to monetary incentives for wear-time compliance in 

youth, with the additional benefit of raising their awareness of PAL. That said, a 

number of youths played contact activities, which involved “taking it [the 

accelerometer] off because of rugby training” (SB24, M3) and consequently, 

“forgetting to put it [the accelerometer] back on again” (SB25, M3). In this respect, 

the 3D models did not account for physical activity in the form of water-based 

activities and contact sports, which are likely to contribute to daily MVPA, and thus 

will under-represent youths’ achievements and awareness of their true PAL and goal 

attainment (i.e., meeting the MVPA guideline bar), all of which could lead to negative 

feelings of self (Goodyear et al., 2017). To counteract such problems, future research 

should look to implement 3D-printed feedback with wrist-worn, fully waterproof 

accelerometers as they elicit higher wear-time compliance in youth than hip-mounted 

devices (Trost et al., 2014b) and diary logs to account for contact sport activities 

(Pfitzner et al., 2013). Nevertheless, it is important to acknowledge that efforts are 

currently being made to make 3D printers faster, more accurate and cheaper (Mueller 

et al., 2014), with the potential for future research to involve youths more in the 3D 

printing process. Adding to this is the rise in schools owning a 3D printer (UK 

Department for Education, 2013), which makes 3D-printing interventions similar to 

the current study more feasible and cost-effective. In this light, it may be useful to 

compare 3D-printed feedback to other approaches, such as digital smartphone 

feedback (Larsen et al., 2013, Tong et al., 2015), LED feedback technology 

(Ananthanarayan et al., 2016, Mackintosh et al., 2016), 3D-printed edibles (Khot et 

al., 2015b) or shape changing artefacts (Sauvé et al., 2017) to determine which 

methods of feedback can elicit the best intervention effects, user experience and cost-

effectiveness.  
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According to Forlizzi and Battarbee (2004), new research methods are required to 

better articulate the relationship between what ‘we feel’ and what ‘we do’ in 

connection to the utilisation of technology. The present study builds on this by 

illustrating a short video interview approach to eliciting how youths experienced the 

3D-printed models internally, functionally and socially, all of which is essential for 

the development and future utilization of the designed 3D models (Hassenzahl & 

Tractinsky, 2006). The short video interviews generated a large set of descriptive data 

that could be generalised to the study population or used to account for an individual’s 

personal progress and experiences with the 3D models, which aligns with the current 

trend towards ‘personalisation’ in healthcare (Cesuroglu et al., 2016) and the 

‘quantified-self’ movement (Almalki et al., 2015). However, one possible limitation 

to this aforementioned approach, could be the direct influence of the ongoing short 

video interviews on youths’ experiences with the 3D models, given that previous 

research suggests that face-to-face support can create a more meaningful experience 

by reinforcing effort and goals (Fortier et al., 2012, Williams & French, 2011). In this 

respect, it could argued that the on-going face-to-face short video interviews may have 

potentially influenced youths awareness and motivation for physical activity, rather 

than the 3D models per se. Indeed, there are a number of practical ways a researcher 

or health professional could be deployed to support such a feedback intervention, 

however, to make technology-based behaviour change strategies more pragmatic and 

cost-effective it would be useful to understand the efficacy of support through 

continuous interviews (Heath et al., 2012). Therefore, future research should look to 

break down 3D-printed feedback conditions to include and exclude support to fully 

understand the impact of the tangible feedback and face-to-face engagement (Moore 

et al., 2015). That said, the present study supports the use of short video interviews as 

a practical method for assessing youths’ experiences, understanding of and 

interactions with newly designed technology.  

 

There are, however, some additional limitations to consider to the aforementioned, 

such as the localised area of the data collection in South Wales, which may 

underrepresent the ideologies of youth from other important social-economic groups 

and ethnic minorities in the UK or globally. Given the paucity of research on 3D-

printed feedback, further research is required that considers the influence of age and 

sex specifically, as well as of baseline PALs which may be hypothesised to influence 
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initial engagement with the models. Indeed, the lack of a control group within the 

present study questions whether the changes observed can be attributed to the impact 

of the 3D models per se to enhance youth’s awareness, goal-setting and motivation 

and, therefore, findings should be considered with caution and act as a stimulus for 

future investigation. Finally, the study was only a 7-week intervention with no long-

term follow up, therefore, it is unknown to what extent youth will sustain their 

engagement with the 3D models and the true benefits of such feedback on their PAL, 

given that most changes in behaviour take place over prolonged periods (Kwasnicka 

et al., 2016).  

6.5 Conclusion 

In conclusion, the present study demonstrated that the age-specific 3D models 

heightened youths’ awareness of their PAL and enabled them to easily compare their 

personal PAL to the recommended guideline of 60 minutes of MVPA. Moreover, 

youths expressed how they displayed their 3D models in their environments, within 

their bedrooms or next to prized possessions, and utilised the model as a goal-setting 

strategy to do more physical activity. Therefore, the nature of the age-specific 3D 

models being a blend of feedback, reward and goal attainment that embodies 

personalised data may offer a unique strategy for the promotion of physical activity 

and associations to the recommended Government guideline. 
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Thesis Map 

STUDY  OUTCOMES 

1. Energy Expenditure Associated 

with Walking Speed and Angle 

of Turn in Children 

Aim ▪ To investigate the influence of walking speed and angle, and 

their interaction, on the energy expenditure of healthy 

children. 

  

 

Key 

Findings 

▪ Significant differences to straight line walking energy 

expenditure within speed were established for 2.5 km·hr-1 at 

90° (~7% increase) and 3.5, 4.5 and 5.5 km·hr-1 for 180° turns 

(~13%, ~14% and ~30% increase, respectively).  

▪ Estimations of children’s habitual physical activity should 

account for the magnitude and frequency of turns complete. 

2. Perceptions of Visualising 

Physical Activity as a 3D-printed 

Object: A Formative Study 

Aim ▪ To elicit children’s, adolescent’s, parents’ and teachers’ 

perceptions and understanding of 3D physical activity 

objects to inform the design of future 3D models of physical 

activity. 

Role of DESIGN PARTNERS  

 

Key 

Findings 

▪ Youths demonstrated a good ability to conceptualise physical 

activity as a 3D-printed object and highlighted the potential 

of 3D models as a motivational tool. 

▪ Two age-specific 3D models of physical activity were 

developed from children’s preference for abstract designs 

and adolescents’ bar chart designs.  

3. Understanding Youths’ Ability 

to Interpret 3D-printed Physical 

Activity Data and Identify 

Associated Intensity Levels 

Aim ▪ To elicit children’s and adolescent’s interpretations of two 

age-specific 3D models displaying physical activity. 

▪ To assess children’s and adolescent’s ability to appropriately 

align activities to the respective intensity of physical activity. 

 

Role of TESTER 

 

Key 

Findings 

▪ Youths demonstrated a good ability to interpret their age-

specific 3D model of physical activity. 

▪ Youths showed misconceptions when identifying activities 

to respective intensities, particularly, moderate-intensity 

household chore activities. 

4. The Tangibility of Personalised 

3D-printed Feedback may 

Enhance Youths’ Physical 

Activity Awareness 

Aim ▪ To investigate the efficacy of 3D-printed models to enhance 

youths’ awareness and understanding of physical activity, as 

well as a motivational tool. 

 

Role of USER 

 

 

Key 

Findings 

▪ The age-specific 3D models heightened youths’ awareness 

of their PAL and enabled them to easily compare their 

personal PAL to the recommended guideline of 60 minutes 

of MVPA.  

▪ Youths displayed their 3D models in their bedrooms or next 

to prized possessions and utilised the model as a goal-setting 

strategy to do more physical activity. 
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7  

Synthesis 

 

The purpose of this thesis was to contribute novel and important components that 

inform the measurement of physical activity and the conception of personalised visual 

and tangible feedback to aid youths’ engagement in physical activity. Following 

individual study discussions in respective chapters, this chapter will seek to synthesise 

the overall thesis outcomes, strengths, limitations and future implications, whilst also 

considering the contribution to the relevant theory and literature before concluding the 

thesis.  

7.1 General Discussion 

7.1.1 3D-Printed Feedback to Enhance Awareness of Physical Activity 

According to Bentley and colleagues (2012), the objective measurement of physical 

activity in combination with personalised feedback is an effective tool to improve an 

individual’s awareness of their physical activity levels (PAL). In line with this, the 

qualitative findings presented in Studies 2, 3 and 4, showed promising indications that 

using an objective measurement in combination with tangible, visual feedback can 

raise youths’ awareness of their PAL. Specifically, conclusions drawn from Studies 2 

and 3 highlighted the potential of the 3D-printed models to enhance youths’ awareness 

of their PAL. Findings from Study 4 reported that 60% of youths directly expressed 

that the 3D models had made them “more aware” of their PAL by the end of the 

intervention. Furthermore, based on the Precaution Adoption Process Model (PAPM; 

Weinstein, 1988) within The Transtheoretical Model (TTM; Prochaska & 

DiClemente, 1992), Study 4 speculated that youth are unlikely to proceed to the 

contemplation stage of exercise behaviour unless they become aware that their PAL 

are not optimal (i.e., 60 minutes of MVPA per day). In accord with PAPM, findings 

from Study 4 demonstrated that 68% and 75% of children and adolescents, 

respectively, compared their personal PAL on the 3D models to the guideline bar 

representation, similar to findings reported in Study 3 (children, 75%; adolescents, 
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83%). Considering that evidence reports that youths who are more aware of their PAL 

and the recommended guideline are to more likely to achieve the daily target (Kremers 

et al., 2008, HSE, 2007, Roth & Stamatakis, 2010, Nemet et al., 2012), this holds 

promise for the 3D models to facilitate increased PAL and positive behaviour change. 

Nonetheless, Study 1 questioned the accuracy of data derived from accelerometers as 

the majority of energy expenditure prediction equations are based on linear-based 

locomotion protocols performed on treadmills that are not true to the habitual 

(Eisenmann et al., 2004, Fortune et al., 2014), sporadic (e.g., chasing games;Sleap & 

Warburton, 1996, Sleap & Wormald, 2001), physical activity patterns of youth. As a 

consequence, data derived from accelerometers and represented through 3D model 

feedback will likely be limited in accounting for youths’ non-linear movements, 

leading to lower than true levels of physical activity being reported and thus could 

inhibit an individual’s awareness of their PAL. Of particular concern is feedback 

indicating low PAL, as this could trigger denial or fatalistic attitudes, resulting in no 

need to change behaviours or even a decline in physical activity (Bankhead et al., 

2005). Despite this, numerous studies support the use of objectively assessed physical 

activity feedback to promote youths PAL, regardless of whether the feedback is 

accurate or not (Ford et al., 2010, Hurling et al., 2007, Lim et al., 2016, Martin et al., 

2015, Walsh et al., 2016).Therefore, the present body of work highlights that 

personalised 3D-printed feedback of PAL raises youths’ awareness of their personal 

PAL and may serve to motivate them to transition from pre-contemplation to 

contemplation of the Stages of Change from the TTM (Prochaska & DiClemente, 

1992). 

 

It is also apparent that youths’ raised awareness of their PAL from the 3D model 

feedback may not only be important to help youths categorize themselves into the 

correct stage of change (i.e., precontemplation, contemplation and preparation = not 

meeting the guideline, versus action and maintenance = meeting the guideline), but 

also help youths perceive the need to change (De Bourdeaudhuij et al., 2004). Indeed, 

research supports the use of the TTM for defining young people’s readiness to 

participate in MVPA (Haas & Nigg, 2009, Schumann et al., 2003, Schumann et al., 

2002, Gaudet et al., 2017). However, it is also important to acknowledge that 

numerous reviews question the effectiveness of including the TTM into physical 

activity interventions (Brug et al., 2004, Adams & White, 2004, Adams & White, 
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2003, Bridle et al., 2005, Bunton et al., 2000). For example, evidence suggests that 

TTM-based interventions only produce short-term change in an individual’s PALs 

with no long-term impact on physical activity for interventions greater than 6-months 

(Adams & White, 2003). In this respect, caution must be taken when interpreting the 

results presented in Study 4 given that the study was only a short-duration intervention.   

7.1.2 Goal-Setting and Rewards through 3D-Printed Physical Activity Feedback 

A key aim of Study 2 was to elicit youths’, parents’ and teachers’ perceptions of and 

designs for 3D models. One parent from Study 2 expressed how including a 

“recommended goal” on the 3D models may help to encourage youths’ physical 

activity engagement. Complementary to this, focus groups from Study 2 also found 

that a majority of youths had limited knowledge of the Government guideline of 60 

minutes of MVPA, which consequently reinforced the importance of including the 

guideline in the 3D model design. Based upon the Goal Setting Theory (Locke & 

Latham, 1990), Study 2, therefore, theorised that incorporating the guideline on the 

3D model may help motivate youths to increase their personal PAL. Indeed, setting 

specific and challenging, yet achievable, goals, in conjunction with feedback regarding 

performance towards goal attainment is important to enhance an individual’s self-

efficacy (i.e., individuals’ belief to carry out a behaviour) and health behaviour change 

(Locke et al., 1981). Additionally, 80% of youth in Study 2 described how personalised 

3D-printed feedback would motivate them to engage in more physical activity. 

Following the development of the two age-specific 3D models in Study 2, Study 3 

demonstrated that 75% and 83% of children and adolescents, respectively, were able 

to correctly identify the incorporated guideline bar designed to represent the 60 

minutes of MVPA on 3D model. These aforementioned findings, regarding motivation 

and understanding, were promising for the utility of the age-specific 3D models within 

an intervention setting (Study 4), as previous research demonstrates that bringing 

youths attention to the amount of MVPA they attained compared to the recommended 

amount enforces positive behaviour change  (Kremers et al., 2008, HSE, 2007, Roth 

& Stamatakis, 2010, Nemet et al., 2012). When the 3D models were utilised within 

the intervention (Study 4), 72% of youths seemingly adopted the 3D model guideline 

bar as a goal-setting strategy. In this way, youths monitored their goal-related progress 

through the 3D models with the help of the guideline bar acting as an important 
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reference for goal achievement, subsequently leading to youths’ self-determined 

adjustment of physical activity strategies (e.g., “since I’ve had one of the models, I 

went to play girls football to build my activity”) and/or effort levels (e.g., “I need to 

do more exercise to keep healthy and reach my target”; Cullen et al., 2001, Locke & 

Latham, 2002).  

