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Abstract 

 
Personal fitness trackers represent a multi-billion-dollar industry, predicated on devices for assisting 

users in achieving their health goals. However, most current products only offer activity tracking and 

measurement of performance metrics, which do not ultimately address the need for technique 

related assistive feedback in a cost-effective way. Addressing this gap in the design space for assistive 

run training interfaces is also crucial in combating the negative effects of Forward Head Position, a 

condition resulting from mobile device use, with a rapid growth of incidence in the population. As 

such, Auditory Displays (AD) offer an innovative set of tools for creating such a device for runners. 

ADs present the opportunity to design interfaces which allow natural unencumbered motion, 

detached from the mobile or smartwatch screen, thus making them ideal for providing real-time 

assistive feedback for correcting head posture during running. However, issues with AD design have 

centred around overall usability and user-experience, therefore, in this thesis an ecological and 

embodied approach to AD design is presented as a vehicle for designing an assistive auditory interface 

for runners, which integrates seamlessly into their everyday environments. 
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1.1 Motivation 

With the increasing miniaturization and power of sensing and processing technology now included as 

standard on most smartphones, new tools such as augmented/virtual reality, wearable technology 

and location-based applications are now feasible with many functional and commercially successful 

products now available. These advanced processing capabilities mean data intensive applications like 

computer vision and real-time multi-channel signal processing, can be used to increasingly interface 

our digital technologies with the physical world allowing us to better measure, record and understand 

phenomena around us through data analysis.  

 

As such, data has become an asset and driving force in many aspects of our daily lives. The reliance 

of our global society on connected devices has spearheaded rapid development in many sectors of 

industry and society, bringing both radical innovations, as well as disruption in the form of new and 

complex problems. With this ever-growing need to efficiently use and process the vast amounts of 

data we interact with, technologies like auditory interfaces have presented innovative opportunities 

for assisting with the analysis and practical use of the vast range of data types that are now possible 

to collect. However, despite their promise in a number of applications, auditory displays still face 

issues around usability that have stifled their path towards ubiquity in our everyday environments 

(Ballora, 2014; Hermann et al., 2011). 

 

The struggle of auditory display research to address user-experience has been well documented by 

an ever-growing list of publications concerned with the discussion of the role of aesthetics, design 

and usability as key areas for development, as well as in meta-analyses of the field itself (Katz and 

Marentakis, 2016). In this body of research, it has been suggested by Mark Ballora and other 

prominent AD researchers, that the prevalence of cognitivist and utilitarian approaches has led to 

applications that although functional, are limited in scope and ignore critical issues in design such as 

the aesthetic, environmental and emotional sensibilities of end-users (Ballora, 2014). This has 

resulted in auditory displays, that yield positive results in short-lived and controlled settings, but do 

not translate well to real-world scenarios due to poor usability (Barras and Vickers, 2011; Clarke, 

2005). 
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Despite the importance of usability in auditory display design the field has yet to form a consensus 

on how to address these issues (Berry and Osaka, 2002). The disparity between scientific and artistic 

approaches to sonification has seen the research community struggle to formalise sonification design 

into congruent and replicable theories of sonification (Hermann et al., 2011). Furthermore, due to 

the interdisciplinary nature of auditory display the prospect of developing an all-encompassing set of 

guidelines that are applicable to all possible contexts of auditory display applications is unrealistic 

(Goudarzi, 2016). As a result, the field is at a crucial point of its existence, as it aims to transition from 

a nascent, loosely defined practice into a formalised theory of research. Thus to address these 

concerns, studies have turned their focus towards methodologies and techniques such as user-centric 

design, more commonly associated with Human-Computer Interaction and Design Research (Barrass, 

2015, 2012). These recent developments have the potential of providing researchers with better tools 

for informing auditory interface design by enabling a better understanding of ǳǎŜǊǎΩ ŜƴǾƛǊƻƴƳŜƴǘǎ 

and experiences (Grond and Hermann, 2014). Thus, within this thesis exists a motivation to further 

explore the potential impact of design-thinking approaches to sonification through the synthesis of a 

flexible design framework that will aid and inform future research in the development of usable user-

centric auditory interfaces. Furthermore, through the development of a design framework, this 

project seeks to aid in the formalisation of design practice in AD through the creation of a sustained, 

adaptable, and replicable set of tools for aiding in the design of new interfaces.  

 

To test the research questions guiding this project we will explore the role of auditory interfaces for 

wearable technology, specifically run training interfaces, of which many commercially available 

examples already make use of sound on some level to communicate information. Furthermore, 

technological developments in the ever-growing fitness tracker market have opened the possibility 

to explore new methods of data representation to aid runners in improving their running technique. 

As such, new approaches to interface design present an innovative design space for exploring the use 

of auditory display design as a tool for creating more effective assistive interfaces.  
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1.2 Research Questions 

Given the outlook laid out by the previous discussion it is thus the prerogative of this thesis to explore 

the following research questions: 

 

RQ1. What is the user experience of listening to auditory biofeedback while 
running? 

 

Rationale - RQ1 experience is conceived as the physical, emotional, and cognitive reactions produced 

by the user when attempting to derive meaning from data codified in sound within a particular 

environment. ¢ƘǊƻǳƎƘ ǘƘŜ ƭŜƴǎ ƻŦ ŜŎƻƭƻƎƛŎŀƭ ŀƴŘ ŜƳōƻŘƛŜŘ ŘŜǎƛƎƴΣ ǘƘƛǎ ǇǊƻƧŜŎǘ ŜȄǇƭƻǊŜǎ ǘƘŜ ǳǎŜǊΩǎ 

physical, affective, and cultural environment to inform user-centric designs and facilitate user testing, 

a focus characteristically lacking in sonification research. 

RQ2. What sound designs/interactions influence positive behaviour change 

(improved kinematics) in the user?  

Rationale - This project will investigate how sonification might guide behaviour change for improving 

running kinematics. Through a survey study, cultural probe, participatory workshop discussion, 

auditory perceptual tests, and prototype sonification testing; specific sonic design requirements will 

be identified to produce optimum display efficiency. This research question also aims to address key 

ƛǎǎǳŜǎ ƻŦ ΨŘŜǎƛƎƴ ǇǊƻŎŜǎǎΩ ƛƴ ǎƻƴƛŦƛŎŀǘƛƻƴ ǊŜǎŜŀǊŎƘ ǘƘǊƻǳƎƘ ŀ ŘŜǘŀƛƭŜŘ ŀƴŘ ǘǊŀƴǎǇŀǊŜƴǘ ǳǎŜǊ-centric 

sonic interaction design process. This relates to RQ1 as influence of user experience on behaviour 

change is intrinsic. 

RQ3. What are the key incentives for users to adopt auditory interfaces within the 

context of run training interfaces? 

Rationale - While RQ1 and RQ2 relate to the actualisation of sonification design goals, it is crucial the 

project also identifies why sonification is a valid and potentially more efficient tool for improving 

motor skill training over other alternatives such as haptic feedback or current screen-based solutions. 

This is a key issue in sonification research, where novel designs are proposed for applications without 

evaluating if sonification is even worth pursuing in that area if it is less efficient and unable to 

outperform other interface designs.  
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RQ4. What are the contributions to the auditory display research field resulting 

from adopting an ecological and embodied cognition approach to the design of an 

auditory interface? 

Rationale - As the sonification research community moves towards a more formalised definition of 

design theory, we have observed a recontextualization of auditory display research as a branch of 

design theory and human-computer interaction. As such, it is important to explore the application of 

established design tools and methods within AD research to identify any potential lessons or direct 

transference of theory that may be applied to future sonification design. This project is novel in 

applying and adapting specific tools developed within the design and HCI communities to guide the 

process of development of a sonification system for run training, in order to inform better design 

practice by querying processes employed in a specific application that has historically been explored 

by the field.  

 

1.3 Ethics 

Given the user-centric nature of this research project, several elements of each study required careful 

ethical considerations. Of particular concern were the use of methods which would result in data that 

could be used to identify users and their identities or locations, compromising their anonymity. Such 

methods as photographs, hand-written text, video and audio recordings posed a particular threat to 

privacy. Therefore, mechanisms to ensure data protection were employed, such as, quick 

transcription and digitisation of data, and destruction of identifiable original material. Participant 

consent was necessary for each stage and documentation was formulated and provided to each 

participant ensuring full transparency on the expectations placed on their contributions to this 

project.  

 

Additional ethical concerns revolved around the use of body-ǿƻǊƴ ǎŜƴǎƻǊǎ ŦƻǊ ŀƭǘŜǊƛƴƎ ǳǎŜǊǎΩ ǊǳƴƴƛƴƎ 

kinematics and listening to music whilst running in public places. This posed important health and 

safety questions, as injury to participants was of great concern; either as a direct result of the 

technology being tested, or because of ǳǎŜǊǎΩ shifted attention and focus whilst running in transited 

street settings. As such, each study which required participant interaction with technology, music or 

exercising, was constructed so that users were not asked to carry out activities that deviated far from 

their normal exercise routines.  This ensured no additional pressure was placed on participants in 
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prioritising the data collection over their personal safety, and where participants carried out activities 

in public spaces, they were notified of potential risks in the consent documents, ensuring participants 

were fully aware of the hazards involved in undertaking these activities. Each of the methods 

employed and the ethical requirements around them were reviewed by LŀƴŎŀǎǘŜǊ ¦ƴƛǾŜǊǎƛǘȅΩǎ ŜǘƘƛŎǎ 

panel on two separate occasions, giving their recommendations and consequently full approval for 

the implementation of the research methods described throughout this thesis.  
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2 Background Research 
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2.1 Introduction 
 

Over the course of the existence of auditory displays, considerable effort has gone into classifying 

different sonification strategies into categories and techniques, such as: audification, parameter-

based, and model-based sonification, with the aim of converging and standardising knowledge in the 

field (Grond and Hermann, 2012). However, a similar classification of design strategies has not been 

possible to standardise due to the ambiguous and complex nature of this interdisciplinary paradigm. 

Therefore, AD designers continue to face great challenges in designing sound palettes to represent 

data within structured theorȅ ŘǊƛǾŜƴ ŘŜǎƛƎƴǎΦ bŜŜǎ όнлмфύ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ΨLƴ ǇŀǊǘΣ ǎƻƴƛŦƛŎŀǘƛƻƴ ǘƘŜƻǊȅ 

has languished, because the requirements of a theory of sonification have not been clearly 

articulated. As a design science, sonification deals with artifactsτartificially created sounds and the 

tools for creating the sounds. Design fields require theoretical approaches that are different from 

theory-ōǳƛƭŘƛƴƎ ƛƴ ƴŀǘǳǊŀƭ ǎŎƛŜƴŎŜǎΦΩ ¢Ƙƛǎ ŎƻƴŎŜǇǘǳŀƭƛǎŀǘƛƻƴ ƻŦ ǎƻƴƛŦƛŎŀǘƛƻƴ ŀǎ ŀ ŘŜǎƛƎƴ ŦƛŜƭŘ ƛǎ 

important, in that it provides a more structured path towards the development of a theory of 

sonification through the well-established lens of design practice. 

 

Thus, to address the challenge of producing auditory displays that tackle the issues of usability they 

have long suffered from, it has become necessary to adopt design approaches that place greater 

ŜƳǇƘŀǎƛǎ ƻƴ ǘƘŜ ǳǎŜǊ ŀƴŘ ǘƘŜƛǊ ŜȄǇŜǊƛŜƴŎŜΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ǘƘŜǊŜ Ƙŀǎ ōŜŜƴ ŀ ǊƛǎŜ ƛƴ ΨŘŜǎƛƎƴ-ǘƘƛƴƪƛƴƎΩ 

strategies, which have been suggested as possible means for improving usability and user experience 

in technology design applications (Wolf et al., 2015). These approaches may help break away from 

the polarising and hierarchical dichotomy of scientific versus artistic representation and instead 

frame AD design as a dynamic and adaptive interdisciplinary design exercise, requiring active 

engagement with end-users on a more human and ecological level (Dubus, 2012).  

 

In the following sections the background research underpinning this thesis is presented; delineating 

design spaces in which such user-centric methodologies could be employed to further contribute to 

the building of design theory and tools for auditory display research. By enacting this design approach 

in the development of an auditory display for runners, a participatory user-centric study is proposed, 

which focuses on leveraging ecological and embodied design approaches towards exploring the 

physical and cultural environments of this group of end-users. This thesis is presented in the hope of 

addressing key design gaps in auditory display research by exemplifying the rich outcomes that can 
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be expounded from this type of approach and encourage future multidisciplinary user-centric 

research in the field. 

 

2.2 Wearable Technology and The Quantified Self: The State of the Art  

Alongside the technological advances of connected devices, we have seen a rapid expansion in the 

development of wearable technology and lifelogging applications, alongside its corresponding 

cultural movement commonly ƪƴƻǿƴ ŀǎ ǘƘŜ ΨǉǳŀƴǘƛŦƛŜŘ-selfΩ (Reece, 2013). Quantified-self 

technologies integrate tracking for diverse activities such as exercise, health and nutrition, sleep 

patterns, mood, daily tasks, ŀƴŘ ǎƻŎƛŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀƳƻƴƎ ƻǘƘŜǊǎΦ .ȅ ǉǳŀƴǘƛŦȅƛƴƎ ŀ ǳǎŜǊΩǎ ŀŎǘƛǾƛǘƛŜǎΣ 

these technologies aspire to provide users with insights into their lives, helping to identify trends and 

patterns in behaviour that could be modified to improve their health and well-being. 

