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Abstract  
Throughout history there has been a significant union between sport and technology. 

Technology can be found in all aspects of sport including; the playing surface, the apparel 

worn, the equipment used, to measure performance, and to provide feedback to aid future 

performance. As sport is a highly competitive landscape there has been significant innovation, 

causing a proliferation of commercially available measurement devices. However, researchers 

have questioned if technology is facilitating better performance, or if an over reliance on data 

is negatively affecting sporting outcomes.  

This thesis aimed to review the landscape of measurement devices in sport and considered if 

the use of sporting technology for measuring performance is an optimised system. The 

literature review chronologically follows what technology is used to measure sporting 

performance and how this technology is applied to measure performance. The thesis then 

explored why and in which context technology is used, with a sub-categorisation that 

technology can either be embedded into the equipment, worn on the athlete, or embedded in 

the environment. While there is an abundance of possible measurement technologies, a 

framework for selection or creation does not exist. Furthermore, there were no clear guidelines 

to inform how to implement specific technology to measure performance.  

To address this gap, an operational framework termed the SMART (Self-Monitoring, Analysis 

and Reporting Technology) framework, was created and implemented. The created framework 

outlined in this thesis, was designed to be an evaluative criterion for selecting and 

implementing technology. These guidelines, how to use them, and their place in technology 

implementation, aim to clarify the role of sports technology for capturing sports performance 

data.  

To test the framework, six case studies across five different sports were explored all of which 

necessitated a novel engineering solution to be developed. These case studies resulted in eight 

peer reviewed publications which are reformatted and presented within the thesis chapters, with 

an additional reformatted publication in the literature review.  

A diverse set of case studies was important to ensure the SMART measurement creation and 

implementation framework could be generalised appropriately. For all contexts, the 

measurement question had no off-the-shelf technology solution which satisfactorily addressed 

the problem and as such there was a requirement to engineer a measurement solution. This 

included; 
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• Different sports (wheelchair basketball, netball, boxing, track cycling, and rowing) 

• Different times where technology could be used to assess performance (training, game, 

rehabilitation) 

• Different groups of participants (male/female, athletes with disabilities, teams and 

individuals)  

• Different measurement hardware (virtual reality headsets, inertial sensor technology)  

• Different measurement software (variety of application software with bespoke 

algorithms)   

For all case studies, the framework successfully aided the successful creation of a SMART 

compliant measurement device addressing the specific measurement question that was posed. 

Overall, this indicated that the SMART methodology was generalisable for application across 

many different sports with differing measurement requirements. The adoption of this 

framework is hypothesised to lead to better measurement outcomes, and future work should be 

aimed at adopting these guidelines to test this hypothesis.  

For practitioners reading this document there are many examples where a solution does not 

require a unique design as an off-the-shelf solution exists. Appendix I (Chapter 8.1) provides 

a practical guideline for how to select technology and a case study example is shown in 

Appendix II (8.3).   
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Preface  
 

As a sport engineer a common query I receive is, what technology is available to measure a 

particular aspect of performance? Whilst an ad-hoc solution could exist, or be created, to solve 

the problem that is being posed, the motivation behind this thesis stems from the belief that 

simply measuring performance is not enough. 

 

It is my belief that the use of technology to measure sporting performance is approaching a 

critical juncture. This juncture is underpinned by the tension of athletes / coaches / scientists / 

practitioners to extend the bounds of known performance. As the scientific knowledge of 

classical sports science disciplines matures, performance gains are becoming increasingly 

difficult to achieve, and across some sports it is apparent that sporting performance is beginning 

to plateau. One feasible mechanism to achieve heightened performance is through the use of 

novel technology. This has resulted in a barrage of creative sports engineering approaches to 

boost performance. This has caused great debate with advocates both for and against the use 

of technology. A term ‘techno-doping’ has even entered the sports vernacular to describe the 

unethical performance enhancing gains as a direct result of technology.  

 

One common use of technology in sport is to measure performance. The adage of ‘what can be 

measured can be improved’ has become indoctrinated into many high-performance sporting 

ecosystems. This has led to some coaches, athletes, and practitioners looking to sports 

measurement technology as a ‘silver bullet’ to inform performance decisions. There is a 

concern that limited guidelines exist to inform practitioners how to select, create, and 

appropriately use technology to measure performance. A system engineering approach was 

utilised to create these guidelines. A definition of this approach is articulated by Booton and 

Romo (1984) as given below. 

 

“Systems engineering is described as the design of the whole as distinguished from the design 

of the parts. Systems engineers create the architecture of the system, define the criteria for its 

evaluation, and perform trade-off studies for optimization of the subsystem characteristics.” 