 

According to Latham and Locke (1991), attainment of goals can be enhanced by 

incorporating feedback with rewards (i.e., contingent incentives that are linked to goal 

achievement) through the ‘high-performance cycle’ process (p.233). As emphasised 

in Study 2, and supported by Khot et al. (2016), the nature of 3D-printed feedback may 

offer a greater learning value through blended feedback and rewards, in comparison to 

the distribution of feedback and rewards in isolation (Finkelstein et al., 2013, Hardman 

et al., 2011b). As reported in Study 4, youths expressed how they displayed their 3D 

models next to their prized “trophies and medals” and “certificates”, which may 

suggest the 3D models were received as a form of reward. Despite this, it is important 

to consider the over-justification effect which describes that an individual’s intrinsic 

interest to engage in an activity may be undermined as an explicit means to receiving 

an extrinsic reward, such as money, and once removed the behaviour will revert back 

to baseline (Lepper et al., 1973). That said, this thesis draws attention to the novelty 

of the 3D-printed nature of the models and their capacity to not only provide youths 

with an extrinsic reward but to inform youths of their PAL in reference to achieving 

the recommended guideline, which monetary rewards cannot provide. Therefore, 

based on the outcomes presented in Study 4, this thesis suggests that 3D-printed 

models may have potential as a novel goal-setting strategy and reward system for 

youths, all of which may lead to greater self-efficacy (Latham & Locke, 1991) and 

adherence to interventions (Shilts et al., 2004).  

7.1.3 Understanding of Physical Activity through 3D-Printed Feedback 

Previous literature has shown that youths have limited understanding of physical 

activity and the associated Government guidelines, particularly in terms of the 

recommended frequency, intensity and duration (Snethen & Broome, 2007, Sleap & 

Wormald, 2001, Harris et al., 2016, Placek et al., 2001, Pearce et al., 2008, Trost et 

al., 2000a). Accordingly, Studies 2, 3 and 4 found that children and adolescents had 
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difficulty in identifying the different intensities of physical activity associated with the 

recommended guidelines. Specifically, Study 2 demonstrated that neither children nor 

adolescents could correctly define the Government guideline with respect to MVPA, 

although contrary to previous findings (Harris et al., 2016), adolescents (67%) 

demonstrated the ability to define the amount of time recommended in the guidelines 

(e.g., “60 minutes a day”). However, Study 3 identified that both children and 

adolescents had misconceptions when identifying activity intensities, especially with 

regards to defining moderate-intensity activities that were related to household chores 

(e.g., sweeping the floor) or daily activities (e.g., stair climbing), as previously 

identified (Trost et al., 2000a). However, Study 3 showed that youths were able to 

correctly interpret and describe the representations of physical activity, intensity and 

the recommended guideline on the age-specific 3D models. Study 3, therefore, 

concluded that the 3D-printed feedback may have potential to enhance youths’ 

understanding of intensities (i.e., MVPA) and associations to the recommended 

guideline, congruent with research supporting the use of tangible objects to promote 

intellectual development in youths (Price et al., 2003, Marshall, 2007, Rogers et al., 

2002a, Bara et al., 2004, Rita & Dunn, 1979, Cole & Wertsch, 1996, Piaget & Cook, 

1952, Fleming & Mills, 1992, Montessori, 1912).  

 

Despite conclusions from Study 3, Study 4 showed that the 3D models did not 

substantially increase youths’ understanding of MVPA, with no children, and only 5% 

of adolescents, able to articulate the guidelines in terms of “1 hour of physical activity 

whether it’s moderate or vigorous” (SB60, M4) following receipt of their final 3D 

model. One possible explanation for youths’ greater understanding to articulate the 

intensities and guideline reported in Study 3 when compared to Study 4, may have 

been the short time between youths being shown how to interpret the 3D model and 

the completion of the 3D model recall task to assess understanding. Consequently, this 

method for assessing youths’ understanding may have been more to do with their 

‘working memory’ (i.e., short-term memory) to recite the terms of MVPA and the 

recommended guideline (Novak & Cañas, 2008), rather than their greater ability to 

define intensity and the guideline. Findings from Study 4, therefore, question the use 

of 3D-printed models to promote youths’ intellectual understanding of MVPA and the 

recommended guideline. In this case, the present body of work adds to the current 

debate as to whether different ‘learning styles’, particularly visual and tactile learning 
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styles, are effective at enhancing youths’ understanding of information (Husmann & 

O'Loughlin, 2018). Indeed, numerous studies have demonstrated that changing the 

presentation of the learning mode or strategy to align with a targeted population’s 

learning style elicited insufficient influence on the outcome to justify the financial or 

temporal costs involved (Coffield, 2004, Papanagnou et al., 2016, Pashler et al., 2008, 

Riener & Willingham, 2010). Whilst the present design of the 3D models did not 

facilitate youths understanding of intensities and associations to the recommended 

guideline, post-intervention focus groups did, however, reveal that youths would like 

future 3D models to include engravings and different colours to detail the different 

components (i.e. moderate- and vigorous-intensity bars, guideline bar) to heighten 

their understanding of terms. Therefore, future research should explore the use of 

multi-coloured 3D models with engravings to facilitate enhanced understanding.  

7.1.4 Youths’ Adherence and Experience with 3D Models of Physical Activity  

The first step to utilising 3D-printed visualisations of physical activity was to identify 

whether youths could associate a 3D model (i.e., representation) with physical activity 

data (i.e., referent), referred to as representational insight (Uttal & Doherty, 2008). 

Study 2 reported that youths, irrespective of age, were able to conceptualise physical 

activity represented as a 3D-printed object, which remained consistent within Studies 

3 and 4. However, Study 2 identified that children had more difficulty than adolescents 

in distinguishing between high and low representations of physical activity data 

represented on the 3D models. Similarly, Study 3 showed that children had more 

difficulty in defining the moderate-intensity bar on their respective 3D model. 

However, Study 4 demonstrated that 62% of youths, regardless of age, were able to 

quickly recall and/or relate their personal behaviours to their first 3D model (e.g., 

different days and low and high PAL), with this number increasing to 75% following 

receipt of their final 3D model. In accord with Forlizzi and Batterbee (2004), youths’ 

ability to interpret and relate their behaviours to the basic functions of the 3D model 

will not only make outcomes rewarding from the outset, but will also minimise the 

potential for abandonment of the 3D model feedback, which may, in part, have 

explained the low intervention dropout rate (2%).  
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An equally important consideration to the adherence of the 3D models (Study 4), is 

whether or not the accelerometers had been worn appropriately. The time and cost 

burden as a result of poor accelerometer wear-time compliance, or indeed loss of 

monitors, remains an issue for researchers (Catellier et al., 2005, Sharpe et al., 2011, 

Wells et al., 2013). However, there is some evidence to suggest that children and 

young people would like to receive certificates, trophies or medals as a strategy to 

increase their wear-time compliance (McCann et al., 2016). This holds promise for the 

accelerometer wear-time compliance in Study 4 given that the 3D models were 

received as a form of reward. Despite this, Study 4 reported a decline in youths’ 

compliance in wearing the accelerometers from baseline (children n=39, 87%; 

adolescents n=58, 93%) to the end of the intervention (children = n=39, 72%; 

adolescents n=58, 67%) for a wear-time criteria of 10 hours on any four days. In 

comparison, Sirard and Slater (2009) conducted three different compliance strategies 

in youth for wearing waist-worn accelerometers based on a wear-time criteria of 10 

hours on any four days. The findings showed that monetary compensation contingent 

was the most effective compliance strategy (n=22, 96%), followed by daily journaling 

(n=20, 85%) and reminder phone calls (n=21, 72%; Sirard & Slater, 2009). Although 

direct comparisons between the 3D models and the aforementioned compliance 

strategies are hard to make, especially given the discrepancies in sample sizes and the 

lack of a follow-up measurement in the latter. However, comparing the baseline 3D 

model compliance rates to the monetary strategy, it could be argued that the 3D models 

as a wear-time strategy are just as effective. For instance, a 3D model not only provides 

personalised feedback that aligns with youths’ needs for greater compliance (Audrey 

et al., 2012, Kirby et al., 2012), but is more cost-effective at £5 per model when 

compared to the £12 per completion and return of the accelerometer in the monetary 

strategy (Sirard & Slater, 2009). Furthermore, post-intervention (Study 4) focus 

groups reported how youths found the accelerometers “uncomfortable”, with 

preferences for wrist-worn devices. Indeed, evidence suggests that wrist-worn 

accelerometers elicit higher wear-time compliance rates than hip-mounted devices 

(Trost et al., 2014b). In this case, future research should investigate the benefits of 

using wrist-worn accelerometers in conjunction with 3D-printed feedback to enhance 

wear-time compliance and adherence to interventions.  
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One notable experience to consider with the use of 3D models within an intervention 

setting is how social interactions with friends or peers influence youths’ experiences 

with their personal model. Study 4 reported that only 5% of youths seemingly 

compared their 3D models to their friends, however, direct observations from the 

research team and collaborative teachers reported that these comparison interactions 

may have been more frequent, especially within the playground and classroom 

settings. Tangible objects are known to create a shared space for collaborative 

transactions (Fernaeus & Tholander, 2006, Suzuki & Kato, 1995) and to allow 

individuals to achieve social-interaction more easily than on-screen displays 

(Svendsen, 1991). Indeed, previous research suggests that peer involvement within an 

intervention has numerous health benefits for youths’ physical activity (Barkley et al., 

2014, Jago et al., 2012, Pearce et al., 2014, Salvy et al., 2012, Salvy et al., 2009). 

However, evidence from post-intervention (Study 4) focus groups suggested that some 

youths stopped comparing their 3D models to their peers’ models as a result of the 

comparison making them “feel worse” due to their lower PAL representations, 

congruent with findings from Study 2. Evidence shows that social interaction with 

friends or peers can influence an individual’s emotion with a model and can alter the 

meaning of ‘an experience’ from pleasant to unpleasant and vice-versa (Forlizzi & 

Battarbee, 2004). Therefore, further research is required to assess the impact of peer 

involvement on youths’ experiences with the 3D models as a lack of understanding of 

the consequences could result in individuals receiving unfavourable social feedback, 

and thus lead to negative associations regarding being physically active. 

7.1.5 The Use of Accelerometers to Assess Youths’ Physical Activity 

Whilst Study 4 supports the use of accelerometry derived data to create tangible 3D-

printed feedback of physical activity to raise youths’ awareness and goal-setting, Study 

1 questions the accuracy of accelerometers to account for youths more sporadic and 

irregular bouts of movement (Baquet et al., 2007, Bailey et al., 1995, Welk et al., 2000, 

Sleap & Warburton, 1996). Indeed, accelerometers are known to be limited when it 

comes to accounting for non-linear movement patterns (Bassett & John, 2010, Van 

Remoortel et al., 2012, Chen et al., 2007), such as turning, that can make up 34 to 45% 

of all steps taken in a typical day (Glaister et al., 2007). Previous research has 

demonstrated that turning engenders its own independent and significant energy 
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expenditure when compared to straight line locomotion in adults (Buchheit et al., 

2010b, Buchheit et al., 2011, Dellal et al., 2010, McNarry et al., 2017, Wilson et al., 

2013). Study 1 extends these findings to children, reinforcing the importance of 

accounting for the magnitude and frequency of turns completed when estimating 

children’s habitual physical activity patterns. These findings, therefore, question the 

majority of energy expenditure prediction algorithms based on accelerometry data that 

are derived from treadmill-based locomotion protocols. Indeed, such linear modes of 

locomotion are not cognisant of the additional energy costs of turning and may, in part, 

be a contributing factor to the poor accuracy of energy expenditure calculations during 

free-living conditions (Fortune et al., 2014, Eisenmann et al., 2004). One possible 

solution, as emphasised in Study 1, is the use of a magnetometer in conjunction with 

accelerometery to provide more behavioural context, such as how and when the body 

rotates in a measurement of physical activity. The combined magnetometer and 

accelerometer derived data may help provide individuals with more detailed feedback, 

that not only accounts for the metabolic costs of turns completed in a typical day, but 

also enables greater awareness of their daily energy expenditure. Indeed, this is 

particularly important given that activity trackers are increasingly adopted within 

interventions as they are easy to disseminate and communicate large volumes of 

personalised content that coincides with health behaviour change (Ramirez-Marrero et 

al., 2005, van Gemert-Pijnen et al., 2011). Therefore, this thesis highlights that more 

research is warranted to investigate the benefits of including such magnetometry-

derived data to enhance the accuracy of energy expenditure predictions equations.  

7.2 Strengths and Limitations of Thesis 

The major strength of this thesis is the novelty of each study, with Study 1 and Studies 

2 to 4, being the first to investigate the energy expenditure of turning in children and 

the perceptions, design and utilisation of 3D-printed physical activity data feedback 

method for youths, respectively. Conversely, the paucity of literature regarding the 

topics undertaken in this thesis, as noted in Chapter 2, may also be a limiting factor 

towards the findings presented. For example, an a priori sample size calculation could 

not be conducted for Study 1 as there was no comparable data in the literature. Whilst 

there was a larger variability in data found in children (Study 1) when compared to the 

adult study (McNarry et al., 2017), which is associated with a decreased statistical 
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power to detect subtle differences in energy expenditure, the sophisticated statistical 

analyses conducted were able to adequately account for this level of variance. 

Nonetheless, the highly-controlled laboratory nature of Study 1 may have limited the 

generalisability of the results and its ecological validity, especially given that turn 

strategies were not accounted for. Indeed, previous research has reported two common 

types of turn strategy, one being a step turn and the other a spin turn. Laboratory-based 

findings suggest that young people most commonly adopt a spin turn (Akram et al., 

2010), which is associated with reduced stability and increased physiological strain 

(Hader et al., 2016, Buchheit, 2010, Buchheit et al., 2010b). Conversely, the only non-

laboratory study assessing turn strategy noted that adults did not complete a single spin 

turn (Glaister et al., 2007). Although it could be argued that children tend to adopt the 

more complex spin turns as a result of their gait immaturity (Dixon et al., 2013), more 

research is required to investigate children’s turn strategies in a real-world setting.  