 

Until recently, this level of personalised data collection had only been accessible to specialists in fields 

such as professional sport, medical rehabilitation, and scientific research, however, as these 

technologies have become cheaper, smaller, and more powerful, they have permeated the 

mainstream consumer market. Statistics published by leading market research firms on the number 

of health and fitness tracker users showed an expected increase from 15 million users in 2013, to 

almost 100 million by 2018 (GfK, 2015) and global revenues from fitness trackers to increase from 

over $2 billion in 2014 to $5.4 billion by 2019 (Sprague, 2015). The astounding exponential growth of 

wearables has been in part influenced by a greater consumer awareness of health and well-being, 

which has resulted in fads around new technologies, food, and lifestyle choices. As a result, we have 

also seen the popularity of running as a competitive and recreational sport surge in recent years, as 

shown by the growing number of marathon runners per year (Andersen, 2015; Fox, 2015; 

Harshbarger and Jacobsen, 2015) and the increased popularity of health and fitness tracking software 

and wearable devices currently on the market (Siddique, 2015). 

 

The current field of wearables can be broken down into three loose categories, although the 

boundaries blur with each new generation of devices: 

¶ Smartwatches ς These wearables form an extension to the mobile communication device 

ecosystem. As such, they offer functions primarily related to communications and social 
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media, with a lesser emphasis on general fitness tracking. Examples include Apple Watch, 

Samsung Gear, Huawei GT. 

¶ Fitness trackers (for amateur/casual use)ς These devices are often smaller, with simple 

displays and offer reduced commodity features. Primary focus is on basic fitness tracking such 

as steps, calories, and sleep patterns. Examples include the FitBit 

¶ Specialised Sport watches/sensors ς Professional level fitness tracking, through multiple body-

worn sensors for a wider range and accuracy of metrics in activities such as running, cycling, 

swimming. Examples include Garmin Forerunner 620, Polar Vantage V.  

 

This study will place some focus on the third of the categories of wearables due to their advanced 

sensing capabilities. Run training technologies have become increasingly popular with runners of all 

skill levels, generating millions of downloads and sales in the last few years. However, the majority of 

these run training technologies, and consequently those with the largest number of users, have so 

far been designed with the intention of motivating non-runners to run through designs centred 

around extrinsic gamified motivators such as, reward systems (goals, achievements, milestones, 

badges and points) (Deterding, 2012; McGonigal, 2011). Likewise, companies employ targeted 

marketing and features to touch on ǘƘŜ ƘŜŀƭǘƘ ŎƻƴŎŜǊƴǎ ƻŦ ǇƻǘŜƴǘƛŀƭ ǳǎŜǊǎΩ to ultimately lead them 

to buy into the wearable and fitness software market (Siddique, 2015). In addition, these designs have 

often sacrificed sensor accuracy and concrete data representation in favour of providing the user with 

a simpler ŀƴŘ ΨǳǎŜǊ-ŦǊƛŜƴŘƭȅΩ experience. 

 

An example of the vague data representation common in commercial applications is the Nike+ Fuel 

points/reward system (part of the Nike+ Running app suite), whereby everyday activities are 

monitored by either a wearable device or a smartphone, and using a proprietary algorithm, the 

activity data recorded is translated into Nike+ Fuel, an abstract concept used by Nike to quantify 

activity (Nike, 2016). This type of run training system has been criticised for inaccuracies in data 

logging and its outcome of unintentionally rewarding users for inconsequential activity, such as 

jostling about while sat down, that does not substitute the benefits of a regular exercise regime 

(Feehan et al., 2018; Fuller et al., 2020; Siddique, 2015). Extensive user reviews of Nike+ Running and 

FitBit have even reported that vibrations from a car journey or flailing their arms in the air can count 

towards their daily activity measurements and ultimately skew the accuracy of the data (Reddit, 2015; 

Reece, 2013). Additionally, studies have shown that for people already motivated and committed to 
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running, such as advanced runners and professionals, these extrinsic motivation designs have proven 

ultimately ineffective, and new designs for this particular target audience must take into 

consideration the different levels of motivation for this type of user group (Knaving et al., 2015). 

Conversely, those applications that are far more accurate and more suited to advanced runners, on 

top of higher price points, offer a much more technical and less user-friendly interface design, with 

detailed graphs and statistics, focussed on tracking detailed performance metrics that can be 

overwhelming or difficult to understand for an inexperienced user (Hutchison, 2016). 

 

Figure 1 - Run training technology design-space (Jensen and Mueller, 2014) 

 

Yet another insight on the current state of the art in run training interfaces can be found in M. M. 

WŜƴǎŜƴ ŀƴŘ CΦ aǳŜƭƭŜǊΩǎ comprehensive study of the design space for fitness trackers and other run 

training technology (Figure 1) (Jensen and Mueller, 2014). The study highlights how the focus of run 

training technologies has up until recently been solely on tracking pace, distance, route, heart rate 

and calories burned, which are metrics used to assess the overall performance of a run. Performance 

metrics are particularly useful for more experienced runners who, for example, know what their 

target pace or heart rate should be and how to maintain it during a particular type of run; but they 

do not provide insight into specific actions a runner can take during an activity to improve their 

performance. This paradigm is covered by the continuum of the y-axis in the graphic shown in Figure 

1. To address this issue, state-of-the-art devices have started to incorporate running technique 

metrics into their interfaces to varying degrees, such as: vertical oscillation, cadence, stride length, 

foot strike and ground contact time. Running technique (which is described by the kinematics of 
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running) indicates the overall efficiency of a run and by tracking this data, a user can feasibly identify 

opportunities for improving their overall run performance and even prevent injury. These devices 

have so far been limited to advanced running watches and complex and expensive in situ camera 

systems for kinematic motion analysis. 

 

Another issue presented by Jensen and Mueller relates to how the data measured by fitness trackers 

and wearable devices is fed back to the runner, this is plotted along the x-axis of Figure1. In this case 

representative feedback refers to data presented to the runner post-run, in the form of comparative 

analysis graphs and visualizations used for identifying trends and inferring correlations in the patterns 

of the measured data, so that the user may gain insight into areas of improvement. Assistive feedback 

refers to in-run feedback designed to update the user of the current progress of an activity. This type 

of feedback is usually presented as metrics and statistics displayed on the screen of the wearable 

device or smartphone and can sometimes include periodic verbal feedback informing the user of the 

progress after a given set of time or distance covered.  

 

In the design space plotted out by Jensen and Mueller we can see that there is a gap pertaining to 

running technique metrics represented through assistive feedback. So far, most technique training 

technologies have been limited to displaying their data as complex kinematic analysis graphs 

presented to the runner after the exercise activity. A recent example, and one of the most 

comprehensive devices for measuring running kinematics is the RunScribe ς Wearable Gait Analysis 

System ǿƘƛŎƘ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘǿƻ ΨǇƻŘǎΩ ǘƘŀǘ ŀǘǘŀŎƘ ǘƻ ŜŀŎƘ ƻŦ ǘƘŜ ǊǳƴƴŜǊΩǎ ǎƘƻŜǎ Ǿƛŀ ŀ ŎƭƛǇ ŀƴŘ ƘƻǳǎŜ 

accelerometers that can measure a complex set of running kinematics data such as foot strike, impact 

angles and cadence. This data is recorded during a run and is made available to users either as in-run 

ƳŜǘǊƛŎǎ ƻƴ ŀ ǎƳŀǊǘǿŀǘŎƘ ǳǎƛƴƎ DŀǊƳƛƴΩǎ /ƻƴƴŜŎǘ Lv ŘŜǾŜƭƻǇƳŜƴǘ ǇƭŀǘŦƻǊƳΣ ƻǊ ƛƴ ƳƻǊŜ ŘŜǘŀƛƭ as post-

run kinematic analysis graphs on a PC (Figure 2). This presents a communicative challenge for run 

training interface design in that, to effectively use running technique data a user must be able to 

adjust their technique intuitively and in real-time, something that is not possible with post-run 

information. Of those technologies that do include in-run assistive feedback for technique related 

data, such as the Garmin Forerunner 620 which makes use of accelerometers and interfacing with 

other sensors to give it the ability to measure a large set of kinematic data, the problem is further 

exacerbated as the number of data streams to be displayed increases. Screen-based displays suffer 

ŦǊƻƳ ŀ ƭƛƳƛǘŜŘ ŀƳƻǳƴǘ ƻŦ ΨǎŎǊŜŜƴ ǊŜŀƭ-ŜǎǘŀǘŜΩΣ ƳŀƪƛƴƎ ƛǘ ŘƛŦŦƛŎǳƭǘ ǘƻ ǊŜŀŘ ŀ ǎŎǊŜŜƴ ƻǾŜǊƭƻŀŘŜŘ ǿƛǘƘ 
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information. This is particularly an issue when the information is required in a dynamic and attention 

demanding context such as running, where screen-based displays have the effect of distracting focus 

away from the activity at hand and require the user to constantly break form to glance at the device 

screen. 

 

Figure 2 - Example of post-run kinematics analysis graph (RunScribe, 2016) 

 
Jensen and Mueller therefore state that: ΨTo meet the communicative challenges of displaying this 

information during the dynamic context of running, there is a need to investigate alternative feedback 

methods and mechanisms that differ from conventional screen-based information interfacesΩ (Jensen 

and Mueller, 2014). This can be understood as a problem of data representation, where current 

interfaces assume that by simply providing the runner with the information on the current state of a 

particular metric the runner will know how to modify their behaviour to correct their movements. It 

is therefore important to consider alternative modes of feedback that allow for the representation of 

discrete multimodal data, in a way that can assist a runner in modifying their technique. Of particular 

interest as potential alternatives to screen-based feedback; haptic, auditory and a combination of 

different feedback modalities are proposed as viable alternatives that have shown evidence in 

supporting the learning of complex and discrete body movements (Sigrist et al., 2012). 

 

With recent advancements in sensing technology, the latest generation of run training wearables are 

beginning to include capabilities for measuring and recording running kinematics. This is a positive 

development in the field in order to address the important issue of running technique, which is 

essential for improving overall running performance and for the prevention of injuries related to the 

sport (Dallam et al., 2005; Mechelen, 2012). However, to effectively utilise these types of data, 

runners must be able to monitor and react to them effectively in real time. This presents several 
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communicative challenges for the primarily screen-based interfaces that currently dominate the 

product sphere. The problem stems from the dynamic visually demanding context of running and the 

limited screen space available to a body-worn device for displaying the increasingly multimodal 

streams of running data. 

 

We have seen therefore that the limitations of screen-based interfaces have called for the 

investigation of alternative feedback methods, such as sound-based interfaces known as auditory 

ŘƛǎǇƭŀȅǎΦ !ǳŘƛǘƻǊȅ ŘƛǎǇƭŀȅǎ ŜȄǇƭƻƛǘ ǘƘŜ ƘǳƳŀƴ ŜŀǊΩǎ ŎŀǇŀōƛƭƛǘȅ ƻŦ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ǘǊŀŎƪƛƴƎ ŘƛǎŎǊŜǘŜ 

changes of multiple individual sound sources over time (Hermann et al., 2011), and have shown great 

promise in areas such as rehabilitation and in applications for learning discrete body movements 

(Basta et al., 2008; Large, 2000; Lee et al., 2012; Sigrist et al., 2012; Yoo and Park, 2015). These 

features make auditory displays a suitable candidate for relaying running kinematics data to a user in 

real time. In the following sections we will give a background to auditory displays and explore the 

state-of-the-art of auditory interfaces designed specifically for running. 

 

2.3 On Auditory Displays and Data Sonification  

The field of Auditory Display is concerned with examining how the human auditory system can be 

used as the primary interface channel for communicating and transmitting information (Hermann et 

al., 2011). Auditory displays were developed to represent data or information by mapping it to sound 

parameters by process of filtering and scaling it into useable values for sound manipulation; the 

purpose of which is to display and highlight relationships, discrete temporal changes and interactions 

in a system or data set. Of particular interest in this field is the concept of Data Sonification. 

Sonification is a branch of Auditory Displays that specifically refers to the systematic, objective and 

reproducible method of mapping data to sound generation parameters (Hermann, 2010). Despite the 

concept of sonification and simple applications of auditory displays existing as far back as 1908, with 

devices such as the Geiger counter, or more recently SONAR and heart rate monitors (Kramer, 1994); 

international research efforts to understand all aspects of auditory display only began relatively 

recently, with the foundation of the International Community for Auditory Display (ICAD) in 1992. 

Auditory Displays have been largely unexplored as an alternative to visual displays, which is 

ǎȅƳǇǘƻƳŀǘƛŎ ƻŦ Ƙƻǿ ǎƻŎƛŜǘȅ ŦŀǾƻǳǊǎ Ǿƛǎǳŀƭ ŦŜŜŘōŀŎƪ ŀƴŘ Ƙƻǿ ǘƘŜǊŜ Ψƛǎ ŀ ƘƛǎǘƻǊȅ ƛƴ ǇŜǊŎŜǇǘǳŀƭ ǊŜǎŜŀǊŎƘ 



 

 24 

of greater research efforts toward vision than audition, and a concentration on a single modality 

ǊŀǘƘŜǊ ǘƘŀƴ ƻƴ Ƙƻǿ Ǿƛǎƛƻƴ ŀƴŘ ŀǳŘƛǘƛƻƴ ƛƴǘŜǊŀŎǘΩ όIŜǊƳŀƴƴ Ŝǘ ŀƭΦΣ нлммΣ ǇǇΦтмύΦ 

 

The motivation to use auditory feedback to represent and understand data can be found in the ability 

of the human auditory system to understand far more complex and detailed temporal and 

multidimensional information than our eyes. The human auditory system counts with exceptional 

pattern recognition abilities that allow it to identify and differentiate between discrete sound sources 

and complex timbral transformations over time, even under noisy conditions (Hermann et al., 2011). 