 

One common methodological strength included within Studies 2, 3 and 4, was the use 

of pen profiles to illustrate the consistency of themes in the qualitative data, which 

prevents the over-representation of minority views (Anderson, 2010b). Further 

methodological rigour was demonstrated using ‘trustworthiness criteria’ (Ridgers et 

al., 2012, Boddy et al., 2012, Mackintosh et al., 2011, Mackintosh et al., 2016), 

whereby the triangulation of data between researchers afforded credibility, 

dependability and transferability of findings (Carcary, 2009). However, one variable 

that limited the generalisability of findings from Studies 2, 3 and 4 was the localised 

area of data collection in South Wales. This level of localised data collection to not 

only inform the perceptions, but the design and utilisation of 3D feedback, may under-

represent the ideologies of youths from other important social-economic groups and 

ethnic minorities in the UK or at a global level. Furthermore, the present research was 

also limited by the lack of health literacy assessment within youths, which is important 

to consider given the profound impact on health it can have (Zimmerman & Woolf, 

2014). For example, a systematic review found that individuals with lower health 

literacy had poorer health knowledge, comprehension and ability to understand health 

messages (Berkman et al., 2011). In this respect, the present findings from Studies 2, 

3 and 4, demonstrating youths’ interpretations of intensities and understanding, 

designs and utilisation of 3D-printed feedback, should be carefully generalised and 

considered more as a stimulus for future investigation.  
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A major strength of Studies 2, 3 and 4 is the systematic framework undertaken for 

designing and evaluating technology developed by Druin (2002). The framework is 

designed to elicit inventive and expressive ideas from youths to design, create and 

adapt new technology (Druin, 2002). In this way, the framework can build knowledge 

and structure on the development of more meaningful technologies to enable better 

theories for future education and teaching strategies (Druin, 2002). From the 

framework, the studies were structured to follow youths as (a) design partners (Study 

2), (b) testers (Study 3) and (c) users (Study 4) of novel 3D-printed feedback. Of note 

was the utilisation of Play-Doh as a prototyping material for youths to create personal 

3D models in conjunction with their narrative statements (Druin, 2002). This 

aforementioned approach facilitated the triangulation of youths’ Play-Doh tangible 

designs and supporting narratives, which meant that the analysis was not solely 

dependent upon the researcher’s interpretations of the data, therefore simultaneously 

reducing the risk of misinterpreted views whilst enhancing the credibility and 

confidence in the findings (Darbyshire et al., 2005, Smith & Noble, 2014). Arguably, 

one of the biggest concerns with regards to developing technology is whether 

individuals sustain their engagement with the technology over time (Ledger & 

McCaffrey, 2014). In this respect, it is apparent that a limitation to Study 4 was the 

short 7-week intervention duration and with no follow-up period to determine the long-

term benefits of the 3D models. As a result, it is difficult to draw any clear conclusions 

about youths’ long-term engagement with the 3D-printed models during the user phase 

(Study 4). However, there is some previous evidence to suggest that youths may 

regularly utilise technology to self-monitor their PAL when the technology is 

integrated into an intervention setting (Slootmaker et al., 2010, Hooke et al., 2016). 

On the hand, sustained use of the technology may not be observed in the long-term 

when the technology is simply provided for youths to utilise (Schaefer et al., 2016). It 

is, therefore, important to consider the novelty effect of the 3D models, as their 

effectiveness to promote physical activity may diminish with time, as previously 

observed with wearable trackers (Ledger & McCaffrey, 2014). Nonetheless, it is 

worthy to note that youth’s adoption of the 3D models in Study 4 as a goal-setting 

strategy holds promise for the long-term sustainability of the 3D-printed feedback and 

highlights the need for a long-term investigation.  

 



 

 
 

187 

One methodological limitation to consider within Study 4 is how the implementation 

of the on-going short video interviews and researchers’ presence may have influenced 

youths’ understanding and awareness of PAL (Anderson, 2010b), rather than the 3D 

models per se. Although the interviews conducted were not specifically aimed to 

encourage or support youths’ engagement in physical activity, the face-to-face 

engagement may have helped foster a heightened level of self-efficacy and self-

determination for physical activity by creating a more meaningful experience, 

reinforcing effort or goals (Fortier et al., 2012, Williams & French, 2011). Therefore, 

it remains unclear how the face-to-face interviews may have influenced youth’s 

awareness and engagement with their 3D-printed model and their physical activity 

behaviours. There are a number of ways that a researcher or health professional could 

be deployed to support such an intervention, however, to make technology-based 

behaviour change strategies more pragmatic and cost-effective it would be useful to 

understand the efficacy of such support (Heath et al., 2012). For future research, it may 

be important to break down 3D-printed feedback conditions to include and exclude 

support to fully understand the impact of the tangible feedback and face-to-face 

engagement (Moore et al., 2015).  

7.3 Future Implications 

Based on the considerations discussed in this chapter and the wider emerging 

literature, there are a number of proposed recommendations for future research to 

explore the accuracy of physical activity measurement, and the design and evaluation 

of 3D-printed feedback as a tool to promote physical activity among youths.  

7.3.1 Importance of Turning for Clinical, Health and Physical Activity Measurement 

As alluded to in Study 1, there are a number of implications for turning in clinical 

practice, as a health promotion strategy and for enhanced physical activity 

measurement. Of particular concern are the discrepancies reported within the clinical 

six-minute walking test (6MWT), with methodologies varying due to limited space 

and resources, which results in distances used ranging from 20m to 50m with the 

frequency of turns completed ranging from 12 to 32 turns (Chetta et al., 2006). 

Congruent with McNarry et al. (2017), Study 1 concluded that altering the frequency 
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of turns completed during the 6MWT will have a significant impact on the reliability 

of aerobic capacity assessment in patients. Therefore, future research should seek to 

generate algorithms that account for the distance and turns completed during a 6MWT 

to facilitate standardisation between health centres. On the other hand, treatment for 

obesity includes weight loss by increased physical activity, which reduces the risk of 

many non-communicable diseases associated with obesity (Avenell et al., 2004). 

Walking is the most commonly prescribed exercise for obese and overweight children 

and adults as it is an easy aerobic activity that leads to a high-calorie energy 

expenditure (Avenell et al., 2004, Baker et al., 2015, Blank et al., 2012, Martí et al., 

2015). The intensity of regular walking (4.2 km·hr-1) is reported to be 3 METs (ACSM, 

2013), however, recent evidence suggests that slow jogging at the same speed with 

turns can increase the intensity to 8 METs, resulting in a 2.7-fold increase in energy 

expenditure (Araki et al., 2017b). Moreover, even slow walking at 2.7 km·hr-1 

becomes moderately intense (4 METs) when turns are incorporated. In this case, 

turning may offer a unique strategy to increase daily energy expenditure, increase 

fitness and lose weight that could be harnessed by future health promotion 

interventions, therefore warranting further investigation.  

 

It is also pertinent to note the importance of accounting for turning when estimating 

children’s highly sporadic physical activity patterns (Baquet et al., 2007). Of note, are 

the number of sports (e.g., football, basketball and netball; Fjørtoft et al., 2009) and 

general play and chasing games activities that children typically participate in (Sleap 

& Warburton, 1996), all of which are likely to involve considerable amounts of 

turning. For example, Bloomfield et al. (2007) reported that elite football players can 

perform over 700 turns during a single match. The ability to more accurately account 

for youths’ non-linear movements would assist in understanding their typical patterns 

of physical activity (i.e., type and intensity) and daily energy expenditure, which could 

lead to better informed physical activity interventions and health promotion strategies. 

However, there is a paucity of research regarding the energy expenditure of turning in 

young people, especially across a greater range of speeds to account for the more 

explosive sporting contexts and different ages, warranting further investigation.  
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7.3.2 Self-Report Physical Activity Questionnaires: Implications for Accuracy 

Self-report questionnaires are frequently used to estimate youths levels of physical 

activity and sedentary behaviour because they are cost-effective, non-invasive and can 

be self-administered (Pols et al., 1998, Dishman et al., 2001). Nonetheless, these 

questionnaires only provide a subjective estimate of physical activity and sedentary 

behaviour over a reference period, questioning the reliability and validity of data 

derived from such measurements (Aggio et al., 2016, Chinapaw et al., 2010, Martinez-

Gomez et al., 2009). The data collected from self-report questionnaires relies on the 

respondent’s ability to recall their activities, which is associated with numerous coding 

errors, such as misclassification of intensity, duration and frequency of physical 

activity bouts (Vandoni et al., 2017). These coding errors also may vary according to 

the demographic characteristics, including sex and age (Ainsworth, 2009), with self-

reports also being subject to social desirability bias (Adams et al., 2005). Of concern 

is self-report data collected from youth populations as research suggests they have a 

limited ability to define and classify the intensity at which an activity occurs (Pearce 

et al., 2008, Trost et al., 2000a). In accord with Noonan et al. (2016), Study 3 

highlighted that youths have particular problems when it comes to defining the 

intensity of non-routine light-and moderate-intensity activities (e.g., sweeping the 

floor, mowing the lawn and stair climbing) as they aren’t perceived as sport-based 

activities (e.g., football or running) that are typically of vigorous-intensity. 

Complementary to this, research also supports that youth have difficulties in recalling 

non-routine activities within self-report questionnaires (Wolin et al., 2008), with 

validation studies reporting high correlations between self-report questionnaires and 

accelerometers for vigorous-intensity activities (Hagströmer et al., 2008, Lachat et al., 

2008, Ottevaere et al., 2011). One explanation for this phenomenon is that vigorous-

intensity activities are easier to recall because they are more ‘retrievable’ from 

memory than the non-routine based activities (Biddle et al., 2011, Shephard, 2003). 

Similarly, results obtained from Study 3 (Chapter 5) showed how both children and 

adolescents were able to better define vigorous-intensity activities over the non-routine 

light- and moderate-intensity activities. In this light, future research should seek to 

explore youths’ interpretations and understanding of non-routine-based activities to 

aid in the development and design of self-report questionnaires that better enable youth 
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to correctly classify and recall non-routine activities and to enhance the accuracy of 

physical activity estimates.   

 

As discussed in Study 3 (Chapter 5) there appeared to be a pattern whereby girls, 

irrespective of age, outperformed the boys at correctly aligning activities to their 

respective light-, moderate- and vigorous-intensity level. Indeed, previous research 

shows that girls do provide more reliable and valid self-reports of their true PAL than 

boys (Rangul et al., 2008). Based on cognitive developmental research, these sex 

difference could be, in part, explained by girls greater verbal and written language 

skills (Lynn, 1992, Mann et al., 1990, Martin & Hoover, 1987, Undheim & Nordvik, 

1992) and ability to acquire vocabulary faster than boys up until adulthood (Roulstone 

et al., 2002). In this respect, girls may be at an advantage to boys in aligning activities 

to intensities. Therefore, future research should look to explore whether girls greater 

verbal and written language skills do indeed play a significant role in the understanding 

of intensities, and if so, how does this impact these measures and are sex-specific self-

report questionnaires required. 

7.3.3 3D Printing Considerations: Practicality, Cost and Sustainability 

The practicality and cost of a tool within an intervention is important to consider, 

otherwise the dissemination into practice is invariably unfeasible (Dishman et al., 

2001, Melanson Jr et al., 1996). From Studies 2, 3 and 4 it is evident that the sample 

size of future research will determine the size of the 3D printer required. However, 

there are some important practical implications to consider when choosing the optimal 

3D printer for an intervention. Smaller 3D printers (e.g., Ultimaker, MakerBot) are 

usually simple to navigate and can be easily transferred to a new location, although are 

limited by the number of models printed per batch (2-4 models per print). In 

comparison, a larger 3D printer (e.g., HP Design jet, Stratasys Objet 1000 Plus) can 

print between 15-100 models per print. Additionally, the process of manually 

downloading, analysing, creating and printing youths’ physical activity models 

involved a considerable amount of time and leaves much room for improvement. One 

solution would be to automate the creation process of the 3D models to reduce manual 

labour time. On the other hand, youths could be involved in the creation process of 

their 3D models as part of the intervention experience to engage them in healthful 
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thinking (Khot, 2016, Ananthanarayan, 2015). In light of this, future research should 

seek to explore how youths can be involved within the 3D model creation process for 

the development of the importance of physical activity, as well as the sustained 

engagement with and understanding of the technology. 

 

One notable consideration is the cost of 3D printing. Specifically, smaller 3D printers 

are more reasonably priced (~£500 to £2,500) compared to large 3D printers (~£13,000 

to £500,000), making them more feasible within a school-based setting. Furthermore, 

the specific filament (material) utilised to create the 3D models will also determine the 

cost, with filaments ranging from ~£20/kg to ~£70/kg. A more expensive filament may 

involve a mixture of materials to reinforce the strength and flexibility of the 3D 

models, which is important to consider given that some youths in Study 4 alluded to 

the fact that their models had broken. Additionally, a better-quality filament also gives 

a more attractive and aesthetically pleasing finish to touch, which may positively 

influence youths’ interactions with the 3D-printed feedback (Gillet et al., 2005). It is 

also important to consider the complexity of the designed 3D model, as the number of 

details on the model (e.g., engraving, patterns), the infill used within the model (e.g., 

hollow, light, dense or solid) and support structure (i.e., supporting structure used to 

prevent the 3D print from sagging or printing in mid-air), will each contribute to an 

increased cost of printing. Less obvious is the preparation time after a completed print, 

as supporting structures must be cut off or power-washed away from the 3D model 

itself. It is anticipated that 3D printing will become more accurate and cheaper 

(Mueller et al., 2014), with frequent use of 3D printers in everyday life expected in the 

near future (Anderson, 2010a). That said, the time and costs involved with 3D printing 

raises questions surrounding the sustainability of the technology to create 3D-printed 

physical activity feedback, especially given the limited number of 3D printing 

filaments that are recyclable at present. Congruent with Sauvé et al. (2017), creating 

more dynamic tangible feedback of physical activity that can change in shape over 

time via different moving parts to represent youths’ PAL, may be one solution. In this 

case, future research should look to explore how shape-changing 3D models of 

physical activity feedback can be appropriately designed to represent different PAL to 

help reduce the number of models created per individual and associated resources utilised 

(Rasmussen et al., 2012).   
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7.3.4 3D Printing Physical Activity as an Educational Tool 

Although youths showed no substantial increase in their understanding of intensities 

of  MVPA associated with the Government guideline, the exploratory nature of the 3D 

models did aid youths in identifying their personal PAL to the recommended amount 

of physical activity (Marshall, 2007). In this way, using the 3D models in conjunction 

with school personal, social and health education (PSHE) lessons may offer a more 

meaningful, playful and interactive experience for learning about the importance of 

the Government guidelines and staying physically active and healthy, in comparison 

to traditional methods (Price et al., 2003). Indeed, there is an increasing recognition of 

3D printing being a relevant and engaging educational tool within schools, with 

advances in user-friendly software making 3D printing more available and accessible 

for teachers (Biggs, 2017). In this light, this thesis puts forward the idea of integrating 

3D printing physical activity as an educational tool to be utilised by teachers within 

the school PSHE curriculum, to enhance youths’ awareness of the importance of 

physical activity for health. It is therefore important that teachers are included in the 

decision-making process on how best to integrate this novel technology into a school-

based setting, through qualitative interview methods as utilised within Study 2 (Bitner 

& Bitner, 2002).  

7.3.5 3D Printing Personalised Multi-Dimensional Physical Activity 

The central focus of this thesis has been upon raising youths’ MVPA as targeted by 

the UK Government guidelines for physical activity (Department of Health, 2011b). 

Indeed, it is important to acknowledge that physical activity is a much more 

heterogeneous behaviour than this thesis implies, with various other dimensions of 

physical activity having clear biological health benefits (Thompson et al., 2015). For 

example, an individual may score high in one physical activity domain (e.g., time spent 

in moderate-intensity physical activity) and low in another (e.g., total physical 

activity), with very few individuals able to consistently meet all physical activity 

dimensions (Thompson & Batterham, 2013). In this way, feedback provided on one 

physical activity measure could impact the message youths receive, and as a 

consequence, youths could form incomplete or inaccurate perceptions of what types 

of behaviours are health rewarding. Therefore, it is especially important that we 

provide youths with knowledge regarding all types of behaviour, such as time spent 
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being sedentary and their PAL for light-, moderate- and vigorous-intensity. Future 

research is required to explore the use of 3D printing personalised, multi-dimensional 

physical activity feedback, as a tool to promote youths’ greater awareness and 

understanding of physical activity. 

7.3.6 3D Printing Physical Activity for the Visually Impaired  

One noteworthy population that may benefit from 3D-printed physical activity data is 

those who are visually impaired. Indeed, visually impaired children (Aslan et al., 2012) 

and adults (Marmeleira et al., 2014) are reported to be less physically active when 

compared to their sighted peers. Visually impaired people rely primarily on their sense 

of touch to learn geometric shapes and the orientation of an object, as well as the spatial 

relationships among them (Jafri et al., 2015). In this way, 3D-printed tangible data of 

physical activity can provide visually impaired individuals with a tactile experience 

and understanding of their behaviours, once taught, on how to interpret the different 

components on the model (e.g., different days, intensities and recommended amount). 

It could be postulated that this increased level of interaction with their personal 

physical activity behaviours through the 3D models may provide visually impaired 

individuals with greater autonomy, personal interpretation and awareness of 

recommended guidelines and their relative PAL, or indeed risk behaviours. This thesis, 

therefore, suggests the need for future research to explore visually impaired youths’ 

and adults’ perceptions of 3D-printed feedback to promote physical activity 

engagement. 
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7.4 Final Comments  

This thesis presents an initial enquiry into the efficacy of measuring physical activity 

and the development of 3D-printed physical activity feedback. Whilst the results in 

Study 1 are preliminary and require further investigation, they indicate that measuring 

youths’ physical activity is clearly still a big challenge with cause for concern around 

the capacity of accelerometers to account for children’s sporadic movement patterns. 

However, there are early indications that tangible, 3D-printed physical activity 

feedback is a promising strategy to promote youths’ awareness of their PAL, with 

potential to evoke the formation of goal-setting and improved self-determined 

motivation towards physical activity engagement. The positive findings in the series 

of studies presented in this thesis provide a strong foundation from which to develop 

future investigations and interventions, drawing on the strengths and future directions 

for research, and addressing the limitations acknowledged. As technology advances 

and becomes increasingly affordable in the near future, there will be exciting 

opportunities to further develop the capacities of tools to measure and tangibly 

conceptualise physical activity feedback on a wider scale, thereby reaching individuals 

who could, arguably, benefit the most from increased PAL. 
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Appendices 

Appendix I: Study 1 – Mixed Models 

Absolute and Scaled V̇O2 Models 

Reference values speed 2.5 km∙hr-1 and angle set at 0°. ‘x’ indicates interaction, ‘*’ indicates significant effect 

at (p < 0.05), ‘**’ indicates significant effect at (p < 0.001) 

Absolute V̇O2 (l∙min-1) Scaled V̇O2 (l∙kg-0.79∙min-1) 

Estimate (β) Std.Error Sig. Estimate (β) Std.Error Sig. 

Parameter   Speed 

5.5 km∙hr-1 0.23 0.03 0.00** 13.87 1.95 0.00** 

4.5 km∙hr-1 0.14 0.02 0.00** 8.78 1.48 0.00** 

3.5km∙hr-1 0.07 0.02 0.002* 4.06 1.19 0.00** 

2.5 km∙hr-1 1.00 - - 1.00 - - 

Parameter Angle 

180° 0.02 0.02 0.38 1.26 1.39 0.37 

90° 0.03 0.02 0.10 2.68 1.17 0.03 

45° 0.10 0.02 0.62 0.89 1.20 0.46 

0° 1.00 - - 1.00 - - 

Parameter  Speed x Angle 

Speed 5.5 x Angle 180° 0.14 0.05 0.005* 8.84 2.89 0.003* 

Speed 5.5 x Angle 90° -0.32 0.04 0.48 -1.95 2.65 0.46 

Speed 5.5 x Angle 45° -0.02 0.04 0.67 -1.01 2.60 0.70 

Speed 5.5 x Angle 0° 1.00 - - 1.00 - - 

Speed 4.5 x Angle 180° 0.05 0.04 0.17 3.59 2.27 0.12 

Speed 4.5 x Angle 90° -0.03 0.03 0.40 -2.11 2.06 0.31 

Speed 4.5 x Angle 45° -0.02 0.03 0.50 -1.33 2.07 0.52 

Speed 4.5 x Angle 0° 1.00 - - 1.00 - - 

Speed 3.5 x Angle 180° 0.41 0.03 0.19 2.77 1.82 0.13 

Speed 3.5 x Angle 90° -0.02 0.03 0.52 -1.15 1.66 0.49 

Speed 3.5 x Angle 45° -0.02 0.03 0.57 -1.58 1.73 0.36 

Speed 3.5 x Angle 0° 1.00 - - 1.00 - - 

Parameter Sex 

Girl -0.02 0.01 0.013* -1.48 0.55 0.008* 

Boy 1.00 - - 1.00 - - 

Parameter Covariates 

Stature  0.00 0.00 0.00** 0.08 0.04 0.04* 

Peak V̇O2 0.08 0.02 0.00* - - - 

Scaled V̇O2peak - - - -0.01 0.01 0.32 
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Straight and Turn Mean VeDBA Models 

Straight Mean VeDBA (g) Turn Mean VeDBA (g) 

Estimate (β) Std.Error Sig. Estimate (β) Std.Error Sig. 

Parameter  Speed 

5.5 km∙hr-1 0.35 0.02 0.00** 0.38 0.02 0.00** 

4.5 km∙hr-1 0.18 0.02 0.00** 0.19 0.01 0.00** 

3.5km∙hr-1 0.07 0.02 0.00** 0.06 0.01 0.00** 

2.5 km∙hr-1 1.00 - - 1.00 - - 

Parameter Angle 

180° 0.001 0.01 0.94 0.008 0.01 0.25 

90° -0.002 0.01 0.86 0.000 0.01 0.98 

45° -0.001 0.01 0.93 -0.003 0.01 0.66 

0° 1.00 - - 1.00 - - 

Parameter Speed x Angle 

Speed 5.5 x Angle 180° 0.06 0.03 0.04* 0.01 0.03 0.60 

Speed 5.5 x Angle 90° 0.02 0.03 0.50 -0.01 0.03 0.69 

Speed 5.5 x Angle 45° 0.04 0.03 0.19 -0.01 0.03 0.77 

Speed 5.5 x Angle 0° 1.00 - - 1.00 - - 

Speed 4.5 x Angle 180° 0.04 0.02 0.09 0.03 0.02 0.19 

Speed 4.5 x Angle 90° 0.01 0.02 0.77 -0.008 0.02 0.69 

Speed 4.5 x Angle 45° 0.02 0.02 0.42 -0.002 0.02 0.92 

Speed 4.5 x Angle 0° 1.00 - - 1.00 - - 

Speed 3.5 x Angle 180° 0.01 0.02 0.51 0.03 0.01 0.02* 

Speed 3.5 x Angle 90° 0.00 0.02 0.91 0.01 0.01 0.36 

Speed 3.5 x Angle 45° 0.01 0.02 0.59 0.01 0.01 0.31 

Speed 3.5 x Angle 0° 1.00 - - 1.00 - - 

Parameter Sex 

Girl 0.003 0.01 0.53 0.02 0.00 0.00** 

Boy 1.00 - - 1.00 - - 

Parameter Covariates 

Peak V̇O2 -0.01 0.01 0.11 - - - 

Scaled V̇O2peak - - - 0.0002 0.0001 0.10 

Reference values speed 2.5 km∙hr-1 and angle set at 0°. ‘x’ indicates interaction, ‘*’ indicates significant effect 

at (p < 0.05), ‘**’ indicates significant effect at (p < 0.001) 
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Appendix II: Information Sheets and Consent/Assent Forms 

Study 1 - Parent Information Sheet 

Applied Sports Technology Exercise and Medicine Research 

Centre (A-STEM) 

Sport and Health Portfolio, College of Engineering 

PARENTAL INFORMATION SHEET 

(Version 1.1, Date: 01/10/2014) 

Project Title: 

Influence of walking speed on the energetic cost of turning in children aged 10-12 years 

Contact Details: 

Melitta McNarry 

Swansea University 

Ph:  

E-mail: 

1. Invitation Paragraph

Thank you for taking the time to read this information sheet, it will provide you with the

details of our study and hopefully provide you with the information you require to help you

decide if you want your child to participate. It is important to say at this point that the

decision to take part is entirely up to you and that your child will not be at a disadvantage for

future studies should you decide for them not to participate.

2. What is the purpose of the study?

Recent studies now suggest that there are significant impacts of turning on the overall

energetic costs of movement. The purpose of the study is to find the energetic costs of

turning at different speeds and angles within young children.

3. Why has my Child been chosen??

Your child has been asked to volunteer because they are a healthy individual of 10-12 years

of age, free from injury or illness. We regret to say that those with known cardiovascular

disease are not able to volunteer for this study due to the risks associated with exercise for

these children.

Sam Crossley 

Swansea University 

Ph: 0  

E-mail:
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4. What will happen to my child if they take part?

Your child will have to complete a self-reported Tanner Stages form. The Tanner Stage form 

is an assessment for level of pubertal maturation. The reason this form is done is because 

different levels of maturation can alter the physical output of a child. Researchers can then 

understand the possible differences between children might be of influence from maturation 

level. Your child will complete the form in private and then seal it into an envelope. The 

envelope will have an assigned number that corresponds to your child’s identity. Only the 

researchers will have access to the forms collected.  

Your child will be asked to visit the lab on three occasions. On the first visit, we will measure 

your child’s height, weight and sitting height. After this, they will practice walking and 

running on the treadmill (see picture below) until they are happy and relaxed with it. We will 

then start the actual exercise, which will start off easy and get harder and harder but will be 

stop when your child says they can’t keep going. During this, they will be breathing into a 

mask to allow us to measure the air that they breathe in and out. This mask does not make 

breathing any harder and you can talk through it and remove it at any time they feel 

uncomfortable about wearing it. They will also have two small “cards” attached around their 

waist (see picture below). This will measure how much exercise they are doing. The exercise 

will last approximately 15 minutes. 

 Treadmill   SLAM Tracker 

On the second and third visit, they will repeat the turning protocol. This will involve walking 

in a straight line for 5m then undertaking a turn at a prescribed angle and continuing to walk. 

The walking speeds will be 2.5, 3.5, 4.5, 5.5 kph, in a random order. The angle of turn will be 

0°, 45°, 90° or 180°. Each combination of speeds and angles will be completed for 3 minutes 

followed by a 3-minute rest. After the 3-minute rest your child will then repeat the same 

protocol but with a different speed and turning angle. Total testing time should take around 

1 hour 45 minutes. This test will be completed twice. 

5. What are the possible disadvantages of taking part?

The acute risks associated with exercise are very small and will be further minimised by the

health screening they will complete prior to undertaking exercise. They will not be
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disadvantaged in any way by choosing to stop participating and will not be forced to continue 

if you do not want to. 

6. What are the possible benefits of taking part?

You will learn how fit your child is and about novel devices currently being developed by the

College of Engineering. 

7. Will my child’s taking part in the study be kept confidential?

All information collected about your child will be kept strictly confidential.  Any information

that is distributed among the research team will only be identifiable by number and not

name.

8. What if I have any questions?

If you have any questions about the study, either now or in the future, please do not hesitate

to contact Melitta or Sam on the details provided at the top of this document.
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Study 1 - Child Information Sheet 

Applied Sports Technology Exercise and Medicine Research 

Centre (A-STEM) 

Sport and Health Portfolio, College of Engineering 

CHILD INFORMATION SHEET 

(Version 1.1, Date: 01/10/2014) 

Project Title: 

Influence of walking speed on the energetic cost of turning in children aged 10-12 years 

Contact Details: 

Melitta McNarry 

Swansea University 

Ph:  

E-mail: 

1. Invitation Paragraph

Thank you very much for agreeing to take part. This information sheet will provide you with

all the information about the different tests you are going to do. If you want to stop taking

part in this testing at anytime just tell one of the researchers.

2. What is the purpose of the study?

The purpose of this study is to find the amount of energy it takes to simply turn whilst walking

at different speeds.

3. Why have I been chosen??

You have been asked to volunteer because you are a healthy individual of 10-12 years of age,

free from injury or illness. Those children with illness or injury are not able to volunteer for

this study.

4. What will happen to me if I take part?

You will first be asked to complete a special form called the Tanner stage form. This form will 

have pictures of male or female private parts. You must simply tick a box to which picture 

Sam Crossley 

Swansea University 

Ph:  

E-mail:
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looks like you. You will complete this form away from other people. When you have 

completed the form, you will then put it into an envelope and seal it. Only members of the 

research team will be allowed to look at the forms. 

You will be asked to visit the lab on three occasions. On the first visit, we will measure your 

height, weight and sitting height. 

After this, you will practice walking and running on the treadmill (see picture below) until 

you are happy with it.  

We will then start the exercise test, which will start off easy and get harder and harder but 

will stop when you decide you are done. During this exercise, you will be breathing into a 

mask (see picture below) to allow us to measure the air that you breathe in and out. This 

mask does not make breathing any harder and you can talk through it and remove it at any 

time you feel uncomfortable. The exercise will last approximately 15 minutes. 

On the second and third visits, you will do a new test. This will involve walking in a straight 

line for 5 meters and then turning at a particular angle and continuing to walk (see picture 

above).  

Treadmill 

  Breathing Mask  
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You will be told which speed you have to walk (2.5, 3.5, 4.5 or 5.5 kph) and which angle you 

need to turn (0°, 45°, 90° or 180°) but none of the speeds will be hard or involve running. 

Turn angles will be marked out on the floor. The test will take around 1 hour 45 minutes. 

During these tests you will have an Actisleep monitor and two small SLAM “cards” attached 

around your waist (see pictures below). This will measure how much exercise you are doing. 

This test will be completed twice. 

5. What are the possible disadvantages of taking part?

The risks associated with exercise are very small. If you want to stop at any time you can, and

you will not be forced to continue if you do not want to.

6. What are the possible benefits of taking part?

You will learn how fit you are along with accurate measurements for height, weight and

sitting height. The study will also give you an insight into sport and medical testing.

7. Will my taking part in the study be kept confidential?

All information collected about you will be kept strictly confidential.  Any information that is

distributed among the research team will identify you by number and not name.