Likewise, Auditory Displays are designed to reduce the information load for screen-based interfaces 

and other forms of visual feedback, this allows auditory displays to work in conjunction with the visual 

faculties in activities that require high levels of visual attention. Given the flexibilities of the auditory 

system in reinforcing visual information, auditory displays designs have encompassed a vast range of 

applications across the spectrum of human-computer interfaces (see Table 1). This has led to the 

fruition of an intricate and furtive research field; however, the broadness of applications has led to 

difficulties in formalising theories and methodologies with replicable results in auditory display design 

(Barras and Vickers, 2011; Barrass, 2015). 

 

Table 1 - Auditory Display application design space (Frauenberger and Barrass, 2009) 
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One of the biggest concerns in auditory display design is the extent to which listeners can derive 

information from the sounds and codification choices made by designers, as this ultimately impacts 

on both the level of user engagement and efficacy of a particular system. This in turn is affected by 

the aesthetic and design choices embedded into auditory display designs (Walker and Kramer, 2005). 

If an auditory display is too akin to a musical experience, the information and meaning embedded in 

the sounds can become too abstract or unclear for the listener to interpret correctly (Hogg and 

Vickers, 2006). This vagueness can arise from the way humans engage with listening to music as 

opposed to engaging in critical listening, which is a substantially different state of consciousness. 

Critical listening is a specialised skill that must be refined through extensive training and listening and 

is not often easy for everyday listeners to employ. Secondly, in the cognitively complex and emotive 

nature of music, codified data can be obscured if it is not systematically and accurately represented. 

This also means listeners must receive some form of training in order to know what they are listening 

for in the sonification (Winters and Wanderley, 2014). In contrast auditory displays can also suffer 

from a lack of musicality and result in the phenomenon known as display fatigue, commonly 

associated with monotonous, repetitive or displeasing sounds, leading to disengagement from the 

auditory experience (Henkelmann, 2007). This is of particular interest to this study given the design 

implementations of leveraging the ergogenic effects of preferred music to create a sonic interaction 

that is musically pleasing to participants. Ensuring users are engaged with the application whilst being 

immersed in their environment without obstruction, is paramount for a successful design 

implementation. In the following sections we describe key design issues in the field of AD research, 

and how the development of design thinking as a practice is of interest to recent AD research trends. 

 

2.4 Key issues of Auditory Display Design: Aesthetics and User-experience 

Auditory displays have their origin in scientific and engineering disciplines such as, computing, 

medicine and aviation (Barras and Vickers, 2011). Early AD research consisted mostly of experiments 

exploring sound as a medium for codifying and communicating information for utilitarian purposes 

(i.e., medical applications, sonar, etc.). The results of these early experiments and applications in AD 

are characterised by very functional sonifications of little or poor aesthetic quality (for example, the 

Geiger counter). These sound signals, albeit informative and appropriate within their given context, 
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are monotonous and induce display fatigue over long periods of exposure rendering them inadequate 

for long period monitoring (Carlile et al., 2011). 

 

However, as the concepts of sonification and AD have become more widely known in other fields, 

experimentation with these data analysis techniques outside traditional scientific disciplines has 

flourished. This is particularly the case with the sonic arts. Sonic artists and sound designers began 

experimenting very early on with data driven audio for producing innovative artistic works (Barras 

and Vickers, 2011). Data driven sonic art presented an opportunity to affect and captivate listeners 

by presenting novel, tangible and engaging experiences of data (Akiyama, 2014). This 

experimentation, alongside a desire to improve the poor user-experience in early sonification 

applications, brought about the consideration of aesthetics and interdisciplinarity to the forefront of 

the discussion on auditory interfaces, as seen at the 2002 edition of the ICAD conference (Berry and 

Osaka, 2002).  

 

The interest in AD by disciplines grounded in the arts and humanities, gave rise to tensions within this 

historically scientific field, where practitioners have struggled to value or incorporate the 

contributions of aesthetic approaches to AD research (Filimowicz, 2014). The dichotomous discussion 

of science vs. aesthetics in auditory display has been the dominating approach, mainly centred around 

the ambiguity introduced to data streams when codified using a heavily aesthetic approach. In 

contrast, the more functional and unambiguous signals produced for scientific-oriented sonifications, 

have been valued due to a preference in the field for quantifiable unambiguous data (Ballora, 2014). 

With the emergence of this discussion, some insights into the role aesthetics plays in the user-

experience of auditory displays have been gained. However, Barras and Vickers (2011) argued that 

this also presented a barrier slowing progression in the field by preventing the true interdisciplinary 

collaboration which is needed for addressing the critical issues of usability and user-experience in AD 

design. Despite this stagnation, it is clear the important role aesthetics play in the design of a 

successful auditory interface, from how it impacts the communication of the codified data, to the 

overaƭƭ ŜȄǇŜǊƛŜƴŎŜ ƻŦ ǘƘŜ ǳǎŜǊΦ .ǳǘ ǿƘŀǘ ŀǊŜ ΨƎƻƻŘΩ !5 ŘŜǎƛƎƴǎΚ hǊ ŀǇǇǊƻǇǊƛŀǘŜ ŀŜǎǘƘŜǘƛŎǎΚ !ƴŘ Ƙƻǿ 

does a designer achieve usability? 

 

Over time, considerable effort has gone into classifying different strategies in AD into categories and 

techniques, such as: audification, parameter-based, and model-based sonification, with the aim of 
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converging and standardizing knowledge in the field (Grond and Hermann, 2012). However, a similar 

classification of design strategies and techniques has not been possible to standardise due to the 

ambiguous and complex nature of this paradigm, and therefore AD designers continue to face a great 

challenge when choosing a sound palette suitable for the dataset they wish to sonify. Nees suggests 

ǘƘŀǘ ΨIn part, sonification theory has languished, because the requirements of a theory of sonification 

have not been clearly articulated. As a design science, sonification deals with artifactsτartificially 

created sounds and the tools for creating the sounds. Design fields require theoretical approaches that 

are different from theory-building in natural sciencesΩ (Nees, 2019). This conceptualisation of 

sonification and auditory display as design fields is important, in that it provides a more structured 

path towards a theory of sonification through the well-established lens of design practice. 

 

Thus, to address the challenge of producing auditory displays that tackle the issues of usability 

highlighted above, it has become necessary to adopt approaches that place greater emphasis on the 

user and their experience. ConǎŜǉǳŜƴǘƭȅΣ ǘƘŜǊŜ Ƙŀǎ ōŜŜƴ ŀ ǊƛǎŜ ƛƴ ΨŘŜǎƛƎƴ-ǘƘƛƴƪƛƴƎΩ ŀǇǇǊƻŀŎƘŜǎΣ ǿƘƛŎƘ 

have been suggested as possible means for improving usability and user experience in technology 

design (Wolf et al., 2015). These approaches break away from the polarising and hierarchical 

dichotomy of scientific versus artistic representation and instead frame AD design as a dynamic and 

adaptive interdisciplinary design exercise, requiring active engagement with end-users on a more 

human and ecological level (Dubus, 2012). In the following section historical examples of auditory 

interfaces for run training are presented and key areas of interest identified to delineate the design 

space for this project. 

 

2.5 Auditory Interfaces for Run Training - The State of the Art 

Most current run training technologies incorporate some level of auditory feedback into their designs. 

wǳƴ ǘǊŀƛƴƛƴƎ ŀǇǇǎ ƭƛƪŜ ¦ƴŘŜǊŀǊƳƻǊΩǎ wǳƴYŜŜǇŜǊ ŀƴŘ bƛƪŜΩǎ - Nike+ Running include verbal updates on 

stats and metrics such as pace, distance, heart rate, etc., at periodic intervals (Nield, 2015). These 

updates serve the purpose of notifying the user of progress and act as a reference to what stage of 

their work out they are in. Smartwatches incorporate haptic vibrations and beeps as a means of 

communicating to the user in a crude and low-level manner when some metric has changed. Far from 

providing any sort of corrective or assistive feedback of high-level multimodal data, these forms of 

auditory feedback are merely used to communicate information on the screen of the device to the 
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ǊǳƴƴŜǊ ǿƛǘƘƻǳǘ ǊŜǉǳƛǊƛƴƎ ǘƘŜ ǊǳƴƴŜǊΩǎ Ǿƛǎǳŀƭ ŀǘǘŜƴǘƛƻƴΦ wŜǎŜŀǊŎƘ ƛƴǘƻ ǘƘŜ ǳǎŜ ƻŦ ŀǳŘƛǘƻǊȅ ŘƛǎǇƭŀȅǎ 

within the field of run training interfaces is not uncommon, however there is a clear gap pertaining 

to assistive auditory feedback in running technique-based interfaces as will be discussed in the 

following passages. 

 

Like most current run training technology, as discussed so far, applications of auditory displays that 

provide assistive feedback in this area have primarily focused on using sound and music as a means 

of motivation, and for providing assistive feedback of running performance metrics, particularly of 

ǇŀŎŜ ŀƴŘ ƘŜŀǊǘ ǊŀǘŜΦ 9ȄŀƳǇƭŜǎ ƻŦ ǘƘƛǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ CƻǊǘƳŀƴƴ Ŝǘ ŀƭΦΣ όнлмнύ Iŀƻ Ŝǘ ŀƭΦΩǎ (2015) 

RunBuddy smartphone system for running rhythm monitoring, which use rhythmic auditory impulses 

to guide the user towards a consistent running rhythm and cadence for maintaining pace. Other 

ŜȄŀƳǇƭŜǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ¢Φ²ΦDΦ {ŎƘǳǳǊƳŀƴǎΩ ǿƻǊƪ ƻƴ ŀŘŀǇǘƛǾe music feedback for maintaining 

target pace. This project involved an interactive system that provides rhythmic stimuli, derived from 

ǘƘŜ ōŜŀǘ ƻŦ ŀ ǎƻƴƎΣ ŀƴŘ ŀŘŀǇǘǎ ǘƻ ǘƘŜ ǳǎŜǊΩǎ ǇŀŎŜ ǘƻ ǇǊƻǾƛŘŜ ŀ Ŏƻƴǎǘŀƴǘ ƎǳƛŘŜƭƛƴŜ ŦƻǊ ƳŀƛƴǘŀƛƴƛƴƎ ƛǘΦ 

The system can also suggest different paces for the user to adapt to and provides a stepped increase 

or decrease towards the new tempo to act as a guide for the runner (Schuurmans, 2006). In a similar 

ŦŀǎƘƛƻƴ ǘƘŜ ƛDǊƻƻǾƛƴƎ ǇǊƻƧŜŎǘ ōȅ 5Φ [ŜǇŜǊǾŀƴŎƘŜ ŜȄǇƭƻǊŜǎ ŀ ǎƻƴƛŦƛŎŀǘƛƻƴ ǎȅǎǘŜƳΣ ǿƘŜǊŜōȅ ǘƘŜ ǳǎŜǊΩǎ 

steps are tracked and used as sound triggers for atmospheric drum samples. The premise of the 

ǇǊƻƧŜŎǘ ƛǎ ǘƘŀǘ ōȅ ǇǊƻǾƛŘƛƴƎ ōƛƻŦŜŜŘōŀŎƪ ƻŦ ǘƘŜ ǊǳƴƴŜǊΩǎ ŎŀŘŜƴŎŜΣ ǳǎƛƴƎ ŀǘƳƻǎǇƘŜǊƛŎ ƳǳǎƛŎ ǘƻ ǇǊƻǾƛŘŜ 

ŀ ƳŜŘƛǘŀǘƛǾŜ ǎǘŀǘŜΣ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ Ŏŀƴ ƛƴǘŜǊƴŀƭƛǎŜ ŀƴŘ ΨǾƛǎǳŀƭƛǎŜΩ ǘƘŜƛǊ ŎŀŘŜƴŎŜ ŀƴŘ ŦŀƳƛƭƛŀǊƛǎŜ 

themselves with the feeling of that pace. This project however falls short of testing an 

implementation of the system design and instead only provides a theoretical and conceptual 

backdrop to potential sonification biofeedback designs (Lepervanche, 2013). The iGrooving project 

builds upon interesting concepts of motivation in runners, that address the issues of current run 

training interfaces that focus on extrinsic motivators as outlined by Knaving et al. (2015), however, 

does not address technique biofeedback. 