8. What if I have any questions?

If you have any questions about the study, either now or in the future, please contact Melitta

or Sam using the details provided at the top of this document.

Actisleep Monitor  SLAM Tracker Cards 
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Studies 2 & 3 - Parent Information Sheet 

Applied Sports Technology Exercise and Medicine Research 

Centre (A-STEM) 

Sport and Health Portfolio, College of Engineering 

PARENTAL INFORMATION SHEET – PILOT STUDY 

(Version 1.1, Date: 01/10/2015) 

Project Title: 

Physical Activity across the Globe: The G-Sphere 

Contact Details: 

Sam Crossley 

Phone:   

Email:  

Dr Melitta McNarry 

Dr Kelly Mackintosh 

1. Invitation Paragraph

Thank you for taking the time to read this information sheet, it will provide you with the

details of our pilot study and help you decide if you want your child to participate. It is

important to say at this point that the decision to take part is entirely up to you and that your

child will not be at a disadvantage for future studies should you decide for them not to

participate.

2. What is the purpose of the study?

This study is a ‘pilot study’, this means its findings and feedback will be used to design the

main ‘intervention study’ planned for the future. The purpose of this study is to gather ideas,

interpretations and feedback from the children, parents and teachers on the concept of 3D

printing physical activity. In more detail, physical activity means any bodily movement from

walking to running but does not include a sitting of lying position where the body is still. It is

becoming increasingly important to find new ways of interpreting physical activity and

especially for children. 3D-printed physical activity is a very new concept and is becoming

increasingly popular in physical activity research. The intended outcome of printing physical

activity for children is that it will be fun and produce more meaningful way of looking at data

rather than graphs and numbers. This method will teach children about different intensities
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of physical activity and the problems associated with sedentary behaviours (being inactive 

e.g. watching tv/video games).

3. Why has my Child been chosen??

Your child has been asked to volunteer because they are of the targeted age (7-14 years) and

are free from illness or injury that could affect normal movement patterns for the study

design.

4. What will happen to my child if they take part?

As well as your child, both parents and teachers will help provide vital feedback and ideas for

the design of the main intervention study. Short interviews will be conducted to find out: (i)

What your child understands about keeping active and how this also relates to being less

active (sedentary) (ii) to receive feedback and advice on the planned 3D-printed shapes for

physical activity, (iii) provide feedback on young people’s experience to the intervention plan.

Finally, to enhance the methods and procedure to be used in the main intervention.

Interviews will last up to 20 minutes.

5. What are the possible disadvantages of taking part?

It will require taking your child out of school time to complete the short interview. It will also

require the participating parent to give up some time to provide feedback and thoughts on

the concept.

6. What are the possible benefits of taking part?

Your child will be involved in designing a real science intervention. Giving vital thoughts and

feedback on potential 3D-printed models that could dramatically change the way we look at

physical activity.

7. Will my child’s taking part in the study be kept confidential?

All information collected about your child will be kept strictly confidential.  Any information

that is distributed among the research team will only be identifiable by number and not

name.

8. What if I have any questions?

If you have any questions about the study, either now or in the future, please do not hesitate

to contact Melitta or Sam on the details provided at the top of this document.

Physical Activity 3D Printer 3D-printed Model 
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Studies 2 & 3 - Child Information Sheet 

Applied Sports Technology Exercise and Medicine Research 

Centre (A-STEM) 

Sport and Health Portfolio, College of Engineering 

CHILD INFORMATION SHEET – PILOT STUDY 

(Version 1.1, Date: 01/10/2015) 

Project Title: 

Physical Activity across the Globe: The G-Sphere 

Contact Details: 

Sam Crossley  

Phone:  Email:  

Dr Melitta McNarry 

  

Dr Kelly Mackintosh 

  

1. Invitation Paragraph

Thank you very much for agreeing to take part. This information sheet will provide you with

all the information on what you will have to do. If you want to stop taking part in this testing

at any time just tell one of the researchers.

2. What is the purpose of the study?

This study is called a ‘pilot study’, which is done to create new ideas and feedback on a certain

topic. The topic in this pilot study is 3D printing your own movements. This means measuring

your own movements such as walking to school or running around in the playground and

then 3D printing these movements into your own model. Your movements will be measured

using a special device during a day at school. Once the device has finished measuring it will

be connected up to the 3D printer, which will then print your very own physical activity model

(see picture below). But before we start printing your physical activity, we want to get some

ideas from you about the best shapes and ways of measuring this. So, the purpose of this

‘pilot’ study is to help design the main study that will be completed in the future.
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3. Why have I been chosen??

You have been asked to volunteer because you are of the targeted age of 7-14 years of age.

4. What will happen to me if I take part?

You will take part in a short talk with one of our team. In the talk we will have questions like

“what 3D-printed shape do you prefer?” and “Do you understand what sedentary behavior

is?”. But don’t worry if you don’t understand the questions or know the answers, as that’s all

part of the study. It will also be important for you to give us ideas and even ask us questions

and you will be helping to plan the study as well.

5. What are the possible disadvantages of taking part?

You will have to miss a small amount of school time. This may be during lesson time, break

time or even after school.

6. What are the possible benefits of taking part?

You will be involved in designing a very new way of looking at physical activity for children.

Your input will be vital for the future main study. You will also learn how 3D printing works

and what a sport scientist actually does.

7. Will my taking part in the study be kept confidential?

All information collected about you will be kept strictly confidential.  Any information that is

distributed among the research team will identify you by number and not name.

8. What if I have any questions?

If you have any questions about the study, either now or in the future, please contact Melitta

or Sam using the details provided at the top of this document.

Physical Activity 3D Printer 3D-printed Model 
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Study 4 - Parent Information Sheet 

Applied Sports Technology Exercise and Medicine Research 

Centre (A-STEM) 

Sport and Health Portfolio, College of Engineering 

PARENTAL INFORMATION SHEET - INTERVENTION 

(Version 1.1, Date: 01/10/2015) 

Project Title: 

Physical Activity across the Globe: The G-Sphere 

Contact Details: 

Sam Crossley  

Phone:  Email:  

Dr Melitta McNarry 

  

Dr Kelly Mackintosh 

  

1. Invitation Paragraph

Thank you for taking the time to read this information sheet, it will provide you with the

details of our study and hopefully provide you with the information you require to help you

decide if you want your child to participate. It is important to say at this point that the

decision to take part is entirely up to you and that your child will not be at a disadvantage for

future studies should you decide for them not to participate.

2. What is the purpose of the study?

It is becoming increasingly important to find new novel ways of interpreting physical activity

and especially for children. The main focus of this study is to 3D print physical activity into

tangible objects that allows children to touch and interpret exactly what physical activity they

have accomplished rather than looking at graphs and numbers that are not meaningful.

Physical Activity 3D Printer 3D-printed Model 
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3. Why has my Child been chosen?? 

Your child has been asked to volunteer because they are a healthy individual between 7-14 

years of age, free from injury or illness. We regret to say that those with known 

cardiovascular disease are not able to volunteer for this study due to the risks associated 

with exercise for these children. 

 

4. What will happen to my child if they take part? 

Your child will be invited to a class assessment during school time which will happen every 3-

months (3 x assessment days) and will take approximately 1-hour to complete. The class 

assessment includes: 

 

Body Measurements -Your child’s weight, height, sitting height and waist circumference will 

be measured using accurate measures. This will take no longer than 3 minutes to complete.  

 

Maturation Assessments - Your child will have to complete a self-reported Tanner Stages 

form. The Tanner Stage form is an assessment for level of pubertal maturation. The reason 

this form is done is because different levels of maturation can alter the physical output of a 

child. Researchers can then understand the possible differences between children might be 

of influence from maturation level. Your child will complete the form in private and then seal 

it into an envelope. The envelope will have an assigned number that corresponds to your 

child’s identity. Only the researchers will have access to the forms collected. This will take 

approximately 5 minutes to complete. 

 

Questionnaire - General Quality of Life Measurement (PedsQL), which assesses the health-

related quality of life to find out how the intervention is affecting their general all-round 

health. This will take approximately 10-20 minutes to complete. 

 

Multi-Stage Fitness Test – Your child will be asked to complete a bleep test which they have 

probably done before in PE lessons. This test is done to assess their fitness. It will require 

running 20m shuttle runs to the sound of beeps, which increase in speed until they can no 

longer reach the line before the beep sounds. This will take approximately 15 minutes. 

 

Incremental Treadmill Test - A small number of participants will be chosen to complete a 

more accurate measure of fitness which measures oxygen uptake. This will require visiting 

the Swansea University Sport Science laboratory to complete the test. This incremental test 

involves your children pushing themselves really hard until they cannot run anymore. Firstly, 

they will practice walking and running on the treadmill (see pictures below) until they are 

happy and relaxed with it. We will then start the actual exercise, which will start off easy and 

get harder and harder but will be stop when your child says they can’t keep going. During 

this, they will be breathing into a mask to allow us to measure the air that they breathe in 

and out. This mask does not make breathing any harder and they can talk through it and 

remove it at any time they feel uncomfortable about wearing it. The exercise will last 

approximately 15 minutes. 



272 

Your child will also complete a series of physical activity measurement and interviews at 

different time points. These include: 

7-Day Physical Activity Measurement - Your child will wear an accelerometer device for 7-

days straight, so we can get an idea of how physically active your child is. At the beginning of

the school week your child will be given an accelerometer to wear around the waistline. Once

the 7-day period is up your child will hand in the accelerometer to the researcher, which will

then be uploaded and looked at. During this period your child will also keep an activity log to

record for when they remove the device (during contact sports and water activities). This

measurement will be taken every 3-months and will take approximately 10 minutes to setup.

3D-Printing Models of Physical Activity – Your child will wear an accelerometer device for 1 

full school day. The next day your child will hand in the accelerometer to the researcher. Your 

child will receive the 3D-printed model of the physical activity completed on that day of 

measurement. Your children will receive new 3D-printed models every 2-weeks for the first 

2 months, then every 4-weeks for the next 2 months and finally 1 model for the final 2 

months. All together you child will have 7 different 3D-printed models of physical activity. 

Interviews – Your child will complete a short interview on their interpretations of each 

personal 3D-printed model. This will take approximately 20 minutes and will be completed 

during school time.  

Focus Groups – Your child will be interviewed in groups of 5 and asked questions related to 

physical activity, sedentary behaviour, exercise intensities and understanding this through 

3D-printed models. These sessions will be either videoed or voice recorded. This will take 

approximately 1-hour of their time and will be completed 3- times over the course of the 6-

month study. 

5. What are the possible disadvantages of taking part?

There aren’t any real risks or discomforts within the study. The incremental test and multi-

stage fitness test require participants for push themselves maximally, which may cause slight

discomfort. However, if you follow our instructions we will ensure that you are warmed up

Breathing Mask Treadmill 
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for this activity to reduce the risks of injury. There will be trained first aiders on hand to deal 

with any injuries that may occur. They will not be disadvantaged in any way by choosing to 

stop participating and will not be forced to continue if you do not want to. 

6. What are the possible benefits of taking part?

You will learn how fit your child is and how physically active they are compared to current

government guidelines for physical activity. They will also develop an understanding of

physical activity, sedentary behaviors and different exercise intensities. They will also learn

about novel devices being developed by Swansea University and new advancements in 3D

printing.

7. Will my child’s taking part in the study be kept confidential?

All information collected about your child will be kept strictly confidential.  Any information

that is distributed among the research team will only be identifiable by number and not

name.

8. What if I have any questions?

If you have any questions about the study, either now or in the future, please do not hesitate

to contact Melitta or Sam on the details provided at the top of this document.
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Study 4 - Child Information Sheet 

Applied Sports Technology Exercise and Medicine Research 

Centre (A-STEM) 

Sport and Health Portfolio, College of Engineering 

CHILD INFORMATION SHEET - INTERVENTION 

(Version 1.1, Date: 01/10/2015) 

Project Title: 

Physical Activity across the Globe: The G-Sphere 

Contact Details: 

Sam Crossley  

Phone:   Email:  

Dr Melitta McNarry 

  

Dr Kelly Mackintosh 

  

1. Invitation Paragraph

Thank you very much for agreeing to take part. This information sheet will provide you with

all the information about the different tests you are going to do. If you want to stop taking

part in this testing at any time just tell one of the researchers.

2. What is the purpose of the study?

The purpose of this study is to find out how physical active you are, and we will help you

understand this by 3D printing your very own model of physical activity (something like the

pictures below).

Physical Activity 3D Printer 3D-printed Model 
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3. Why have I been chosen??

You have been asked to volunteer because you are a healthy individual of 7-14 years of age,

free from injury or illness. Those children with illness or injury are not able to volunteer for

this study.

4. What will happen to me if I take part?

You will be invited to an assessment day which happens every 3-months (3 x assessment

days) and will take approximately 1-hour to complete. The assessment day includes:

Maturation Assessments - You will be asked to complete a special form called the Tanner 

stage form. This form will have pictures of male or female private parts (which ever one 

corresponds to you!). You must simply tick a box to which picture looks like you. You will 

complete this form away from other people. When you have completed the form, you will 

then put it into an envelope and seal it. Only members of the research team will be allowed 

to look at the forms. 

Body Measurements -Your weight, height, sitting height and waist circumference will be 

measured using accurate measures. This will take no longer than 3 minutes to complete.  

Questionnaire - General Quality of Life Measurement (PedsQL), which assesses the health-

related quality of your life to find out how the intervention is affecting your general all round 

health. This will take approximately 10-20 minutes to complete. 

Multi-Stage Fitness Test – You will be asked to complete a bleep test to assess fitness. It will 

require running 20m shuttle runs to the sound of beeps, which increase in speed until you 

can no longer reach the line before the beep sounds. This will take approximately 15 minutes. 

Incremental Treadmill Test - A small number of you will be chosen to complete a VO2 max 

test. This will require visiting the Swansea University Sport Science laboratory to complete 

the test. This incremental test involves you pushing yourselves really hard until you can’t run 

anymore. Firstly, you will practice walking and running on the treadmill (see pictures below) 

until your happy and relaxed with it. We will then start the actual exercise, which will start 

off easy and get harder and harder but will be stopped when you have reached you limit. 

During test, you will be breathing into a mask to allow us to measure the air that they breathe 

in and out. This mask does not make breathing any harder and you can talk through it and 

remove it at any time you feel uncomfortable about wearing it. The exercise will last 

approximately 15 minutes. 
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Your will also complete a series of physical activity measurement and interviews at different 

time points. These include: 

7-Day Physical Activity Measurement - You will wear an accelerometer (picture below) device

for 7-days straight, so we can get an idea of how physically active you are. At the beginning

of the school week you will be given an accelerometer to wear around the waistline. Once

the 7-day period is up you will hand in the accelerometer to the researcher, which will then

be uploaded and looked at. During this period, you will also keep an activity log to record for

when you remove the device during the 7-day period (to be taken off during contact sports

and water activities). This measurement will be taken every 3-months and will take

approximately 10 minutes to setup.

3D-Printing Models of Physical Activity – You will wear a similar accelerometer device to the 

one above for 1 full school day. The next day you will hand in the device to the researcher. 

You will then receive the 3D-printed model of the physical activity completed on that day of 

measurement the following day or end of that school week. You will complete this 

measurement 7 times over the 6 months intervention. You will receive a new 3D-printed 

model every 2-weeks for the first 2 months, then every 4-weeks for the next 2 months and 

finally 1 model for the final 2 months. You will be asked to safely hold onto the 3D models 

for later comparisons.  

Breathing Mask Treadmill 

Accelerometer Device Accelerometer around waist
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Interviews – You will complete a short interview on your interpretations of your personal 3D-

printed model. This will take approximately 20 minutes and will be completed during school 

time.  

Focus Groups – You will be interviewed in groups of 5 and asked questions related to physical 

activity, sedentary behaviour, exercise intensities and understanding this through 3D-printed 

models. These sessions will be either videoed or voice recorded. This will take approximately 

1-hour of their time and will be completed 3- times over the course of the 6-month study.

5. What are the possible disadvantages of taking part?

The risks associated with exercise are small. You will have to complete at least 3 fitness tests,

which involve full out effort. However, if you want to stop at any time you can, and you will

not be forced to continue if you do not want to.

6. What are the possible benefits of taking part?

You will learn how fit you are and a better understanding of health and physical activity. You

will learn how 3D-printing works and you will get to keep your own unique 3D-printed models

of physical activity.

7. Will my taking part in the study be kept confidential?

All information collected about you will be kept strictly confidential.  Any information that is

distributed among the research team will identify you by number and not name.

8. What if I have any questions?

If you have any questions about the study, either now or in the future, please contact Melitta

or Sam using the details provided at the top of this document.
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Studies 1 to 4 - Headteacher Consent Form 
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Study 1 - Parent Consent Form 



280 

Study 1 - Child Assent Form 
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Studies 2 to 4 - Parent Consent Form 
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Studies 2 to 4 - Child Assent Form 
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Studies 1 to 4 - Video, Audio and Photography Consent Form 
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Appendix III: Self-Report Tanner Stage Scale 

Self-Report Tanner Stage Scale: Male 

þ Tick the box that most closely resembles yourself.
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Appendix IV: Studies 2 to 4 Qualitative Questions and Sample Transcripts 

Study 2 - Youths’ Focus Group Questions 

Focus Group Questions 

Structure of topics for discussion: 

• Role models

• Activities they enjoy

• Playground crazes/trends/fashion/collectables

• Fitness

• Health

• Physical Activity

• Exercise intensities/the extent (level) to which something is hard

• Sedentary Behaviour/Inactivity/inactive/still/lying

• Reinforcing factors – Family, peers and coach’s/teachers influences.

• Enabling factors – Fitness, Skills, Access and Environment

• Motivation

• Goal setting

• Feedback

• 3D printing

• Designing 3D-printed models of physical activity

Tasks/Activities for group session: 

• Video on 3D printing physical activity (approx.3mins)

• Drawing/designing your own model of physical activity

• Modeling your own model of physical activity through Play-Doh

• Picture questionnaire – picking your top 3 favourite models
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Start of Procedures: 

1. Thank the group for coming/taking part

2. Handout child information sheet - explain verbally what it is and why its

important to read.

3. Handout child assent form - explain verbally what it is and get them to

agree/sign boxes

4. Remind and explain to them why they are being filmed.

5. Review the purpose of the group and goals of group meeting (set the stage).

6. Go over the flow of the discussion- how it will proceed, and how the members

can contribute - Encouraging open participation

7. Lay out the ground rules

N.B. Given the age differences between year 3 and 9 – interaction key (different), 

particularly with year 3 e.g. explaining words clearly with prompts (pre-drawn 

pictures, written words on flip chart style). Use terms and terminology used by the 

children. Provide motivational comments and refrain from providing evaluation of 

drawings. 

Ground Rules for Participants: 

Year 3 Script: 

“ So, I’m just quickly going to go over the rules of how this group discussion works.

The first and most helpful rule is, that only one person speaks at a time, but don’t 

worry, there’s no right or wrong answer to these questions and its quite likely you’ll 

all have different answers anyway! But, if you have something you would like to add 

to another persons answer, please wait until they have finished and then speak. 

When speaking, please make sure you don’t have your fingers up your nose, otherwise 

I won’t be able to understand what you’ve said! If you don’t have an answer, it’s ok, 

just tell me that you’re not sure or you don’t know. When one of you is speaking make 
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sure to listen and not to interrupt them, as you will all get a turn to give your answer. 

About halfway through the questions we will be doing some small fun tasks involving 

drawing and modeling with Play-Doh! Which I cannot wait for!  

…Most importantly, remember to relax and enjoy yourself, it’s all about telling me 

what you think and how you see things, just like having a normal conversation. The 

reason I’m filming this group discussion is so that I can go back over what you guys 

said! Only myself and other members of the will be allowed to watch the footage!  ”

Year 9 Script: 

“ So, now I’m just going to go over some of the rules of the group interview. It is very

important that you speak one at a time and that you listen carefully, but remember 

there’s no right or wrong answers to these questions, it’s all about what you think! 

Don’t worry though if you don’t have an answer to one of the questions, just tell me 

your unsure or you don’t know. However, if you have something you would like to add 

to someone else’s answer please wait until they have finished and then speak.

Around about halfway through the session we will also be doing some small tasks 

involving drawing and modeling using Play-Doh. So get ready to be creative! 

…Most importantly, I want you guys to feel relaxed and confident to speak out, just 

imagine its a normal conversation, but with a camera filming us (said in a jokey way). 

Only myself and members of the research team will be allowed to see the footage” 

Start of Questions 

Icebreaker: 

“Before I get started with the questions, I would like to get to know a little about

yourselves. So, if I get each one of you to introduce yourself by giving your name and 

what you like to do for fun year 3/most enjoy doing year 9?  
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      ...I’ll go first, my name is Sam and what I most enjoy doing/for fun is going surfing 

in the Gower! Ok, next (hand gesture to pupil)” 

Questions set 1: Role models, Activities, Playground crazes/collectables  

1. Who is your role model year 9, the person you look up to year 3? Why is that?

(Prompts; parents, brother/sister, superhero, sportsperson, TV character?)

2. What do you like to do before or after school or even during school playtime?

“So, when I was at school, way back…almost 100 years ago, I used to collect

Pokémon/Pogs/Tazos (show one of these items)”

3. So from this, what sort of things are you collecting at the moment, if anything?

“So do any of you like being active?…The next few questions we are going

to talk about is all about this and why it is important!”

Questions set 2: Fitness, Health, Physical Activity, Sedentary Behaviour and 

Enabling/Reinforcing factors: 

4. Can you tell me what you think ‘health’ means?

5. Can you tell me what you think ‘fitness’ means?

6. Who can tell me what physical activity means?

7. Can you tell me how active are you? (A lot? Every day? Only once a week?

All day?)
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8. When and where are you most and least active? (prompts: home, school, 

weekend) Why is this? What kinds of activities do you do when you are active? 

 

9. So, if you’re being inactive (Prompts; being still, no movement), what sort of 

activities might you be doing (prompts: lying, playing video games, watching 

TV)? What do you think will happen to you if you carry on (go on from their 

examples) being inactive?  

 

10. What sorts of things tend to stop you from being more physically active? Or 

Can you think of anything that stops you from being physically active? 

(prompts: fitness level, skills required, access to facilities, environment?) 

 

11. Does anyone support/help you to be more physically active? (prompts: parents, 

carers, brothers/sisters, friends, teachers, coaches)…ok, so what do they do that 

specially helps you to be more physically active? 

 

12. How do you feel about taking part in new activities? (prompts: feelings, 

confident, happy, scared) 

 

Questions set 3: Intensities, Motivation, Goal Setting and Feedback 

 

13. Some kinds of exercise make you more out of breath or more tired than 

others…which ones are these? Do you know what we call that? (prompt: the 

extent/level to which something is hard) – Intensity 

 

14. How do you feel when you’re doing low intensity activity such as…or high 

intensity….(prompts: my legs ache and I find it hard to breathe…) 

 

15. Which intensities of activity are you more likely to do? (prompt: 

high/moderate/low?) 

 

16. Which intensities of activity do you want to do more of? (prompt: more high 

intense activities – running, fast cycling, football, netball; more low activities 

– sitting, dancing slowly, playing catch) why is that? 
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17. So, What do you think the difference is between somebody who’s physically

active because they want to be and someone who doesn’t want to be physically

active?

18. What do you think motivation means?

19. What makes you want to be physically active?  (prompt: I want to be physically

active to improve my health)

20. What do you think I mean by goal-setting means? (prompts: targets for the

future, goals to achieve, things to better yourself)

21. When you’re active are there any goals you set yourself? (prompt: like

completing 12 jumps a day?)

22. Why do you think it is important for people or yourselves to set goals? (prompt:

to help them be more active)

23. Do you know how much exercise you should do to be healthy?

24. Have any of you heard of the physical activity guidelines set by the government

for youselves? – Yes that’s right or If they don’t know, mention the current

government guidelines of ‘60-minutes of moderate to vigorous physical

activity a day’ and then lead onto -> Do you think you meet these guidelines?

So, from all of this…. 

25. If I told you I could create a physical object to show you how active you had

been throughout the day, would that motivate you to be more physically active?

Why is this?

Questions set 4: 3D printing and Designing 3D models of Physical Activity 

26. Who can tell me what a 3D printer is? What do you think they do?
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27. What would you think if I said we could 3D print your own personal model 

which shows how physically active you are? 

 

28. Video: 3D printing physical activity (approx.3mins): “Right I’m now going to 

show you a short movie that I have put together myself, that should help you 

understand exactly what I’m on about when I say 3D printing your own 

physical activity. So, if you’d please sit quietly and enjoy the show…sorry no 

popcorn (year 9 - popcorn prohibited) allowed here!” 

 

29. What do you think of the idea of 3D printing your own physical activity? 

 

Tasks: Drawing and creating 3D models of physical activity (3-potential tasks) 

 

“We would like you to help us create/design these 3D models of physical activity. So, 

I have setup a few tasks (3 tasks to be precise) that will allow you to create your own 

– which will involve drawing, modeling and picking models” 

 

Task 1 - Drawing: (i) What sort of model would you like to develop or represent 

your own physical activity as in the video, how would it look? “Ok, so the first 

task I am going to give you is a drawing one. I want you to draw your own picture of 

what you think physical activity would look like as a physical object. You can use 

labels and arrows to describe and show what your model means. So each of you grab 

an A4 piece of paper and a colouring pen and I’m going to give you all two minutes 

to complete your own drawing. No peeping at anyone else’s drawing, I want them to 

be your personal drawing of what you think it should look like! …When you have all 

completed your drawings I would also like you to talk me through what exactly you 

have drawn!” 

 
(ii) Could you explain/tell me what you have drawn here?  
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N.B. Get them to sit apart so not to influence each other, ask them to not look at others 

drawings/models Place a post-it note with participants ID on each drawing. 

 

Task 2 – Play-Doh! : (i) What sort of model would you like to develop or represent 

your own physical activity as in the video, how would it look? “Ok, so for this next 

task, I now want you to model your own physical activity object with Play-Doh! So 

this is very similar to the last task we completed, but I want you to now mold a physical 

activity object. I am going to give you each a tub of Play-Doh and again, I’m going to 

give you two minutes to complete your model and then I will get you each one-by-one 

to explain your model to me” (Prompts; How would you show different activities and 

intensities in your model?) 

 

(ii) I want you to now describe your individual model to the group and why you’ve 

made it like that…why is it big? Spiky? How you interpret it/look at it? (Prompt; 

shape, size- big or small, what colour would you like it to be) 

 

N.B. Take a picture of each model created with the participant number visible in 

picture on a post-it note before resetting Play-Doh (label of number in black ink) – 

Handout tubs of Play-Doh to avoid confrontation with kids picking out favourite 

colours. 

 

Task 3 – Picture Questionnaire: “The final task I would like you to complete is a 

simple picture choosing task. What I would like you to do here is to number your top 

3 favourite models, with 1 being your most favourite, 2 being your second favourite 

and 3 being your third favourite. Put the number 1,2 and 3 in the boxes next to the 

picture of the models you like. I would then like you to put a zero in the box next to the 

model picture that is your least favourite.  Once you have all completed the 

questionnaire can you please hand them back to me. I would then like you to each 

explain to me which was your favourite model and why.” 
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Questions set 5: 3D model build, time and view 

“I’m now going to show you some cool things that I have made using a 3D printer!”

30. So here, I have some models of physical activity I have already created (show

them the individual models of physical activity). (i) Now, how would you

describe (interpret) this model of physical activity – What kind of activity do

you think the person did to produce this large spike/blob? (One at a time show

models and discuss them) – (Prompt; this one shows a day/week of physical

activity)
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(ii) What do you think the bigger spikes/blobs/lines represent or show the

person was doing? (Prompt; think back to intensities of physical activity or 

amount of physical activity - which we discussed earlier!) 

31. If you did get to make these models from your physical activity would it make

you want to do more? Why is that?

32. Would you like your models of physical activity to show a full week of activity

or just one whole day of activity?

33. Would you like a model that shows your whole class’s physical activity?

End of Questions 
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Study 2 - Adult Interview Questions 

Focus Group Questions 

Structure of topics for discussion: 

• Children’s Health and Fitness

• Children and Obesity

• Children and Physical Activity

• Gender differences

• Motivation

• Intensities

• 3D Printing

• 3D Printing Physical Activity

• Integration into school curriculum

• Designing of intervention

*Additional activities – 3D Printing Physical Activity Video

Start 

• Thank the teacher/parent for taking part

• Review the purpose and goals of the interview

• State that the questions will be referenced towards children

• Go over the flow of the meeting

Questions set 1: Children’s Health and Fitness, Obesity, Physical activity, Gender 

1. How would you describe a healthy child?

2. How would you describe a fit child?
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3. What sorts of things help children to achieve a healthy well-balanced lifestyle? 

Which of these do you do at home? 

 

4. What do you do at home to help your child stay healthy/get healthier?  

 

5. What do you do at home to help your child stay fit/get fitter?  

 

6. What changes have you noticed in school children since you went to school in 

regards to health and fitness? 

 

7. Numbers of children with obesity are increasing across the developed world. 

What is your opinion of obesity in the school? 

 

8. Can you tell me about anything the school does to help children manage their 

weight? How do you feel about the school playing a role in weight 

management?  

 

9. How would you describe a child who is physically active?  

 

10. What do you think about children’s physical activity levels these days? 

 

11. How do you encourage physical activity within your family? (prompts: travel 

week day vs weekend, indoor/outdoor motivation) 

 

12. Do you think there is enough time dedicated to learning about health and 

fitness? 