 

So far, we have discussed the prevalence of auditory feedback interfaces with a focus on running 

performance, however, there are a few more recent examples that address the area of running 

technique training as outlined by the design space mapped out by (Jensen and Mueller, 2014) seen 

in FiguǊŜ мΦ aΦ 9Ǌƛƪǎǎƻƴ ŀƴŘ wΦ .ǊŜǎƛƴΩǎ ǇǊƻƧŜŎǘ ŦƻǊ ƛƳǇǊƻǾƛƴƎ ǊǳƴƴƛƴƎ ƳŜŎƘŀƴƛŎǎ ōȅ ǳǎŜ ƻŦ ƛƴǘŜǊŀŎǘƛǾŜ 

sonification involves a system for improving running posture based on auditory feedback, provided 
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by accelerometer data of a sensor placed around the waist. The system used pre-recorded audio files 

stored on a smartphone, made to trigger in response to sensor data thresholds being crossed. Due to 

limited processing power available at the time, real-time sound synthesis was not possible and 

therefore the system made use of audio files. The auditory feedback was provided in the modality of 

an alarm system, aimed at warning the user if posture was incorrect for more than a certain period 

of time, the researchers acknowledge however that while the system is able to feedback that running 

technique is incorrect, it is incapable of suggesting to the user how to adapt to correct it, and that 

this proves an important area of research (Eriksson and Bresin, 2010). The results for this project were 

derived from a single user case study as a proof of concept for the prototype system. The study 

showed that one test person was found to successfully adapt their running technique based on a 

simple sound model. However, the authors proceed to acknowledge that ΨCǊƻƳ ƻƴŜ ǘŜǎǘ ǇŜǊǎƻƴ ƛǘ ƛǎ 

of course impossible to draw any conclusion about the behaviour of the population at large. However, 

ǿŜ ƘŀǾŜ ƭŀƛŘ ǘƘŜ ŦƻǳƴŘŀǘƛƻƴ ŦƻǊ ŦǳǊǘƘŜǊ ǎǘǳŘƛŜǎ ƛƴ ǘƘƛǎ ŀǊŜŀΦΩ (Eriksson and Bresin, 2010). More 

recently, in response to successful studies for reducing tibial peak positive acceleration in runners 

with visual biofeedback, the work by Wood and Kipp (2014) explores the use of auditory biofeedback 

to provide real-time information to runners in the field as opposed to an in-situ treadmill-based 

system typically used in other studies thus far. Results for their studies suggested that Ψ{ǳōƧŜŎǘǎ ǿŜǊŜ 

able to significantly reduce Peak Positive Amplitudes (PPAs) during exposure to audio biofeedback. In 

addition, two rounds of biofeedback were sufficient for subjects to retain a reduction in PPAs without 

biofeedback. PPA-generated audio biofeedback therefore appears to be a feasible method of gait 

ǊŜǘǊŀƛƴƛƴƎ ǘƻ ǊŜŘǳŎŜ tt!ǎ ƛƴ ǊǳƴƴŜǊǎΦΩ (Wood and Kipp, 2014) 

 

Auditory displays are a very useful tool for addressing the issues of representing multimodal data 

ǎǘǊŜŀƳǎΦ ¢ƘŜȅ ŜȄǇƭƻƛǘ ǘƘŜ ƘǳƳŀƴ ŀǳŘƛǘƻǊȅ ǎȅǎǘŜƳΩǎ ŀōƛƭity of tracking multiple sound events 

simultaneously and detecting discrete changes in auditory signals over time. The studies discussed in 

this section underline the importance of further investigation into auditory displays as running 

technique training aids and have mapped the design space for new technologies, modes of feedback 

and sonic interaction models. In the following section we introduce the focus defined for the assistive 

ƛƴǘŜǊŦŀŎŜ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ǘƘƛǎ ǘƘŜǎƛǎ ōȅ ŜȄǇƭŀƛƴƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ΨŦƻǊǿŀǊŘ ƘŜŀŘ ǇƻǎǘǳǊŜΩΣ ŀ ŎƻƳƳƻƴ 

misalignment of the neck and head resulting from prolonged incorrect posture in common 

contemporary scenarios such as sitting at an office desk and using mobile phones. Forward head 

posture is also present in poor running technique and has been demonstrated to impact efficiency of 
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movement and injury development of several musculoskeletal components (Jong et al., 2020; Koseki 

et al., 2019) 

 

 Background on Forward Head Posture Research 
With the advent and growth of the service industry and rapid global urbanisation, the physiological 

effects of office work and technology use have become of greater concern. Prolonged sedentary 

periods, inadequate furniture, and bad technology use habits, have contributed to the development 

of chronic fatigue, mental health issues, and exacerbation of musculoskeletal and respiratory 

conditions in the workforce (Jacukowicz and Merecz-Kot, 2020; Koseki et al., 2019; Sui et al., 2019). 

As such, a growing body of work has focussed on probing this environment and exploring design 

applications to improve worker experience. In addition to the workspace, the widespread use of 

smartphones has led to users spending long periods in unhealthy postures, leading to chronic 

straining of neck and back muscles that can lead to diseases such as cervical myalgia (Lee et al., 2013). 

In conjunction, these two areas represent the bulk of research into issues causing incorrect posture 

in everyday technology focussed environments.  

 

 

Figure 3 - Example of Forward Head Posture(Koseki et al., 2019) 

 

One such issue of prominent concern is Forward Head Posture (FHP). FHP is defined by the 

hyperextension of the upper cervical vertebrae and forward translation of the cervical vertebrae, 

which results in a posture combination of slouched-forward shoulders and rounded upper back (see 

Figure 3) (Koseki et al., 2019). FHP can ultimately lead to a painful shortening of the muscles of the 

back of the neck, as well as compression of the uppermost portion of the spine that supports the 
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head and protects the spinal cord, as well as causing issues with respiratory efficiency and mental-

health and anxiety (Ansari and Kondamudi, 2020). FHP incidence has rapidly increased in the decades 

leading up to 2016, with this attributed to the fast-paced adoption of laptops, mobile phones, and 

tablets. This has led the condition to be colloquially referred to as the iHunch, in reference to Apple 

products like the iPhone (Cuddy, 2015). Hence, FHP is of significant concern for a large portion of the 

global population as global sales estimates for 2021-2026 are expected to range from 6.4 ς 7.5 billion 

units (Figure 4) (OΩDea, 2021). 

 

 

Figure 4 - Worldwide Smartphone Subscriptions Projection 2016-2026 ς Ericsson (OΩDea, 2021) 

 

FHP is of particular interest to this study as A) FHP impacts mobility and kinematic efficiency, resulting 

in inefficient locomotion and increased strain to the musculoskeletal structures that support the head 

(Dallam et al., 2005; Strohrmann et al., 2012) B) A gap exists in the design space for run training 

interfaces related to assistive technique interventions (Jensen and Mueller, 2014; Yoo and Park, 

2015), this is ŦǳǊǘƘŜǊ ǊŜŦƭŜŎǘŜŘ ōȅ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ŎƻƴŎŜǊƴǎ ŦƻǊ ƛƴƧǳǊȅ ǇǊŜǾŜƴǘƛƻƴ ŀƴŘ ƛƳǇǊƻǾŜŘ 

performance. C) A solid foundation of research exists relating to the physiological effects of FHP to 

inform the design process for this project. 

Key studies relating to auditory assistive feedback for FHP prevention can be found in the work of Lee 

et al., (2013). Here, the authors propose using 3-ŀȄƛǎ ŀŎŎŜƭŜǊƻƳŜǘŜǊǎ ŦƻǊ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ǳǎŜǊǎΩ ƘŜŀŘ 

and neck tilt angle during smartphone use. The user is warned via haptic vibration and alarms if the 
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incorrect posture has been maintained for an abnormal range and needs correcting (Lee et al., 2013). 

This study presents a useful insight into the use of IMUs for FHP prevention, however, the feedback 

only alerts the user of incorrect posture, but does not assist with information on how much 

adjustment must be made to correct it. Similarly, the work by Yoo and Park (2015), presents an FHP 

intervention using surface electromyography sensors to detect contraction of the spinal and neck 

muscles, and prompt the user at intervals of 300 seconds if posture is incorrect. Like the study by Lee 

et al., (2013) auditory feedback is basic and does not provide assistive information. Thus, a motivation 

to further explore mechanisms for FHP mitigation using low-cost solutions is evident (Kim et al., 

2011). In the following section a background on FHP research relating to running kinematics is 

presented to further explore the design space for an assistive run training interface for FHP 

mitigation. 

 

 Forward Head Posture and Running Kinematics 
 

 

Figure 5 - Example of Forward Head Posture while running (Dunne, 2015) 

Running is an intrinsic form of locomotion for humans, as well as an increasingly popular form of 

recreation, and most ubiquitous movement across sports disciplines. Furthermore, running is a high 

impact full-body activity, making use of many of the bodyôs musculoskeletal structures; this results in 

running being a high injury risk activity, due to the vast range of motion involved (Daoud et al., 2012). 

These complex full body motions make achieving optimum running technique difficult, particularly if 

there are any pre-existing conditions (Folland et al., 2017), thus a motivation for designing assistive 

interfaces for running technique improvement exists in the research and private sectors.  
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As discussed in the previous section, FHP is an increasingly common issue amongst smartphone users, 

and as such, its effects are present during exercise activities. FHP during running can be observed in 

the angle tilt of the head and neck while running (Figure 5) and as such its effects can be exacerbated 

by high impact resulting from poor running technique. Whilst much of the body of work relating to 

FHP has focussed on sedentary correction of posture (Ansari and Kondamudi, 2020; Kim et al., 2011; 

Lee et al., 2017; Triangto et al., 2020), there is little evidence of FHP assistive feedback for running. 

Furthermore, as discussed in the opening sections of this chapter, current auditory display research has 

focussed on applications that target running performance, leaving a clear gap for creating an assistive 

run training interface for FHP mitigation.  

 

2.6 Design Thinking 

Design thinking is characterised as the consideration of cognitive processes that lead to design action 

and arise from the use of ethnographic tools to understand users and their environments in their 

natural state (Cross et al., 1992; Tim Brown, 2008). The evolution of the philosophical aspects of 

ŘŜǎƛƎƴ ǘƘƛƴƪƛƴƎ ōŜǘǿŜŜƴ ǘƘŜ мфлслΩǎ ǘƘǊƻǳƎƘ ǘƻ ǘƘŜ мфулǎ ŀƴŘ ƻƴǿŀǊŘǎΣ ƳŀǇǎ ƻǳǘ ŀ ǇǊƻŎŜǎǎ ōȅ ǿƘƛŎƘ 

the role of the designer ǎƘƛŦǘŜŘ ŦǊƻƳ ǘƘŀǘ ƻŦ ŀƴ Ψŀƭƭ-ƪƴƻǿƛƴƎ ŜȄǇŜǊǘΩ ǘƻ ǘƘŀǘ ƻŦ ǘƘŜ ǊŜŦƭŜŎǘƛǾŜ 

practitioner (Schön, 2017)Φ ¢ƘŜ ǇƻǎƛǘƛƻƴƛƴƎ ƻŦ ǘƘŜ ŘŜǎƛƎƴŜǊ ƛƴ ŀ ǎǘŀǘŜ ƻŦ ΨǊŜŦƭŜŎǘƛƻƴ ƛƴ ŀŎǘƛƻƴΩ ƳƻǾŜŘ 

away from the characterisation of the designer as a practitioner relying solely on their training, and 

consequently their preconceived knowledge of theory and technique to produce designs. This new 

conceptualisation of the role of the designer embraces uncertainty, serendipity and dialogue with 

users, to construct ad hoc theories and methodologies that target specific design scenarios (Sas and 

Dix, 2009). Thus, the information-ǇǊƻŎŜǎǎƛƴƎ ŎƻƴŎŜǇǘǳŀƭƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ΨǇǊƻōƭŜƳ-ǎƻƭǳǘƛƻƴΩ ŦǊŀƳŜǿƻǊƪ 

ŦƻǊ ŘŜǎƛƎƴ ǿŀǎ ǊŜƧŜŎǘŜŘ ƛƴ ŦŀǾƻǳǊ ƻŦ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ǘƘŜ ΨŘŜǎƛƎƴ-situatioƴΩ ƻǊ ΨŘŜǎƛƎƴ ǎǇŀŎŜΩΦ ¢Ƙƛǎ 

ideation of the design space opened up sensitivities to human and environmental factors more 

commonly associated with the social sciences (Bousbaci, 2008). In this new design paradigm, qualities 

designers must embrace are experimentalism, collaboration, empathy and self-reflection to better 

understand the complex and nuanced interactions between users, their environments and the 

designs produced to respond to specific scenarios (Sas and Zhang, 2010). 

 

Design thinking spurred the proliferation of user-centric methodologies aiming to improve usability 

through empathic design conscious of user environments, experiences and sensibilities. As such user-
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centred design has become a central tenet of disciplines concerned with technology design such as 

HCI, which have recognised the potential in engaging users to produce more meaningful and 

impactful designs. HCI practitioners have been successful in spearheading the adoption of design 

ǘƘƛƴƪƛƴƎ ƛƴ ŀ ŦƛŜƭŘ ǇǊŜǾƛƻǳǎƭȅ ƎǳƛŘŜŘ ōȅ ǊƛƎƻǊƻǳǎ ΨǎŎƛŜƴǘƛǎƳΩΣ by opening up the possibilities to better 

explore and understand the ambiguous nature of data produced by design-based research in the field, 

ultimately enabling actionable paths for design (Gaver, 2012; Koskinen et al., 2011).  

 

A key focus of incorporating design thinking into HCI has been to embrace innovative frameworks and 

methods, while consistently aiming to produce stable and transferable tools formalised into the body 

of research. This ability to formalise experimental tools has been central to the success of user-

centred design adoption within HCI and has spurred a shift away from positivist frameworks towards 

user-centric approaches in related fields which employ design-based approaches for the generation 

of new knowledge. A recent example of a field that has begun a transition from positivist and 

information-processing philosophies is auditory display research. As explored in the previous chapter, 

traditionally the field of auditory display research has struggled with adopting ambiguous qualitative 

data and favoured quantitative scientific methods, whilst the argument over scientific sonifications 

over aesthetic approaches has dominated the majority of discussion in the field (Ballora, 2014; 

Filimowicz, 2014). This has resulted in a difficulty in formalising design theory of auditory displays as 

the nature of this field of research encompasses a vast range of disciplines, much like HCI, and thus 

new approaches to critiquing evaluating design methodologies in auditory display research has 

pushed the field towards more user-centric philosophies. 

  

 Towards a formalization of AD theory 
Despite its close relation to HCI research, auditory display research has been slower in adopting user-

centric methods, however as of recent publications user-centric methodologies have begun to 

become more prominent (Landry and Jeon, 2017; Metatla et al., 2015). In these recent examples a 

clear shift in vocabulary and techniques has become evident, reflecting the influence of design 

thinking by showcasing theories and approaches to design more common in HCI and the social 

sciences. This convergence between the fields of AD and HCI research present an opportunity to 

homogenise the approaches employed in AD research and produce a more formalised theory for 

sonification and auditory display design.  



 

 35 

Clear examples of this shift in philosophy amongst the auditory display community can be seen in the 

work of prominent AD researcher Stephen Barras, where he describes the introduction of aesthetic 

considerations to the field of AD research as a consequence of the explosion in popularity of what he 

terms the ΨŀŜǎǘƘŜǘƛŎ ǘǳǊƴ ƛƴ ǾƛǎǳŀƭƛǎŀǘƛƻƴΩ (Barrass, 2012). This aesthetic turn in visualisation is 

understood as the revolution of data visualisation through the skills and perspectives of artists and 

designers, who were able to open the field to innovative ways of experiencing the nuances of complex 

data sets. Barrass describes sonification and auditory display as the auditory counterpart to data 

Ǿƛǎǳŀƭƛǎŀǘƛƻƴ ŀƴŘ ŜƴǾƛǎŀƎŜŘ ǘƘŀǘ Ψthe extension of the aesthetic turn to sonification could transform 

this field from a scientific curiosity and engineering instrument into a popular mass mediumΦΩ (Barrass, 

2012). Further examples of the vision proposed by Barrass, can be seen in the work of Wolf et al. 

where a decentralised approach to AD design is presented. In their paper, users are given control over 

a semi-autonomous sonification system that implements established sonification techniques, to 

produce a soundscape which users are able to affect and modify the mapping parameters to suit their 

preferences (Wolf et al., 2015). The authors of this study expressly use techniques adapted from HCI 

to develop a user-centred approach to AD design and test the applications of this techniques within 

this field, as such, the researchers acknowledge further investigation of this methodologies is needed.  

 

As observed in key examples from prominent researched in AD design, an amalgamation of design 

thinking activities and tools has begun to appear in AD research, as such, the motivation to further 

explore these techniques present an opportunity for the field to produce more cohesive tools and 

theories of sonification, leading to a more sustainable ecology which pushes knowledge in the field 

forward. Of particular interest to this project are two approaches well established in HCI research 

which have found their way into more recent sonification research, ecological and embodied design. 

These two notions, grounded in psychology and cognitive science, offer fresh perspectives on how to 

better understand user experience, perception, and behaviour by focussing the user-centric lens on 

the relationships users have with their environments, their consciousness and their mental states. In 

the following section an account and background of ecological and embodied design to frame current 

UCD approaches within HCI research and how they relate to current approaches in AD design and 

research. 
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 Ecological and embodied approaches to AD Design 
5ǳǊƛƴƎ ǘƘŜ мфслΩǎ ŀ ǎƘƛŦǘ ƛƴ ǘƘŜ ŎƻƴŎŜǇǘǳŀƭƛǎŀǘƛƻƴ ƻŦ ŎƻƎƴƛǘƛƻƴ ōŜƎŀƴ ǘƻ ƻŎŎǳǊΣ ǿƘŜǊŜōȅ ǘƘŜ ŘƻƳƛƴŀƴǘ 

cognitivist information-processing philosophy began to be rejected in favour of more human-centric 

interpretations to cognition. One such theory was proposed by James Gibson in 1966, known as the 

ecological perceptual theory, which moved away from an interpretation of the world as a chaotic 

source of random sensory stimuli, onto which organisms capable of perceiving superimpose 

structures of meaning, derived from mental representations of the world stored in their cognitive 

apparatus (Gibson, 1966)Φ DƛōǎƻƴΩǎ ǘƘŜƻǊȅ ǇǊƻǇƻǎŜŘ ŀ ǊŀŘƛŎŀƭ ŀƴŘ ƛƴƴƻǾŀǘƛǾŜ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ of 

perception for the cognitive sciences at the time. Here cognition was understood to be derived from 

the situatedness of the perceiver in a naturally structured environment controlled by the laws of 

physics, in which ambient information permeates and allows the perceiver to act (Wilson and Foglia, 

2017). In this framework, perception is an active and exploratory state which the perceiver uses to 

orient itself through actions within its environment. Perception is considered as a self-adapting 

process of decoding ambient information by the sensory organs, which then in turn reinforce and 

optimise the perceptual system, allowing it to become more sensitive to the subtle invariance of an 

evolving yet stable environment (Clarke, 2005). 

 

hƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ǘŀƪŜŀǿŀȅǎ ŦǊƻƳ DƛōǎƻƴΩǎ ǘƘŜƻǊȅ ƻŦ ŜŎƻƭƻƎƛŎŀƭ ǇŜǊŎŜǇǘƛƻƴ ŦƻǊ 

understanding the synergies between the environment and perceiver is the concept of Affordances. 

!ŦŦƻǊŘŀƴŎŜǎ ŀǊŜ ǳǎŜŘ ǘƻ ŜȄǇƭŀƛƴ Ƙƻǿ ǘƘŜ ƛƴǾŀǊƛŀƴǘ ŀƴŘ ƛƴƘŜǊŜƴǘ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ƻōƧŜŎǘǎ ΨŀŦŦƻǊŘΩ ǘƘŜ 

perceiver with cues on how to regulate its behaviour in response to a particular context of events 

within the environment. These affordances are what permit an organism to react appropriately to 

what occurs without any prior knowledge or cognitive process (Hirose, 2002). Furthermore, it is 

important to note that the ecological theory of perception does not distinguish between the physical 

natural environment, and the more abstract cultural environment of human experience. Thus, 

perception is not limited to physical objects and interactions, allowing the extraction of actionable 

meaning from abstract phenomena like language, emotional expression, sound and graphical symbols 

(Clarke, 2005). This new understanding of cognition as a perception-action cycle stemming from the 

situatedness of the perceiver in a sensory-rich environment, not only revealed the intrinsic 

relationship to the environment, but cast the spotlight on the perceiver as a primary actor, which 

ǳƭǘƛƳŀǘŜƭȅ ŦƻǎǘŜǊŜŘ ǘƘŜ ƴƻǘƛƻƴ ƻŦ ΨŜƳōƻŘƛƳŜƴǘΩΦ ¢ǊŀŘƛǘƛƻƴŀƭƭȅ ǘƘŜ ŎƻƎƴƛǘƛǾŜ ǎŎƛŜƴŎŜǎ ƘŀŘ ǇƻǎƛǘƛƻƴŜŘ 

the body of a perceiving organism as peripheral to cognition, however, the notion of embodiment 
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recontextualised this perception (Hirose, 2002). Cognition was now viewed as intrinsically tied to 

ŀǎǇŜŎǘǎ ƻŦ ǘƘŜ ǇŜǊŎŜƛǾŜǊΩǎ ōƻŘȅ ƻǘƘŜǊ ǘƘŀƴ ǘƘŜ ōǊŀƛƴΣ ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭ ƻǊƎŀƴƛǎƳΩǎ 

ability to sense and decode the affordances which exist in the environment it inhabits (Wilson and 

Foglia, 2017). In the current scope of technology design, the body has become of central concern for 

design as we seek to expand its capabilities. Thus, embodied design aims to leverage the situatedness 

of the body within the ecologies it inhabits to inform design (Wilde et al., 2017). The affordances 

designers are presented through embodied design have allowed the development of user-centric 

frameworks, particularly useful in perceptual research disciplines like auditory display design, by 

providing tools to adequately scrutinise the relationship between users, environment, body and 

product (Sas and Chopra, 2015). 

 

While the specific language and theory of embodied design is relatively new to AD research, notions 

of ecological and embodied perspectives to auditory perception are present throughout related 

ƘƛǎǘƻǊƛŎŀƭ ǎƻǳǊŎŜǎ ŎƻƴǘŜƳǇƻǊŀǊȅ ǿƛǘƘ DƛōǎƻƴΩǎ ǘƘŜƻǊȅ ƻŦ ŜŎƻƭƻƎƛŎŀƭ ǇŜǊŎŜǇǘƛƻƴΦ hƴŜ ŎƭŜŀǊ ŜȄŀƳǇƭŜ 

ŎƻƳŜǎ ŦǊƻƳ ǘƘŜ ΨƭƛǎǘŜƴƛƴƎ ƳƻŘŜǎΩ ŘŜǾŜƭƻǇŜŘ ōȅ tƛŜǊǊŜ {ŎƘŀŜŦŦŜǊ ŀƴŘ ōuilt upon by Michel Chion. In 

their work Schaeffer and consequently Chion, aimed to formalise ideas on the situatedness of the 

listener and the listening state of mind experienced in varying contexts, by creating a taxonomy of 

the different modes of listening (Chion and Murch, 1994; Schaeffer, 1966). The categorisations 

presented in these taxonomies laid the groundwork for an embodied approach to musicological 

ǊŜǎŜŀǊŎƘ ƛƴǘƻ ǘƘŜ ƭƛǎǘŜƴƛƴƎ ŀƴŘ ǇŜǊŎŜǇǘƛƻƴ ƻŦ ΨƻǊƎŀƴƛǎŜŘ ǎƻǳƴŘΩ ŀƴŘ ƘŀǾŜ Ŏƻƴǘƛƴǳƻǳǎƭȅ ōŜŜƴ ŀŘŀǇǘŜŘ 

to fit more modern perspectives on music perception (Tuuri and Eerola, 2012). As the philosophy of 

!5 ǊŜǎŜŀǊŎƘ Ƙŀǎ ǎƘƛŦǘŜŘ ǘƻ ŜƳǇƭƻȅƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ōŜǘǘŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǳǎŜǊǎΩ ŜȄǇŜǊƛŜƴŎŜǎ ƻŦ 

listening, the effect on perception of the different listening modes has become of great relevance to 

the field and used a source for defining design parameters (Grond and Hermann, 2014). Similarly, 

other ecological approaches have come from the application of Gestalt Theory, used for describing 

processes for designing auditory displays that integrate discreetly into their intended ecologies and 

are designed by considering the environment they sit in as a whole (Rönnberg et al., 2016). More 

recently, the work of Dermot Furlong and Steven Roddy has been exemplary in championing the 

application of embodied design in AD research and presents the most comprehensive and explicit use 

of embodied design in the field. Lƴ ǘƘŜƛǊ ǿƻǊƪΣ CǳǊƭƻƴƎ ŀƴŘ wƻŘŘȅ ƛǎƻƭŀǘŜ ΨǊŜŀƭƛǎƳ ŀƴŘ ŎƻƎƴƛǘƛǾƛǎǘ 

ǘƘƛƴƪƛƴƎΩ ŀǎ ƪŜȅ ōŀǊǊƛŜǊǎ ǘƻ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ !5 ǊŜǎŜŀǊŎƘ ŀƴŘ ǇǊƻǇƻǎŜ ŜŎƻƭƻƎƛŎŀƭ ŀƴŘ ŜƳōƻŘƛŜŘ ŘŜǎƛƎƴ 
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as a framework to address the key issues in theory formalisation and lack of cognitive research in 

auditory display design (Furlong and Roddy, 2020) 

 

From these instances and throughout the discussion in this thesis, it can be observed that the AD 

community has been shifting towards more user-centric approaches in recent times. However, while 

much attention has been given to understanding the listener in the domain of music and organized 

sound, the same cannot be said of AD and HCI research (Vickers, 2012). This is of particular 

importance as greater emphasis on user-experience has become paramount to current AD design. 

Given this, it is a key priority of this project to explore the application of ecological and embodied 

design as a tool for producing rich and innovative studies within the field of AD research, thus in the 

following the cultural probe methodology is analysed as a valuable tool for developing an auditory 

interface in line with the discussion presented in this chapter. 

 

2.7 The Cultural Probe Method 

Cultural Probes are a design-led approach, which emerged from the work carried out by Bill Gaver, 

Tony Dunne, and Elena Pacenti, as part of the EU Presence Project. Their research aimed to explore 

how to better integrate elderly people into their communities, the results of which, were outlined in 

the article Cultural Probes published in Interactions magazine (Gaver et al., 1999). In this article Gaver 

and his team discussed how they developed cultural probes as a method to provoke inspirational 

responses from their participants, with the intention to better understand the communities they 

would be designing for and to open possibilities for new design spaces.  

 

Ψ¢ƘŜ ǇǊƻōŜǎ ΧŀŘŘǊŜǎǎ ŀ ŎƻƳƳƻƴ ŘƛƭŜƳƳŀ ƛƴ ŘŜǾŜƭƻǇƛƴƎ ǇǊƻƧŜŎǘǎ ŦƻǊ ǳƴŦŀƳƛƭƛŀǊ 
groups. Understanding the local cultures was necessary so that our designs 

ǿƻǳƭŘƴΩǘ ǎŜŜƳ ƛǊǊŜƭŜǾŀƴǘ ƻǊ ŀǊǊƻƎŀƴǘΧΩ (Gaver et al., 1999) 

 

Taking an artist-designer perspective as opposed to a scientist (or engineer)-designer approach, 

Gaver et al. (1999), envisaged the cultural probes as a tool, not for gathering user requirements, but 

for uncovering and developing new spaces for design in user experience, pleasure, and sociability. As 

such, Gaver et al. (1999), did not prioritize precise analysis or controlled methodologies as in 
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traditional ethnographic studies, but instead attempted to create a dialogue between researchers 

and subjects for the consideration of the cultural implications their designs could potentially have. 

Inspired by the Situationist, Dada and Surrealist movements, the probes were designed as a set of 

fun, abstract and open-ended tasks that would provide inspirational information to stimulate the 

ŘŜǎƛƎƴŜǊǎΩ ƛƳŀƎƛƴŀǘions, rather than provide data for defining user requirements.  

 

ΨTrying to establish a role as provocateurs, we shaped the probes as interventions that would affect 

the elders while eliciting informative ǊŜǎǇƻƴǎŜǎ ŦǊƻƳ ǘƘŜƳΩ (Gaver et al., 1999). This approach allowed 

for the consideration of broader information such as beliefs, desires, emotions, aesthetic preferences 

and the cultural concerns of the participants. 