 

13. Where do you think children are most and least active? What is it about these 

environments that you think makes children more/least active? (prompt: 

anything within the school structure/enviroment specifically? 

 

14. What do you think motivates children to be physically active? Do you think 

boys and girls are motivated differently to be physically active? 
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15. Who do you think are the most influential people in encouraging activity in

your child and others? And who are the role models that make children less

active?

16. Do you think there is a difference between boys and girls physical activity?

Why do you think this?

17. How do children feel about taking part in something new, like a new sport or

physical activity?

Question set 2: Intensities and Motivation 

18. What kind of intensity of physical activity do you think children enjoy the

most? Do you think there is a difference between boys and girls?

19. What understanding do you think children have about the benefits of different

intensities of physical activity?

20. If your child was physically active, how would you suggest reinforcing this?

Does this vary between children?

21. Do you set up any physical activity goals/targets for your children? (prompt:

Why not if they don’t? how and when if they do?)

22. Can you recall any recent conversations you have had with your children about

being physically active?

23. Do you know what the current government guidelines are for children’s

physical activity? (60-minutes MVPA a day)

24. Can you tell me about any ways that you try and help your children to meet

these guidelines?
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Questions set 3: 3D Printing, 3D-printed models of physical activity 

25. Technology has advanced a lot recently and we now have 3D printers. Have

you heard anything about these? If so, what?

26. What do you think children will think about 3D printing or have your children

had any experience of 3D printing before? If so can you give examples of this?

3D Printing Physical Activity video: “ I have a video here showing the process of 

3D printing physical activity ” 

27. What do you think about the idea of using 3D printing to represent children’s

physical activity? Advantages and disadvantages to prompt if needed…

28. How do you think the children will engage with the 3D-printed models of

physical activity?

29. How do you think the 3D models of physical activity could motivate children

to be more physically active?

30. Do you think boys and girls would react differently to the 3D models? Why is

that?

31. What do you think about using 3D printing physical activity as something that

could be taught within the school curriculum to help educate children about the

importance of keeping physically active?

32. Are there any models that you think would be good to help children to visualize

physical activity? Please draw it on this A4 paper if you do!

“ Here I have some models of physical activity that I have already created. The heart 

shape shows physical activity along lines within the heart with the blobs denoting just 

how much physical activity was completed that day. The round-hooped shaped model 

also represents a week of activity with each half circle denoting a day of activity. The 
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larger the half-circle the activity completed that day. The final model shows a day of 

activity with each spike representing an hour of activity ” 

 

 

 

 

 

 

 

 

 

33. What do you think of these models as a motivational tool to increase children’s 

physical activity? What do you think their understanding of them would be?  

 

34. What do you think are the benefits and drawbacks of showing a day or a week 

of activity? Should be given the 3D models if they are to promote their 

motivation for physical activity? Every week, month or other? 

 

35. It would be possible to produce a model that represents a group of children’s 

physical activity such as a class. What are you thoughts on this?  

 

Questions set 4: Design of the Intervention  

 

The plan for the study is to design an intervention that can be done within the school 

to help children understand and become more physically active through 3D-printed 

models of physical activity. 

 

36. What do you think about introducing this in schools? Any problems or 

advantages? 

 

- Any other important comments or questions that I might have missed out? 
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Study 3 - Youths Individual Interview Questions 

3D-printed Models of Physical Activity: Child Interview Questions 

Equipment: 

1. 3D models of PA: Sun and Bar Chart (x3 large, medium and small)

2. Video camera + Tripod – setup behind the participant to capture hand

movements/task displays

3. Voice recorder

4. Consent forms: Parental (to collect) and Child (to be completed)

5. Flipchart + pens

6. Laminated pictures of activity + PA intensity boxes + labels for participant

numbers

7. Diagrammatic pictures of 3D models with labels

8. Accelerometer (to show the kids the type of measurement devices)

Introduction: 

Hello my name is Sam and I am from Swansea University, I’m here today because I 

want to speak with you about some of the work I am doing at the university. The area 

of work I am particularly interested in is how do we get children to be more active! 

I hope that all sounds ok? ...So if we start off with you just giving me your name and 

tell me something you enjoy doing in your free time? 

Great, ok, so I am now going to go through what I am doing at the University. I am 

looking at 3D printing physical activity. So… 

1. Can you tell me what a 3D printer is? (Prompt: what do you think they do?)

Ok yeah, so a 3D printer uses these reels of plastic to print physical objects that you 

can hold in your hands! Exactly what it does is to melt the plastic really really hot and 
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then it squeezes it out of this tiny little nozzle, which then prints the object layer by 

layer until you have your physical object. Like this 3D-printed frog (show 3D-printed 

frog) I did earlier! 

Alright so… 

2. Can you tell me what you think physical activity means?

Ok, yeah so…Physical activity is any body movement, so these are like all the things 

you take part in everyday, like walking to school, playing in the playground or even 

grabbing something from the fridge!  

3. So what do you think 3D printing physical activity means? How do you think

those things (3D printing and PA) could work together?

Well, the combining both of those thing means we could have real physical objects that 

you could hold in your hands that could show you you’re physical activity!  

So does that all make sense now? I will get into a bit more detail later on but right 

now we will move onto my next question.  

4. Can you think of any activity that might not be physical activity?

5. Can you think of the word that describes that activity ?

Yes that’s right, researchers like me call this being inactive or sedentary, which means 

spending time being very still 
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OR 

No problem, it’s being inactive/not moving or as we call it sedentary, which usually 

involves sitting down for long periods being very still. 

Now moving back to physical activity. There are different levels of physical activity 

6. Can you tell me what you think these different intensities/levels of physical

activity might be?

So yeah there are different levels or intensity, you have light (easy), moderate 

(medium) and vigorous (hard). I now have a quick task for you to complete. 

Now what I want you to do is match the activity to the different physical activity level 

box. Once you have completed that I will then ask to describe why you have placed 

each activity in that physical activity box! 

[NOTE – Take picture of each individual participants final display + place participant number in photo taken] 

7. Can you talk me through why you have placed each activity within the physical

activity box chosen?

So from this, what we are able to do is measure your movements using a tracking 

device like this one (show accelerometer), it goes around your waist and measures all 

the movements you have done for a whole day or even a whole week.  

Task 1: Match the activity to the PA intensity box 
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This accelerometer can tell us exactly what type of physical activity level (pointing to 

task 1 for reference) you have been doing and for exactly how long, usually in minutes. 

This is information we collect is called physical activity data. The data is what tells 

you or myself how much activity you have been doing. 

What my project is looking at, is how 3D printing can show physical activity 

(movement) data and how it can be displayed as a 3D-printed physical object.  

Does that all make sense now? Brilliant, ok, so I just have a few more questions left! 

8. Can you tell me how much physical activity children your age should do to

stay healthy?

Ok so the government (Prompt: Government overlooks and decide what’s important 

for the country) has setup guidelines for you to follow, to keep you healthy and fit. The 

government says you should do 60 minutes of moderate that medium level of physical 

activity and vigorous the hard level of physical activity everyday. This level of physical 

activity is known to help strengthen your heart, lungs, muscles and bones!  

So here we have a 3D-printed model of physical activity. Now this bar here is the 

target or guideline that I just told you about. So this bar represents/shows 60 minutes 

of moderate to vigorous physical activity. Does that make sense? Ok… 

9. Can you now tell me what you think the rest of the physical activity model

shows? (Prompt: how do you think this model (sun or bar chart) shows physical

activity?)

 Video hand movement/gestures of how they think it shows physical activity – sit the camera behind the 

participant 
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Yes, that’s right, it shows how much activity a person has completed (Revisit key 

features that they got right by re-confirming what it is – if nothing is quite right go to 

questions below) 

10. What do you think the lines show/bars? (Prompt: different lengths?)

Yes, what if I told you they show the different days of activity, so Monday is here and 

it goes around like that/across. Remember that this bar is the guideline (60 mins 

MVPA), this is your target! 

11. What do you think the blobs/within bars on the suns rays/bars represent/show?

Yep, they show the different type of level of physical activity, but, they only show 

moderate and vigorous. This is because they are the most important levels of physical 

activity that make you healthy.  

So these rays of the sun/bars are your moderate and vigorous physical activity 

complete for one day in minutes. So from here to here is vigorous and then from here 

to the top is your moderate physical activity…does that all make sense? (Let them 

make sense of it…)  

So what you can do is estimate how much moderate and vigorous physical activity 

you’ve completed in that day by comparing it with the target bar that we keep on 

talking about. 

12. So how much physical activity do you think this person has done for this day?

(Prompt: how much moderate? how much vigorous?)

So imagine I gave you this physical activity-tracking device (show accelerometer) to 

wear around your waist for a whole week and then you go off wearing while it collects 

data about all of the movements you are doing. And then at the end of the week, I come 

back and pick up the activity-tracking device and upload the physical activity data to 

a computer. From the computer, I can then put the physical activity data onto an object 
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like this sun shape/bar chart that’s been 3D-printed. Finally, I can then give you 

you’re personalized 3D-printed model of physical activity…to keep! 

  

13. What would you think if you got your own personal model of physical activity? 

 

14. What would you do with this model if you were given it at the end of the week? 

(Prompt: how would you use it?) 

 

15. Then imagine we measured your physical activity again the next week and you 

got another model? (Hand over another of the same model – correct size)  

(Prompt: what would you do with it?)  

 

16.  Do you think this might make a difference to the amount or type? physical 

activity? (Prompt: In what way would it change you?) 

 

Ok, so I’ve just got a few more questions then we are finished. These questions are 

more about the design.  

 

17. What colour would you like your model to be? 

 

 Keep a tally chart of preferred colours 

 
 

18. How big would you like your model? From these different sizes of model? 

(small, medium and large models displayed) 

 

19. What do you find the easiest part to understand about the 3D models of 

physical activity? 
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20. What do you find the hardest part to understand about the 3D models of

physical activity?

Right, just one more thing to do and then we’re done! 

So what I want you to do here is to describe and label the diagram of the Sun/Bar 

chart to show what you think each part represents.  

That is the end of the questions that I have, do you have anything you would like to 

say? 

Thanks for taking part! 

Task 2: Label the physical activity 

model 
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Study 4 - Short Video Interview Questions 

One to one Interview Questions: Model 1 

1. What do you think of your personal 3D-printed model of physical activity? (Prompts:

Do you like your first model? Why do you like it?)

2. Can you tell me what you think physical activity means? (Prompt: Its everything

movement that you do with your body)

3. Can you talk me through how your personal 3D-printed model shows your physical

activity?

Prompts Sun blob: Can you talk me through what the different parts of the model show? 

(i) Target bar: Is it important? What is the target? How much PA should you be doing?

(ii) Individual lines/rays: What do they represent? What happens to the lines with PA?

(iii) Blobs along the line: What are they? What do they do?

(iv) Two different lines within the lines: What do they show?

Prompts bar chart: Can you talk me through what the different parts of the model show? 

(i) Target bar: Is it important? What is the target? How much PA should you be doing?

(ii) Individual bars: What do they represent? What happens to the bars with PA?

(iii) Two different bars within the bars: What do they show?

4. Can you tell me what kind of activities might be vigorous/hard and moderate/medium

physical activities? (Prompts: Can you name some activities for me? What activities

do you do that are hard/medium physical activities?)

5. Do you think it’s important to stay physically active? (Prompts: What is the

importance of the information displayed on the model?)

6. What will you do with your 3D-printed model now? (Prompts: When you go home

later today/tonight?)
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Study 2 – Sample Transcript: Secondary School Adolescents Focus Group 



 

 
 

310 

 



311 



 

 
 

312 

Study 2 – Sample Transcript: Primary School Teacher Interview 
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Study 3 – Sample Transcript: Primary School Child Interview 

 



 

 
 

318 

Study 3 – Sample Transcript: Secondary School Adolescent Interview 
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Study 4 – Sample Transcript: Primary School Child Short Interview 
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Study 4 – Sample Transcript: Secondary School Adolescent Short Interview 
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Appendix V: 3D Model Designs 

Study 1 - Prototype 3D Models 

Bubbles 

 
 

Heart 

 
 

Flower 
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Study 1 - Age-Specific Prototype 3D Models 

 

Adolescents Bar Chart 

 
 

Children’s Bubbles 2 

 
 

Children’s Star 
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Children’s Sun 1 

 
 

 

Children’s Sun 2 
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Study 1 - Adolescent 3D Model Prototype Designs 

 

Bar Chart Design 

 

 
 

 

Human Figure Chart Design 
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Study 1 - Children’s 3D Model Prototype Designs 

 

Sun Design 

 

 
 

Star Design 
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Study 1 - Children’s Play-Doh Model Designs 



 

 
 

328 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

329 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

330 

Study 1 - Adolescents’ Play-Doh Model Designs 
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Appendix VI: Scientific Outputs 

ISBNPA 2017 Poster Presentation 

 

Perceptions of Visualising Children’s Physical Activity as a 3D Object 
 

Mackintosh, K.A.,1 Crossley, S.G1., Eslambolchilar, P.,2 Knowles, Z.R.3, Hudson, J. ,1 & McNarry, M.A.1 
  

1Applied Sports, Technology, Exercise and Medicine Research Centre, Swansea University, UK; 2School of Computer Science and Informatics, Cardiff 
University, UK; 3 Physical Activity Exchange, Liverpool John Moores University, UK 

Introduction 

• The majority of children fail to meet current physical activity (PA) 

guidelines of 60 minutes moderate-to-vigorous PA every day [1]. 

• A frequently cited barrier to meeting these guidelines is that they 

are difficult to measure, interpret and apply.  

• 3D printing enables the creation of a tangible output, providing a 

novel and exciting way to conceptualise children’s physical activity 

levels (PAL).  

• Therefore, the purpose of the study was to elicit children’s 

subjective views regarding the interpretation of 3D PA models and 

to develop a user-informed 3D model of PA. 

Results 
 

Methods 

• Twenty-eight primary school (15 boys, 8.4 ± 0.3 years) and forty-two 

secondary school-children (22 boys, 14.4 ± 0.3 years) took part. 

• Semi-structured focus groups were conducted to investigate 

children’s perceptions regarding PAL, intensities, motivation and the 

potential use of 3D printing to represent PA.  

• Subsequently, children created a 3D Play-Doh© model of their PAL. 

• Data were transcribed verbatim and subsequently analysed 

inductively. 

• Pen profiles were constructed representing analysis outcomes via a 

diagram of key emergent themes. 

Conclusions 
 

• Both primary and secondary school children engaged in the concept 

of personalised 3D models displaying their PAL. 

• Children felt it could not only enhance their understanding, but 

motivate them to increase the amount and intensity they engage in.  

• This study therefore suggests that 3D models may offer unique 

strategies for the promotion of PA in children.  

References 
 

1) Department of Health. (2011). Start Active, Stay Active: a report on physical activity for health from 

the four home countries’ Chief Medical Officers. London, UK. 

Kel_Mackintosh 
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Appendix VII: Online Articles 

The Conversation: Online Article 



339 

05/07/2018 How 3D printing may help cut childhood obesity by getting children active

https://theconversation.com/how-3d-printing-may-help-cut-childhood-obesity-by-getting-children-active-63533 2/4

Recent advances in accessible technologies such as wearable activity monitors, pedometers and an

array of online apps have provided lots of new opportunities to gain an insight into our daily physical

activity levels. Reward systems such as goal setting, physical activity profiles, real-time feedback and

social support networking are some of the top strategies that are helping keep people motivated and

get more active. More specifically for children, visual stimulation through phone apps – such as

Pokémon Go, Motion Maze, Zombies, Run! and ibitz for kids – are proving to have fantastic results in

helping children stay more physically active and interested.

This maintained interest is of paramount importance in light of recent statistics which suggest that 

approximately 30% of children are overweight or obese in the UK. Furthermore, childhood obesity is

known to track strongly into adolescence and adulthood – evidence suggests that 80% of obese 

adolescents will become obese adults. In fact, studies show that if current trends continue, global

obesity rates will reach 18% in men and more than 21% in women by 2025.

Pioneering solutions

So how can we get our kids moving? At present, more than one-third of children don’t achieve the 

recommended levels of 60 minutes of moderate-to-vigorous physical activity every day. To make

matters worse, physical activity has been displaced by sedentary behaviours, such as watching

television and playing video games. Children are reported to spend an average of eight hours per week

playing sedentary video games and this has been shown to increase the risk of childhood obesity.

One of the major reasons that children don’t meet the recommended requirements for physical

activity is thought to be because it is difficult for them to understand, interpret and apply

recommendations to everyday activities. Ask your average six-year-old what they think an “intense” or

“vigorous” activity is or they will struggle to accurately answer. At present, official guidelines refer to 

these kinds of exercise intensities which are hard to align with daily activities – and it is hard to

recognise the differences between them. For example, walking to school, playing in the playground

and walking up stairs to the classroom are all very different exercise intensities, but how much of each

do you need to do to meet the government guidelines?

Modern technology is evidently a fantastic way of getting children motivated to exercise – but it can

help them understand their own physical activity and health as well. Apps targeted at an adult market

focus on activities such as mapping cycling or run routes, counting steps or recording daily gym

sessions. But for children the information collected needs to be a bit more tangible than just facts and

figures.
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05/07/2018 How 3D printing may help cut childhood obesity by getting children active

https://theconversation.com/how-3d-printing-may-help-cut-childhood-obesity-by-getting-children-active-63533 3/4

Children Childhood obesity Fitness Physical activity Child obesity Fitness trackers 3D models 3-D printing

It is with this in mind that our team has been looking into helping children get more active – with the

help of 3D printers. The Exertion Games Lab in Melbourne was the first to use 3D printing to 

visualise heart rate during physical activities. The print-outs were used to provide feedback on

intensity: the larger the spike, the higher the heart rate and therefore intensity of activity.

Following on from this, our research team is now looking at different ways that children can see, feel

and interact with a personal 3D model of their weekly physical activity. Early discussions with

children, parents and teachers have provided many interesting, and creative models, in different

shapes and styles. A selection of these models will be combined in the coming months to produce a

final design that will be trialled in schools across Swansea, Wales, in 2017. We hope to explore if these

tangible objects can promote healthy activity and cause long term changes in behaviour.

A model with activity information for one day. Sam Crossley, Author provided

We believe these models have great potential to educate and enthuse children about developing and 
maintaining appropriate levels of physical activity and sedentary behaviours. They could also have 
have a positive impact upon the future health problems of the UK, with improved social outcomes, 
reduced costs to the country and enhanced quality of life across the age span. And with continuous 
advances in the technology, who knows where this could go?
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Ultimaker GB CREATE Education Blog: Online Article 
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University College London, CBC DIGI-HUB Blog: Online Article 

Using 3D Printing to Enhance Children’s 

Understanding of Physical Activity 

16 July 2018 

By Sam Crossley (1), Dr. Kelly Mackintosh (1), Dr. Melitta McNarry (1) 

and Dr. Parisa Eslambolchilar (2) 

(1) Applied Sports, Technology, Exercise and Medicine Research Centre,

Swansea University, Wales, UK 

(2) School of Computer Science and Informatics, Cardiff University, Wales,

UK 

In the UK, more than one-third of children are not achieving the minimum 

recommended levels of 60 minutes of moderate-to-vigorous physical 

activity (MVPA) every day. While there are several reasons that children do 

not achieve this recommended amount, including socioeconomic status, 

urbanisation, social and environmental differences, screen-based 

technology is perhaps one of the most criticised. A recent Ofcom report 

shows that children spend an average of 10 hours per week playing video 

games, which is associated with an increased risk of childhood obesity. 

Schools are recognised as key settings to promote MVPA as a large number 

of children can be reached through break times, in class activity 

breaks and physical education classes. However, it has been recently 
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suggested that children have a lack of understanding of what type of 

activities count towards their daily MVPA target. Understanding of physical 

activity behaviours has been identified as an important correlate for 

behaviour change, through motivating an individual to get ready to make 

healthy changes to their daily lifestyle. The use of technology could be a 

great way to enhance children’s understanding of physical activity levels, 

especially given that they are unlikely to relinquish such highly-valued, 

technology-based behaviours. 

The release of wearable activity trackers that are more meaningful for 

children, such as superhero or Disney-themed trackers, represent potential 

tools to change their attitudes and physical activity behaviours. However, 

the on-screen visualisations of data interfaced on these wearable devices 

and adjoining screens (e.g., monitors, tablets and smartphones) are 

expensive and limited to stimulating a child’s visual and auditory senses, 

which tend to ignore the abundance of other senses, such as touch, which 

is especially pertinent to children. 

It is with this in mind that we are exploring novel ways to encourage 

children to be more physically active with the aid of 3D printers. 

The Exertion Games Lab in Melbourne was the first to utilise 3D printing to 

visualise adults’ heart rate data during physical activities. Building on this, 

our research team undertook a qualitative study to explore children’s 

perceptions of 3D printing physical activity data and invited children as co-

designers using Play-Doh to inform the development of prototype 3D 

models. The Play-Doh model designs took the form of both abstract and 

graphical designs, such as a flower or paddleboard (Figure 1), which 

provided feedback using the petals or paddles on the board to represent 

different days of activity, with larger petals or paddles corresponding to 

higher levels of physical activity achieved for that day. 
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Figure 1. Children’s Play-Doh Model Designs 

Through an iterative design process, two age-specific 3D models of physical 

activity were developed, one taking the form of a ‘sun’ design (aged 7-8 

years) and the other resembling ‘bar chart’ (aged 13-14 years old). The 3D 

models were designed to represent children’s moderate and vigorous 

physical activity levels achieved for each day, across a week, as well as 

displaying the physical activity guideline of 60 minutes of MVPA (Figure 2). 

Figure 2. Children’s 3D Model of Physical Activity (ages 7-8 years).
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We have examined the effectiveness of a three-month school-based 

intervention in South Wales, whereby ninety-six children (aged 7-14 years) 

were given 3D-printed models of their previous week’s physical activity 

levels, objectively measured using an accelerometer (publications under 

review). Following receipt of their 3D models, each child completed a short 

video interview to assess their understanding of physical activity levels. 

Preliminary findings show that the age-specific 3D models may enhance 

children’s understanding of physical activity levels, with 73% of children 

demonstrating an awareness that their behaviours were not optimal. In this 

light, the novel approach of 3D printing physical activity may offer a unique 

strategy to promote children’s understanding of how much physical activity 

is important to gain health benefits. 

Questions: 

How can 3D printing be adapted to account for the more complex 

behaviours of physical activity? 

What other populations do you think could benefit from 3D-printed 

feedback? 

What limitations should researchers keep in mind when designing 3D-

printed feedback? 

How can tangible data provide a more meaningful and rewarding 

experience than digital data alone?



350 

Appendix VIII: Public Engagement Outputs 

Swansea University Research as Art Competition Submission 

Visualising Children’s Physical Activity through 3D-printed Artefacts 

Authors:  Sam Crossley, Dr Kelly Macintosh and Dr Melitta McNarry 

Department: School of Sport and Exercise Sciences 

Text: To lead a healthy lifestyle and maintain a healthy weight, children need to 

engage in at least 60 minutes of physical activity every day. However, as little as one 

third of children meet these guidelines and are overweight or obese. This is a 

contemporary issue that everyone has an opinion on. 3D modelling and printing 

weekly physical activity data can provide children with personalised feedback, which 

is not only attractive, but easy to understand. From children to grandparents, the 

innovative approach will capture their imagination as they try to generate unique 

personalised 3D shapes that can be kept as a souvenir; the more you move, the bigger 

the shape! Bringing physical activity data back to reality, something that the children 

can touch, collect and compare over time, can get children to move more and sit less. 

Perhaps every child needs a ray of sunshine a day for health and happiness?! 
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British Science Festival 2016 leaflet 
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Video Content 

https://www.youtube.com/watch?v=9IOgg20tpPg&t=3s 

https://www.youtube.com/watch?v=F37DBtUw_Bk 

https://www.youtube.com/watch?v=BzVXSv43y4w 
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School Fortnightly Friday Flyer 

January 2017 

February 2017 

April 2017 

Dream, Believe, Achieve Together – Breuddwydio, Credu, Cylfawni Gyda’n gilydd 

Pennard Primary School, Pennard Road, Pennard, Swansea, SA3 2AD  (01792) 233343
Pennard.Primary@swansea-edunet.gov.uk  

www pennardprimary.co.uk 

@pennardprimary

Fortnightly Friday Flyer 
Dear Parent, 
Croeso – Blwyddyn Newydd Dda! It was lovely to see all the children back after the Christmas break. On behalf of myself 
and the staff I would like to thank you all for the kind cards and gifts at the end of the term. This term we welcome 
several new families to the school, I am sure the school community will make them feel very welcome.  

Attendance ‘We have the right to learn & be the best we can be.’ 
We have another new addition to the school; Rory the Attendance Monkey will join the class of the 
week each week. Blwyddyn 5 was the first class to welcome him and came up with his name. A great 
week for attendance this week – diolch yn fawr bawb!

In and Around School: ‘We have the right to learn & be the best we can be.’ 
One of our school aims is to ‘Foster pupils’ cultural identity through an awareness
of the heritage and history of Wales and the Welsh language, alongside developing
a respect and understanding for other cultures as informed global citizens.’ This 
term we are having a whole school focus on Wales, Foundation Phase through the 
theme ‘Green, green grass of home’ and Ks2 through ‘Cymru am byth’.  Earlier this 
week we send out a topic web detailing the learning experiences your child will be
covering this term in class. 
Blwyddyn 2 made a great start ‘Through the Storybook’ by looking at The Story of
Gelert,  here they are completing a Daily Edit and using Jit to write the story. You can 
find the story here http://myths.e2bn.org/mythsandlegends/story760-the-story-of-
gelert.html - have your tissues ready!  They’ve also started to develop their cultural 
knowledge and understanding through learning Welsh folk dances. 

‘We have the right to be fit & healthy’ 
Blwyddyn 3 is currently involved in a very exciting project working 
with Sam Crossley from Swansea University. The project involves 
a study of physical activity over the next term. The children have 
been fitted with accelerometers to track their physical activity 
each day. Every 2 weeks the data will be collected, a 3d printer 
will be used to produce a model of the activity which will also be 
shared with the children. It will be interesting to see what the 
impact of study has on the children’s physical activity.  The 
project also supports our school aim to ‘Ensure the safety of 
every child and encourage a healthy and active lifestyle for all’ 
I’d like to thank parents for their support with the project.  

Blwyddyn 6 will taking part in the Ospreys 
Community Project this term, Mrs Dardecker is 
already going out for the training each Friday. In addition Y6 take part in a player visit, a visit to Liberty 
Stadium and Sony in Bridgend. The project culminates in a rugby tournament. 

School Target 2016 – 2017:  96.5% 

Current Whole School Attendance to date – 97.6% ‘Ardderchog!’

FFF 13.1.17 

Dream, Believe, Achieve Together – Breuddwydio, Credu, Cylfawni Gyda’n gilydd 

 Pennard Primary School, Pennard Road, Pennard, Swansea, SA3 2AD   (01792) 233343 

 Pennard.Primary@swansea-edunet.gov.uk      www pennardprimary.co.uk           @pennardprimary 

Fortnightly Friday Flyer 
Dear Parent, 
Croeso pawb, it’s been a busy end to the spring term and I think we are all looking forward to the Easter break. 

Attendance ‘We have the right to learn & be the best we can be.’ 
We had lots of 100% attendance prizes to give out today – 58 children have been in every day this term and 17 children 
have been in school every day since September. This term the prizes were Easter Eggs. Well done everyone – our 
attendance has improved in the last few weeks. 

In and Around School: ‘We have the right to learn & be the best we can be.’ 

Year 3 completed their project with Sam Crossley, Phd research student from Swansea University who has been looking 
at physical activity and finding ways to encourage children to be more active through the use of 3D models. It’s certainly 
been interesting to see if the 3D models have encouraged the children to be more active. We’ll update you with more 
once the research results are in.  The children explain the project here. 

 
 
 
 
 
 
 
 
 
 
 

School Target 2016 – 2017:  96.5% 

Current Whole School Attendance to date – 96.2% ‘Da’ 

FFF 06.4.17 

In Y3 we’ve been doing a physical activity project. We had 
to wear belts that measure how much you move each 
day. Every week we got a model shaped like a sun. The 
sticks on the sun are the days of the week and show how 
active we were on each day. In the middle of each stick is 
a blob that separates the medium activity from the hard 
activity. In the middle of the circle in the sun are numbers 
1,2,3 or 4, so you know which week is which, we did this 
for 4 weeks. There is a target for 60 minutes of activity 
each day. I enjoyed the project and it helped me because I 
now want to do more activity.  

Amber Y3 

Y3 have been doing a physical activity project. We had to 
use belts that measured our physical activity and at the 
end of each week we would get a model that shows how 
much physical activity we did. The model looks like a sun 
and it had a target bar. The bar shows how long you 
should try to do physical activity for each day which was 
60 minutes. There were sticks coming out of the sun that 
show each day of the week, on the stick were blobs 
which separated the hard and medium levels of activity. 
In total we did 4 weeks of the project. The project was 
fun and it has made me want to do more swimming. 

William Y3 
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St.Lucia News Online: PRESS RELEASE 
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South Wales Evening Post: PRESS RELEASE 