 

In the work of Gaver et al. (1999), as well as in the majority of other cultural probe examples that 

ƘŀǾŜ ŦƻƭƭƻǿŜŘΣ ǘƘŜ ǇǊƻōŜǎ ǘŀƪŜ ǘƘŜ ŦƻǊƳ ƻŦ ǇƘȅǎƛŎŀƭ ǇŀŎƪŜǘǎ ƻǊ ΨƪƛǘǎΩ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭǎ ƴŜŜŘŜŘ 

for completing a set of open-ended, provocative and abstract tasks set by the designers (Boehner et 

al., 2007). The materials provided traditionally consist of maps, disposable cameras, journals or 

sketchbooks, media diaries, postcards and basic craft materials (Gaver et al., 1999; McDougall and 

Fels, 2010).  

 

The contents of these probe kits were designed and chosen in response to a variety of perceived 

obstacles the researchers had to overcome to initiate a conversation with the elderly communities 

they would be designing for. The playful nature of the probes aimed to mediate the tensions created 

ōŜǘǿŜŜƴ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊκǎǳōƧŜŎǘ ŘƛŎƘƻǘƻƳȅΣ ŀƴŘ ǘƘŜ ΨƻŦŦƛŎƛŀƭΩ ƴŀǘǳǊŜ ƻŦ ǊŜǎŜŀǊŎƘ ŦǊƻƳ ǘƘŜ 

ǇŀǊǘƛŎƛǇŀƴǘǎΩ ǇŜǊǎǇŜŎǘƛǾŜǎΦ  

 

Ψ¦ǎƛƴƎ ƻŦŦƛŎƛŀƭ ƭƻƻƪƛƴƎ ǉǳŜǎǘƛƻƴƴŀƛǊŜǎ ƻǊ ŦƻǊƳŀƭ Ƴeetings seemed likely to cast us in 
ǘƘŜ ǊƻƭŜ ƻŦ ŘƻŎǘƻǊǎΣ ŘƛŀƎƴƻǎƛƴƎ ǳǎŜǊ ǇǊƻōƭŜƳǎ ŀƴŘ ǇǊŜǎŎǊƛōƛƴƎ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ŎǳǊŜǎΩ 

(Gaver et al., 1999). 

 

Secondly, their compact form allowed for geographical barriers to be overcome, 
allowing participants to post their probes back to the researchers. The largely 

visual nature of the probe materials likewise served to mediate problems relating 
to language barriers (Gaver et al., 1999). 



 

 40 

 

In recent years, research in HCI has shifted its focus towards trying to better understand the user and 

the influence design has on everyday life. Consequently, this has led to user-centred methods such 

as cultural probes to be explored as alternative means of engagement with target user groups. This 

wide adoption of the use of cultural probes, however, has attracted some criticism within the HCI 

community, largely stemming from tendencies to replace traditional ethnographic studies with the 

probe method and trying to analyse the results from a scientific standpoint. In the following sections 

we will detail how the probe method has been adapted and interpreted in HCI in order to shed light 

on the issues mentioned previously.  

 

 Cultural Probes in HCI 
In the work carried out by Boehner et al., (2007), a review of approximately 90 papers into the uptake 

ƻŦ ŎǳƭǘǳǊŀƭ ǇǊƻōŜǎ ǿƛǘƘƛƴ I/LΣ ǊŜǾŜŀƭŜŘ ŀ ŘƛǾŜǊǎŜ ΨƳƛŎǊƻŎƻǎƳΩ ƻŦ ŀŘŀǇǘŀǘƛƻƴǎ ƻŦ ǘƘŜ ǇǊƻōŜ ƳŜǘƘƻŘΦ Lƴ 

order to characterize this diversity Boehner uses the umbrella term ΨȄΩ ǇǊƻōŜǎ (Boehner et al., 2007). 

¢ƘŜ ǘŜǊƳ ΨȄΩ ǇǊƻōŜǎ ŜƴŎƻƳǇŀǎǎ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ǇǊƻōŜ ƛƴǎǇƛǊŜŘ methods that include Technology 

Probes, Urban Probes, Empathy Probes, among other variations of the original probe method.  

 

.ȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ŎƻƴŎŜǊƴƛƴƎ ǘƘŜǎŜ ΨȄΩ ǇǊƻōŜǎΣ .ƻŜƘƴŜǊ Ŝǘ ŀƭΦ όнллтύΣ ǘǊŀŎŜ ǎŜǾŜǊŀƭ ƪŜȅ 

attributes of the original probe method that have been incorporated, adapted, and discarded by 

different research groups, and comments on the implications of these decisions.  

  

Probes as Data Collection: 

Boehner et al., identify that the most prominent feature found in the papers reviewed, is the 

approach of using probes as a form of data collection. This method sees the original probe method 

being used for user requirements gathering, as well as a supplement to, or in some cases a 

replacement for ethnographic studies. Likewise, some approaches suggest following up probe studies 

with ethnographic methods, such as interviews, to help validate the probe results. This has been 

ŎǊƛǘƛŎƛȊŜŘ ŦƻǊ ŀŘŀǇǘƛƴƎ ǘƘŜ ǇǊƻōŜ ƳŜǘƘƻŘ ƛƴǘƻ ŀ ŦƻǊƳ ƻŦ ΨŘƛǎŎƻǳƴǘΩ ƻǊ ǊŀǇƛŘ ŜǘƘƴƻƎǊŀǇƘȅΣ ǿƘƛŎƘ Ŧŀƛƭǎ 

to capture what true ethnographic studies capture due to a lack of analytic and methodological 

concerns (Dourish, 2006).  

 

Probes as Packet: 
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Another prominent feature amongst the literature has been the adoption of the original form of the 

ΨǇǊƻōŜ ƪƛǘΩΣ ǿƛǘƘ ǎƻƳŜ ǎǘǳŘƛŜǎ ƘƻǿŜǾŜǊΣ ƻƴƭȅ ǳǎƛƴƎ ƻƴŜ ƻǊ ǘǿƻ ŜƭŜƳŜƴǘǎ ǎǳŎƘ ŀǎ ƻǇŜƴ-ended 

postcards, or the photo diary, instead of the whole package. It appears that in many cases this 

approach has been adopted as a form of ready-made kit to quickly gather data without the need for 

in-depth analysis, particularly useful within industry where design periods are short due to budgetary 

concerns (Boehner et al., 2007; Gaver et al., 2004). 

 

Probes as Participatory: 

A less prominent, but still commonly cited attribute is the participatory nature of cultural probes. 

Participants often cite the level of participation afforded by the probes as more enjoyable than 

traditional approaches such as interviews. They allow participants to control the information they 

provide and are therefore favourable when dealing with participants in sensitive contexts, where 

privacy is necessary. Similarly, probes are associated with emotional aspects of design and HCI, due 

to the playful, creative and abstract nature of the tasks involved, this has become an increasing 

motivation for probe use in recent years (Bernhaupt et al., 2007; Vetere et al., 2009).  

 

Probes as Sensibility: 

Far less common in the literature are works that cite the provocative nature of probes as inspiration 

for the development of new methods. These works usually abandon the traditional probe kit, and 

instead appropriate the attitude behind the cultural probe method. That is, the designed artifacts, 

ŀǇǇƭƛŎŀǘƛƻƴǎ ƻǊ ƛƴǎǘŀƭƭŀǘƛƻƴǎ ǎŜǊǾŜ ŀǎ ŀ ŦƻǊƳ ƻŦ ΨǇǊƻōŜΩΣ ǿƘƛŎƘ ǇǊƻǾƻƪŜǎ ǊŜŀŎǘƛƻƴǎ ŀƴŘ ŦŜŜƭƛƴƎǎ ǘƻ ŀ 

new technology or device (Boehner et al., 2007; Lundberg et al., 2002). 

 

The work provided by Boehner et al. (2007), highlights the trends observed in HCI literature regarding 

cultural probe uptake. Iǘ ƛǎ ƻŦ ƴƻǘŜ ǘƘŀǘ ǘƘŜ ƻǊƛƎƛƴŀƭ ŦƻǊƳ ƻŦ ǘƘŜ ΨǇǊƻōŜ ƪƛǘΩ Ƙŀǎ ƭŀǊƎŜƭȅ ǊŜƳŀƛƴŜŘ ƛƴǘŀŎǘΣ 

along with their use to stimulate design conversations with end-users through play and participation. 

Meanwhile it is less common to find approaches that have been inspired by the provocative and 

subversive nature of probes.  

 

! ǊŜǾƛŜǿ ƻŦ ƭƛǘŜǊŀǘǳǊŜ ǇǳōƭƛǎƘŜŘ ŀŦǘŜǊ .ƻŜƘƴŜǊΩǎ Ŝǘ ŀƭΦΣ ǊŜǎŜŀǊŎƘ ǊŜǾŜŀƭǎ ŀ Ŏƻƴǘƛƴǳŀǘƛƻƴ ƻŦ ǘƘŜ ǘǊŜƴŘǎ 

highlighted in their work, where the probe kit and probe for data collection approaches still prevail. 

Examples of this can be observed in Discovering Madeira: A Case for Cultural Probes (Leeuwen, 2011), 
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where the authors advocate validation of their results obtained from their probe study through 

subsequent supporting interviews with participants. Likewise the iAWN project (Jeng et al., 2011), 

takes the form of a probes as method for data collection, with a strong emphasis on trying to 

rationalize results. Further examples can be found in (Hutchinson et al., 2003; McDougall and Fels, 

2010; Thoring et al., 2014). 

 

 Evaluating the Cultural Probe Method 
The way in which cultural probes have been incorporated into HCI studies, as outlined in the previous 

sections, has created tensions within the HCI community, attracting several criticisms over this 

ƳŜǘƘƻŘΩǎ ǾŀƭƛŘƛǘȅ ƛƴ ƎŜƴŜǊŀǘƛƴƎ ŘŜǎƛƎƴ ƪƴƻǿƭŜŘƎŜΦ This has led on from a deviation from the original 

intentions behind cultural probe studies that the original authors foresaw.  

 

In a follow-up article to their original cultural probe study, Gaver et al., caution against the continuing 

tendency in research, to rationalize and summarize probe results, in an attempt to produce user 

requirements analyses from the data they collect (Gaver et al., 2004).  

By appropriating ǘƘŜ ǇǊƻōŜ ƳŜǘƘƻŘ ƛƴǘƻ ǘƘƛǎ ΨǎŎƛŜƴǘƛŦƛŎΩ ŀǇǇǊƻŀŎƘΣ ǊŜǎŜŀǊŎƘŜǊǎ ŀǊŜ ŀǘ Ǌƛǎƪ ƻŦ ǎŀŎǊƛŦƛŎƛƴƎ 

the true insights cultural probe studies can provide. Throughout the literature reviewed, many 

researchers acknowledge that despite the cultural probes being designed for inspiration, they were 

adapted in some way to provide information that could be used to validate and rationalize the results 

(Boehner et al., 2007). These approaches commonly place less emphasis on the provocative aspects 

of cultural probes, in fear that the data returned might be too abstract or unclear.  

 

Gaver et al., 2004, point out this ultimately has the consequence of leading to probe studies which: 

¶ Ask unambiguous questions that lead to predictable and unsurprising results, only reinforcing 

what the researcher already knows. 

¶ Due to the abstract nature of the method, this may lead to poor interpretations of individual 

subjects when trying to rationalize and summarize the results. 

¶ Constrain the imaginative element for storytelling that can inform design and is a key aspect 

of the cultural probe method. 

 

¢ƘŜ ŎǳƭǘǳǊŀƭ ǇǊƻōŜ ƳŜǘƘƻŘ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ƭƛƪŜƴŜŘ ǘƻ ŀ ΨŘƛǎŎƻǳƴǘΩ ŜǘƘƴƻƎǊŀǇƘȅ (Boehner et al., 2007; 

Dourish, 2006). This comparison stems from the similar emphasis the cultural probe method and 
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ethnographic studies place on the interaction between researchers and research subjects. Likewise, 

both approaches focus on the similar domains of inquiry of everyday life. However, due to the 

scientific perspective pervasive in HCI, these research methods have been adapted to elicit 

information that can then be used to produce user-requirements. Where ethnography is a valuable 

method for generating this type of data through interpretative analysis, cultural probes were never 

intended to generate any data at all. To attempt to interpret them as such distances them from being 

meaningful conversations between designers and participants, to an impersonal analysis 

independent of both (Boehner et al., 2007; Gaver et al., 2004).  

 

Our Probe results are impossible to analyse or even interpret clearly because they 
ǊŜŦƭŜŎǘ ǘƻƻ Ƴŀƴȅ ƭŀȅŜǊǎ ƻŦ ƛƴŦƭǳŜƴŎŜ ŀƴŘ ŎƻƴǎǘǊŀƛƴǘΧ ¢ƘŜȅ ǇǊƻŘǳŎŜ ŀ ŘƛŀƭŜŎǘƛŎ 

between the volunteers and ourselves: On the one hand, the returns are 
inescapably the products of people different from us, constantly confronting us 

with other physical, conceptual, and emotional realities (Gaver et al., 2004).  

 

The continuing prevalence of using probes as data collection methods is evidence of a larger and 

systematic misunderstanding of the probe method, resulting from the tensions created by scientific 

oriented perspectives in HCI, rather than an attribute of the method itself. Similarly, the 

ǇŜǊǾŀǎƛǾŜƴŜǎǎ ƻŦ ǘƘŜ ΨǇǊƻōŜ ŀǎ ǇŀŎƪŜǘΩ ƳŜǘƘƻŘ ŜŎƘƻŜǎ ǘƘŜ ǘŜƴǎƛƻƴǎ DŀǾŜǊ Ŝǘ ŀƭΦΣ ŦƻǊŜǎŀǿ ǿƻǳƭŘ ŀǊƛǎŜ 

from their original work; where they acknowledge the potential to adapt the probe method to 

different areas, but state that Ψŀ ƎŜƴŜǊƛŎ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ ǇǊƻōŜǎ ǇǊƻŘǳŎŜ ƳŀǘŜǊƛŀƭǎ ǘƘŀǘ ǎŜŜƳ 

ƛƴǎƛƴŎŜǊŜΣ ƭƛƪŜ ƻŦŦƛŎƛŀƭ ŦƻǊƳǎ ǿƛǘƘ ŀ ǾŜƴŜŜǊ ƻŦ ƳŀǊƪŜǘƛƴƎΩ (Gaver et al., 1999). This probe packet or kit, 

consisting of a camera, postcards, diary, maps, and tasks are often enough for a research paper to 

cite probes as central to their research methods. In cases such as these, what is adopted is the probe 

method but not the methodology (Boehner et al., 2007). Without this methodological approach the 

probes merely become the packets of objects that they are made ǳǇ ƻŦΣ Ψwithout the epistemic 

ƎǊƻǳƴŘƛƴƎ ǘƘŀǘ ƳŀƪŜ ǘƘŜƛǊ ǊŜǎǳƭǘǎ ǘǊǳƭȅ ƳŜŀƴƛƴƎŦǳƭΩ (Boehner et al., 2007). 

 

 Probology 
Arising from the previous sections, a fundamental issue that attracts criticism of the cultural probe 

method is the appropriation of the method without the corresponding methodology. Gaver et al. 

ŀŎƪƴƻǿƭŜŘƎŜ ǘƘƛǎΣ ƛƴ ǘƘŜƛǊ ŘƛǎǘƛƴŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ΨǇǊƻōŜ ŀǎ ƳŜǘƘƻŘΩ ŀƴŘ ΨProbologyΩΦ The 

probological approach uses Probes to encourage subjective engagement, empathetic interpretation, 
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and a pervasive sense of uncertainty as positive values for design (Gaver et al., 2004). While the 

authors proceed to acknowledge the probe technique may be adapted towards different needs, 

Gaver et al., encourage the adoption of a methodological approach and place emphasis on the design 

process of cultural probes. 

 

The real strength of the method was that we had designed and produced the 
materials specifically for this project, for those people, and for their environments. 

The probes were our personal communication to the elders, and prompted the 
elders to communicate personally in return (Gaver et al., 1999).  

 

A key aspect of the original probes that has been overlooked and usually omitted, as outlined in the 

work by Boehner et al., is the detailing of the process by which the probes are designed, as well as 

the acknowledgement of the subjective nuances and biases of the designers throughout the design 

process (Boehner et al., 2007). In the original cultural probe study, a substantial amount of 

consideration went into the design of the probes, focused through the lens of functional aesthetics 

(Gaver et al., 1999). This consisted of viewing aesthetic and conceptual pleasure as an integral part of 

functionality, thus allowing the probes to be designed so as to be delightful, but not childish or 

condescending, designed but not intimidating and personally reflective for both the participants and 

the designers (Boehner et al., 2007; Gaver et al., 2004). Ultimately the success and appeal of the 

probe method lies not only in its potential for yielding unexpected insights, but also in promoting 

active engagement of participants with the research tool through embedded and designed 

playfulness. Through play participants interact more honestly and with greater disregard for the 

scrutinizing academic eye, allowing us to pear into the unconscious emotional and personal 

environments of users in their everyday lives (Bernhaupt et al., 2007).  

 

This chapter has thus far detailed the development and evaluation of the cultural probe method in 

relevant fields of research to the scope of this project. In the following section an adaptation of the 

cultural probe method employed to generate valuable design knowledge and understanding of the 

emotional connection between runners, running technology and their everyday environments is 

described. As the initial aim of the project is to focus on user-centred design and the emotional 

context of user experience of runners, the cultural probe framework that has seen widespread use in 

design and HCI-led practices presented an interesting way to understand the research context and 
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create a dialogue between the researcher and the rational/emotional actors within it. Furthermore, 

cultural probes have seen previous and successful application in the research and design of assistive 

technologies (Brown et al., 2014), such as the one this project is concerned with. To address the 

tensions and limitations of this method within the HCI realm, careful attention was paid to the design 

of all the features of the probes. As a result, a few interesting points arose concerning the value and 

effectiveness of adapting the cultural probe method as a tool for generating design knowledge for 

creating auditory displays for runners. In the following section, a background on participatory design 

methods is presented to underpin the value of cultural probes in iteratively designed technical 

solutions.  

 

2.8 Participatory Design 

Participatory Design (PD) is an innovative approach to computer systems design in which the users 

ultimately destined to use a particular system play a crucial role in the design of it (Schuler and 

Namioka, 2017). Any technology system development process faces the problem of defining 

parameters of design. This has traditionally taken the form of user requirements gathering, whereby 

methods are employed to elicit from users what it is they want the technology being designed to do 

for them. Such methods include paid focus groups, model users and operability tests, which are used 

ŀǎ ΨǎǘŀƴŘ ƛƴǎΩ ŦƻǊ ǘƘŜ ŀŎǘǳŀƭ ǳǎŜǊǎ ǿƘƻ ǿƛƭƭ ǳƭǘƛƳŀǘŜƭȅ ǳǎŜ ǘƘŜ ǘŜŎƘƴƻƭƻƎȅ (Lane et al., 2016). The issue 

with traditional methods of requirement gathering is the displaced context in which they occur, 

where design decisions and implementations are made away from the specific site or environment in 

which the technology will ultimately be used. Issues that PD researchers are particularly faced with 

in conducting design activities through this framework, are influenced by the relations between 

researchers and users, and ultimately the power dynamics that the role of the expert and the layman 

are usually associated with. Researchers hold power over research design, resources and specific skills 

for mediating, influencing and decision making in any given project, and traditionally users were seen 

as unable to contribute to the design process due to their lack of formal training. Given the goals of 

PD, researchers and designers must find a balanced approach in diversifying and decentralising these 

power dynamics through appropriate PD methods, in order to leverage the knowledge inherently and 

intrinsically available in users experiences of their own environment (Maguire, 1987; Vio Grossi, 

1981).  
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tŀǊǘƛŎƛǇŀǘƻǊȅ ŘŜǎƛƎƴ ǎǘŀƴŘǎ ƛƴ ŎƻƴǘǊŀǎǘ ǘƻ ǘƘŜ Ψŀƭƭ-ƪƴƻǿƛƴƎΩ ƛƴŦŀƭƭƛōƭŜ ŘŜǎƛƎƴ ǎǇecialist who relies on 

ǘǊŀƛƴƛƴƎ ŀƴŘ ŜȄǇŜǊǘƛǎŜ ǘƻ ŦƻǊƳǳƭŀǘŜ ŀƴǎǿŜǊǎ ǘƻ ΨŘŜǎƛƎƴ problems. This theme in user-centric 

approaches has been previously discussed in chapter 2 as the rejection of positivist information-

processing perspectives, and is an integral feature of PD and other similar methodologies (Coleman 

et al., 2007; Norman and Draper, 1987; Vredenburg et al., 2002). As such, PD does not reject or 

disparage the value of formalised training and expertise, but rather aims to leverage it in conjunction 

with knowledge derived by the stakeholders ultimately affected by any design application. Thus, PD 

demands active participation and engagement between users and expert designers to generate 

ǇŀǊŀƳŜǘŜǊǎ ŦƻǊ ŘŜǎƛƎƴΦ tŀǊǘƛŎƛǇŀǘƻǊȅ 5ŜǎƛƎƴΩǎ ŀƛƳǎ ŀǊŜ ǳƴŘŜǊǇƛƴƴŜŘ ōȅ ǘƘŜ ŘŜǎƛƎƴ ǘƘƛƴƪƛƴƎ ƛŘŜƻƭƻƎȅ 

and can be understood as a shift in perspective of the role of the designer in three meaningful ways 

(Bjögvinsson et al., 2012; Tim Brown, 2008):  

 

1. Designers should move ŀǿŀȅ ŦǊƻƳ ǘƘŜ ΨŎǳƭǘΩ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ ŀƴŘ ƛƴǎǘŜŀŘ ōŜ ƳƻǊŜ ƛƴǾƻƭǾŜŘ ƛƴ 

socially innovative design that transcends capitalist motivations. 

2. Design should be a collaborative process giving voice to participating stakeholders 

3. Ideas and designs should be prototyped, tested, and refined in a hands-on way, early in the 

design process, with a distinct human-centric, empathic, and optimistic lens. 
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Table 2 ς Table of example PD methods (Choudhary, 2019) 

 
PD presents designers with a set of tools to probe, communicate and collaborate with stakeholders. 

Such examples of current methods employed in PD studies can be found in Table 2. While this table 

of methods is not exhaustive, it is also important to bear in mind that PD methods should be 

constructed and tailored accordingly to the specific design space looking to be explored (Ahn and 

Park, 2007; Choudhary, 2019). As such, PD presents opportunities to produce experimental and 

innovative mixed methods approaches to design by targeting the situatedness of users within their 

environment, and thus is a useful tool for achieving the goals of ecological design presented 

throughout this thesis thus far. In the following section, the specific application of PD principles in AD 

research is presented as a background to contextualise the use of participatory workshops for the 

further development of prototypes for assistive sound-based run training interfaces.  
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 Participatory Design in Auditory Display 
In the previous chapters of this thesis, the development of user-centric principles in AD research has 

been expounded, capturing a broad view of the current philosophical perspective, use of research 

methods and applications in contemporary and historical AD studies. In this section a focussed 

analysis of explicit use of PD methods in AD research is presented, culminating in the research design 

decision to make use of participatory workshops for the next stage of technology development 

presented in this project. 

 

The development of UCD and design thinking in AD research has presented opportunities to 

homogenise and formalise tools for AD design in the field. However, user-centric methodologies and 

frameworks encompass a great range of tools and techniques generated through the foci of different 

approaches to human-centric design, examples of which include Participatory Design, Contextual 

Design, Participatory Action Research. Methodologies derived from these different approaches have 

begun to permeate AD research in an attempt to resolve the issues brought about by the cognitivist 

mentality that dominates the field (Barrass, 2016). As such, in the interest of this project, exploring 

these developments is important to informing tools and techniques that enable ecological and 

embodied approaches to design. Participatory Design presents a particularly interesting methodology 

in that research is focussed on empowering users to influence design through action and dialogue 

and makes use of tools that probe and emphasis the situatedness of the user and their embodied 

experience of their environment. Examples of PD are present in contemporary AD literature in the 

work of Visda Goudarzi. In their paper, the author employs the HCI derived method of the 

participatory workshop to create a dynamic interaction between users and designers to create user-

centric sonifications (Goudarzi, 2016). These dialogues were used to bring to light common threads 

and barriers between designers and users and provide a basis for the creation of a synergetic 

relationship with overall onus lying with users. Despite the challenges in communication and 

interpretation presented by ŀǘǘŜƳǇǘƛƴƎ ǘƻ ŦƻǊƳ ŘƛŀƭƻƎǳŜ ōŜǘǿŜŜƴ ΨŜȄǇŜǊǘǎΩ ŀƴŘ ǳǎŜǊǎΣ ǘƘŜ ŀǳǘƘƻǊǎ 

suggest the participatory workshop method provided a useful tool for mediation and for fostering an 

ŀǇǇǊŜŎƛŀǘƛƻƴ ŦƻǊ ŜŀŎƘ ƻǘƘŜǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜǎ ŀƴŘ ƳƻǘƛǾŀǘƛƻƴǎΦ  

 

Further convergence between the tools and techniques developed in participatory design disciplines 

with AD research can be observed in the work of prominent AD and sonification researchers Steven 

Landry and Myounghoon Jeon. In their paper authors employ a PD methodology to place direct 
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ŜƳǇƘŀǎƛǎ ƻƴ ǳǎŜǊǎΩ ƴŜŜŘǎ ŀƴŘ ǎƛǘǳŀǘŜŘ ǇƘȅǎƛŎŀƭ ŜȄǇŜǊƛŜƴŎŜ ƻŦ ǘƘŜ ǳǎŜǊǎΩ ōƻŘȅ ǿƛǘƘƛƴ ƛǘǎ ŜƴǾƛǊƻƴƳŜƴǘ 

as a source of design knowledge (Landry and Jeon, 2017). In this work, the authors aim to address 

issues with previous methodologies employed in developing sonifications of dancer movements. 

Namely, the lack of clear and stated methods for identifying, selecting and testing the most 

appropriate movement-sound mappings for dancer sonifications. The authors propose PD as a 

mechanism to eliminate top-Řƻǿƴ ŘŜǎƛƎƴǎ ǿƘŜǊŜōȅ ŘŜǎƛƎƴŜǊǎΩ ǳǎŜǊ ǘƘŜƛǊ ŜȄǇŜǊǘƛǎŜ ǘƻ ƛƴŦƭǳŜƴŎŜ ŀƭƭ 

decision making and instead focus on the embodied experience of dancers to guide the project. The 

authors highlight the complexity and unfamiliarity of employing such methods in the quest for 

designing an auditory interface but encourage further study of the methodology due to its ability to 

generate rich source data in collaboration with end-users. Thus, a clear motivation for employing 

participatory methods in AD research is present, and as such a crucial tool for the development of 

this thesis. In the following section, a critical reflection of the background research is presented in 

order to join the narrative that has guided this thesis project. 

 

2.9 Reflection and Outcomes 

 
With the body of work outlined by the background research of Chapter 2, a defined path to this thesis 

was synthesised.  Looking to further explore the yet untapped potential of auditory displays, 

identifying key developments of design practice in the field informed the research design process. In 

line with the shift towards HCI derived processes and methods for design within AD research, a design 

philosophy rooted in ecological and embodied design was embraced for this thesis. This design 

perspective laid the groundwork for enabling research decisions to be derived directly from end-

ǳǎŜǊǎΩ ƛƴǇǳǘ by focussing directly on their environments and consequently on their emotional and 

embodied experiences. In order to explore said experiences, it was determined experimental 

methods such as Cultural Probes (Chapter 4) and Participatory Workshops (Chapter 5) could be 

leveraged to provide rich qualitative and abstract data often overlooked in the AD field. A good 

example of the benefits of such approaches can be observed in the tensions in AD research created 

by information processing perspectives with a resistance to ambiguous data and the need to embrace 

abstract emotional data in order to better understand user experiences; thus, the Cultural Probe 

method, which embraces ambiguity in data, presented an interesting opportunity to query these 

tensions in the field. Additionally, these more experimental approaches were employed to build upon 

preliminary data captured by a survey study, which allowed a far greater reach of users with the 
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limited resources available to a PhD project. Thus, drawing knowledge directly from users at each 

stage of this thesis presented an opportunity to approach AD design from an innovative perspective 

for the field.   

 

In order to test out a participatory approach to AD research, it was imperative identifying an 

application in which a historical body of research in the field already existed, in which traditional 

methods of AD design have been employed. Furthermore, this application required to have users 

enthusiastic about using the technology and benefit from exploring AD as an innovative mechanism 

to address user experience. As such, run training interfaces were identified as an interesting area for 

design as they presented interesting design challenges both from the AD design perspective as well 

as from the wearable/quantified-self design space. As identified in section 2.5, run training interfaces 

have long been of interest to AD research and a broad body of work exists exploring their application, 

however, within this research few examples have approached design from purely user-centric design 

approaches and have often targŜǘŜŘ ǎƛƳƛƭŀǊ ŀǊŜŀǎ ǘƻ ǘǊŀŘƛǘƛƻƴŀƭ ǿŜŀǊŀōƭŜ ǘŜŎƘƴƻƭƻƎȅ ǘƘŀǘ ŘƻƴΩǘ 

address the gap for assistive interfaces illustrated in Figure 1 and expounded in section 2.2. Thus, a 

clear focus of developing an assistive run training auditory interface via a user-centric methodology 

became the primary focus of this thesis. With a further exploration of potential assistive feedback 

streams, Forward Head Posture was identified as a viable application as no commercial applications 

have yet incorporated such a metric into run training interfaces. Additionally, the prevalence of FHP 

in the overall population provided further motivation to explore design solutions to address this issue. 

Given the mechanisms for measuring FHP using Inertial Measurement Units (IMUs), this additionally 

presented design opportunities as such units can be inbuilt into head mounted gear such as 

headbands or headphones, which runners already often use in their day-to-day activities.  

 

In the following sections, the design process and implementation of an assistive interface employing 

the methodologies outlined so far is presented; beginning with a preliminary survey for gathering a 

ōǊƻŀŘ ǊŀƴƎŜ ƻŦ Řŀǘŀ ǊŜƭŀǘƛƴƎ ǘƻ ǊǳƴƴŜǊǎΩ ŜȄǇŜǊƛŜƴŎŜǎΣ ŦƻƭƭƻǿŜŘ ōȅ ŀ ǘŀǊƎŜǘŜŘ ŎǳƭǘǳǊŀƭ ǇǊƻōŜ ǎǘǳŘȅ ŀƴŘ 

series of participatory workshops for outlining key design personas to inspire further design ideas, 

and concluding with a prototype implementation derived from the outcomes of the preceding 

studies.
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3 Preliminary Study
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3.1 Abstract 

As an initial approach to employing the philosophies, theories and associated techniques developed 

in design-thinking disciplines as tools for auditory display design, as explored in the previous chapter, 

the targeted design space of run training products and ǳǎŜǊǎΩ ŜȄǇŜǊƛŜƴŎŜ ƻŦ ƳǳǎƛŎ was identified as a 

viable medium to apply these methodologies. As such, a survey study was deployed as an interactive 

form to capture initial data of the environment for which this project aims to design an auditory 

interface for and served as the basis to begin envisioning potential strategies for design of a concrete 

application of an assistive auditory interface for run training.  

 

3.2 Introduction and Research Design  

From the literature analysed in the previous chapter, the aim of fostering a user-centric design 

strategy for this project has been established as essential to evaluate the effect of this approach on 

developing a more usable sonification system. While there have been many examples of sonification 

studies looking at auditory feedback for runners, these have been characterised by top-down design 

approaches that seldom explore their theories and applications outside controlled testing conditions. 

Thus, with these aims in mind a three-part study was developed that would incorporate methods and 

techniques for generating initial data, which have been adapted from well-established user-centric 

design ideation and requirements gathering approaches developed within design and HCI fields. 

 

As the particular focus of this study is to understand the user within the context of their environment, 

a definition or undŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ΨŜƴǾƛǊƻƴƳŜƴǘΩ Ƴǳǎǘ ōŜ ŜǎǘŀōƭƛǎƘŜŘΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ŜŎƻƭƻƎƛŎŀƭ ŀƴŘ 

embodied design, the environment is understood as an interrelation between the physical world and 

the inner spiritual/cultural world of the user. The aim of the initial stage of the project is to specifically 

understand how runners interact with a given technology within their specific environment, so that 

ŀƴȅ ƛŘŜŀǎ ŘŜǾŜƭƻǇŜŘ ŀǊŜ ƛƴǘǊƛƴǎƛŎŀƭƭȅ ǊŜƭŀǘŜŘ ǘƻ ǳǎŜǊΩǎ ŘƛǊŜŎǘ experiences. Thus, the first method 

employed was a survey study aimed at reaching a large audience to gather a broad picture of the 

potential users this project would be designing for. This survey study focussed on providing qualitative 

data of ǳǎŜǊǎΩ experiences, emotions and self-perceptions relating to their exercise routines, use of 

running technology and experience with music.  
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The second phase of this thesis (Chapter 4) employed the use of a cultural probe in the form of a set 

of open-ŜƴŘŜŘ ŀŎǘƛǾƛǘƛŜǎ ǘƻ ŜȄǇƭƻǊŜ ǳǎŜǊΩǎ ŜƴǾƛǊƻƴƳŜƴǘǎ ƛƴ-depth through their perspective and build 

on the broader overview provided by the survey results. The cultural probe approach has been widely 

ŜƳǇƭƻȅŜŘ ƛƴ I/L ŀǎ ŀ ǘƻƻƭ ŦƻǊ ŜȄǇƭƻǊƛƴƎ ǳǎŜǊΩǎ ŜƴǾƛǊƻƴƳŜƴǘǎ ǿƛǘƘ ŀ ŦƻŎǳǎ ƻƴ ŜƳƻǘƛƻƴΣ experience, and 

reflection. The choice of this tool to explore this context stems from its ability to provide insight into 

the aspects of user experience users may not elicit consciously or willingly due to the personal nature 

of a research tool being used to scrutinise their behaviour. Cultural probes are not intended to gather 

hard data to action directly into design, but rather as an ethnographic tool used by researchers to get 

to know the environment they wish to design for. Finally, the third phase (Chapter 5) comprises two 

stages of data capture. Firstly, two participant-led workshops were held to elicit discussion between 

users and designers about their experiences of the technologies that exist already within the desired 

design space. Through listening activities, open ended questions, discussion, body storming and 

prototype testing, these workshops ŦǳǊǘƘŜǊ ŜȄǇŀƴŘ ƪƴƻǿƭŜŘƎŜ ŀōƻǳǘ ǊǳƴƴŜǊǎΩ ŜƴǾƛǊƻƴƳŜƴǘǎ ŀƴŘ 

aims to generate qualitative data upon which to reflect when designing the initial prototype. Once 

the design queues were identified from the workshop data, the development of a user-centric 

prototype was made possible, allowing for a deployment cycle to test the derived design decisions in 

an active setting. Thus, through the methods described above, an overarching participatory design 

methodology was employed from initial data gathering, to the final deployment of a working 

prototype, providing insight into targeted HCI design principles in the design of an auditory display.  

 

3.3 Survey Deployment 

¢ƘŜ ŦƛǊǎǘ ǎǘǳŘȅ ŘŜǇƭƻȅŜŘ ǿŀǎ ŀ ǎǳǊǾŜȅ ǎǘǳŘȅ ǿƛǘƘ ǘƘŜ ŀƛƳ ŀǘ ŜǎǘŀōƭƛǎƘƛƴƎ ŀƴ ƛƴƛǘƛŀƭ ƛŘŜŀ ƻŦ ǳǎŜǊǎΩ 

motivations for running, interaction with current technology and their relationship to music for 

ŜȄŜǊŎƛǎƛƴƎΦ ¢ƘŜ ǎǳǊǾŜȅΩǎ ŦƻŎǳǎ ǿŀǎ ǘƻ ƻōǘŀƛƴ ŀ ōǊƻŀŘ ǇƛŎǘǳǊŜ of the users this project would be 

designing for and served as a way of reaching many users with minimal resources. The survey was 

designed with a qualitative focus on user experience and emotion, as such some questions are more 

open ended and reflective. Some results are presented via traditionally quantitative data visualisation 

ŦƻǊƳŀǘǎΤ ƘƻǿŜǾŜǊΣ ǘƘŜǎŜ Řŀǘŀ ǿŜǊŜ ǳǎŜŘ ŦƻǊ ƎŀǳƎƛƴƎ ǳǎŜǊǎΩ ǎŜƭŦ-perceptions of their abilities and 

proficiency, and therefore are not used for any quantitative analysis. Additionally, word clouds were 

employed for more open-ended questions to identify frequency of concepts. The final deployed 

survey can be viewed in Appendix 1. 
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The survey was deployed across running forums such as Runnersworld.com and several running 

enthusiast clubs and pages on social media sites, as well as to students at Lancaster and Manchester 

University and received 114 responses, of which a few were invalid due to duplicate or nonsense 

entries from non-serious responders. The survey was open to any participant with no requirements 

of regularly engaging with running technology or music while exercising.  

3.4 Survey Results 

Presented below are the results to each individual question of the survey. Quantifiable data is 

presented as pie charts and bar graphs displaying distribution of answers across multiple choice and 

Likert scale style questions; while results to open-ended questions are presented as word clouds 

showcasing frequency of terms used by participants to respond. Each question is accompanied by a 

summary and analysis on the insights gathered. 

 

1. What is your age? 

 

 

Figure 6 - Survey participant age distribution 

 

A total of 117 responses were received, comprised of participants aged 18-24 (14.5%), 25-34 (37.6%), 

35-44 (29.1%), 45-54 (12.8%), 55 ς 64 (5.1%) and 75+ (0.9%) (Figure 6). Given the method of 

participant recruitment via social media and online forums for students, technology enthusiasts and 

runners, it was expected most participants would represent a middle-aged demographic as observed 

above. While an effort was made to include participants of upper and lower bands of age 

demographics, it is out of the scope of this study to explore the differentiation between engagement 

and interest with the topic of research amongst the different age groups. 
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2. What is your Gender? 

 

Figure 7 - Survey participant gender distribution 

  

While gender was of no bearing to the outcome of the project, the question of what gender 

participants identified with, was poised to ensure a balanced perspective ŀŎǊƻǎǎ ǇŀǊǘƛŎƛǇŀƴǘǎΩ 

identities and to minimise any gender bias as shown in Figure 7. 

 

3. In a typical week, how many days do you exercise? 

 

Figure 8 - Survey participant frequency of exercise 

 

Of the 114 responses collected, approximately half stated they exercised a moderate amount 

between 1-4 days whereas the other half identified as exercising regularly from 5-7 days a week (See 

Figure 8). The media of online running forums, Facebook groups and University societies by which 
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participants were recruited, provided a good means of obtaining individuals with a broad range of 

skillsets, that would have had exposure to running and the technology associated with it. 

 

 

 

 

 

4. What do you feel is your level of experience with exercise? 

 

 

 

 

 

 

Figure 9 - Survey participant perceived level of expertise 

 

Participants were asked to rate their perceived level of expertise with running/exercise on a Likert 

scale with data shown in Figure 9. 78% of participants rated themselves across the 3-4 level indicating 

a moderate to high experience with exercise. Likewise given the targeted audience of amateur 

runners and use of running forums to collect it was anticipated most responses would come from 

more experienced individuals. It is important to note that cognitive biases by which people evaluate 

their skill levels may result in embellished evaluations as described by theorems like Dunning-Kruger 

effect or illusory superiority bias (Dunning, 2011; Hornsey, 2003). However, given the targeted 

audience and sources where they were recruited from these results reflect an expected level of 

engagement with exercise activities. 
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5. What is your main goal or motivation for exercising? 

 

Figure 10 - Survey participant motivation for exercise word cloud 

 

Participants were asked to describe their main motivation for exercising, with no limit on word count. 

Results are presented in the world cloud above, with the large font words in blue representing the 

most common answers.  

 

It can be observed in the world cloud in Figure 10 that the most common words are indeed the 

concepts mostly associated with motivation for exercising, such as health, weight loss and fitness 

(Teixeira et al., 2012). Of note however, was the number of times competitive running (marathons, 

triathlons etc.) appearedΣ ŦƻǊ ōƻǘƘ ΨŜȄǇŜǊƛŜƴŎŜŘΩ ŀƴŘ ΨƛƴŜȄǇŜǊƛŜƴŎŜŘΩ ǇŀǊǘƛŎƛǇŀƴǘǎ. This reflects the 

consistently increasing popularity of marathon events as social gatherings, activism, and fundraising, 

that have attracted non-runners into the sport for reasons beyond personal health (Fox, 2015). 

 

Of further interest, mental health/wellbeing appeared as another major category in the word cloud. 

This is of particular interest to this study, as an ecological approach to design by definition, must take 

into consideration the users external and internal environments as inter-related and crucial to 

harnessing embodied intrinsic motivation(Hirose, 2002; Wilson and Foglia, 2017). 

 

 

 

 














































































































































































































































































































































































