(Booton and Ramo, 1984, p306) 
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The approach taken in this thesis begins with a holistic exploration of the sports technology 

landscape. From this exploration it became apparent that there was a gap in technology 

selection, creation, and implementation when technology is applied to athlete performance. To 

address this gap a framework was proposed which aids the design or selection of technology. 

The architecture of this framework furthermore provides a critical appraisal to determine 

whether the technology can be classified as SMART (Self-Monitoring, Analysis and Reporting 

Technology).   

 

It is my belief that we need to shift the dialogue of how we use measurement technology to a 

SMART measurement solution. Athletes and coaches should not be using technology to find 

the questions, rather they should be harnessing the power of technology as a decision support 

mechanism to augment the information they have. Ultimately creating empowered athletes that 

self-drive the learning processes.   

 

Sports technologists reading this should not only ‘sell’ the product they are creating, but to 

have honest conversations with clients about the measurement limitations. Be bold, conduct 

validations, and report the errors with your system. Create tools from which the data can be 

easily interpreted and that aim to answer specific measurement questions rather than black box 

catch all solutions. It is my hope that this thesis demystifies the creation, selection, and 

implementation of a suitable measurement solution, permitting the measurement of sports 

performance and enabling users to ask the right questions.   

 

 

 

“Today, metrology matters more than ever before in all sports” 

(Wallard, 2008, p459) 
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Chapter 1: Introduction  
A differentiating factor of humanity is innate cognitive abilities and the ability to both use and 

create tools. The creation and use of these tools can be referred to as technology (Carroll, 2017).  

There is a significant synergism between sport and technology. In sport, technologies are found 

in the playing surfaces, the clothing and apparel athletes wear, the equipment they use, the 

measurement of performance, and the feedback used to shape future performance. This thesis 

explores the influence of technology pertaining to the metrology of human sports performance.    

Precise measurement through accurate and calibrated reference standards and an 

acknowledgement of measurement uncertainty is imperative in sport, as races can be 

determined by hundredths of a second or distances within a fraction of a millimetre (Wallard, 

2008). Certainty in measurement allows for comparison of one athlete’s performance to another 

or against their own personal best. This fairness and comparability of performance is an 

ultimate basis for competition (Wallard, 2008), and technology to measure human performance 

has evolved through this central doctrine. Historically, measurement impetus has been 

primarily focused on discrete outcome measures. Currently, under the umbrella of ‘big data’ 

utilising distributed computing platforms, large amounts of sports specific time series data are 

being collected.  Aggregating software is used to combine the temporal and spatial data inputs 

to produce a quantification of performance. 

Engineers working in the sports sector have used measurement data to drive innovation. One 

example of this is evident in Formula One (F1) car racing, where engineers have precisely 

measured a plethora of performance indicators to quantify performance. The time series 

information collected from the car, driver, and environment is used to predict, simulate, 

enhance, or redesign suboptimal components in order to improve future or even current 

performance (Cocco & Daponte, 2008). To this effect, the skill of the driver is augmented with 

the skill of the engineer (Wallard, 2008).   While accuracy and validity of sports measurement 

systems are common concerns for engineers, the implementation of these measurement 

solutions often neglects measurement of the processes that underpin human performance. 

Using the F1 technology as an example, engineers are primarily concerned with data collection 

from the machine, and the human/machine interface to increase power, reduce aerodynamic 

drag, and enhance engine efficiency. To achieve this new materials are created, control 

computing systems are optimised, and components are redesigned to produce better 

aerodynamics. In Cocco & Daponte's (2008) critical review of F1 metrology the authors 
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provide a detailed list of the “most important data” that was measured from the 2007 F1 Ferrari 

race car. This list included both on-board and off-board sensors (accelerometers, gyroscopes, 

Hall effect sensors, lasers, strain gauges, thermocouples, resistance temperature detectors, 

platinum resistance thermometers, infrared temperature sensors, global positioning system, 

lambda sensors, no-contact optical sensors, and Pitot tubes) however, they do no mention any 

telemetry data which directly measures the driver.   

As a society our historical influences, such as the importance of determining the outcome, have 

shaped this predisposition to focus on the outcome measure rather than the process. However, 

measurements from the underlying processes of the performance give greater information 

which can be used to create actionable insights to improve performance. Again, the skill of the 

engineers can augment the skill of the athlete, although measurement technology must be 

developed and embedded in a way which facilitates this acquisition and dissemination of 

information. Consequently, engineers need to design human metrology devices in such a way 

that levels of performance can be attained without compromising the performance itself. 

The timing of this thesis is pertinent as within the last decade there has been a proliferation of 

technology being applied to metrology in sport. Wearable technology was the number three 

top trend in health and fitness for 2018 (Thompson, 2017), and has resulted in users collecting 

large amounts of time series performance data pertaining to their activity. Technologies 

including; pedometers, load transducers, IMU sensors, heart-rate monitors, combined heart-

rate, barometers, and GPS are all common technologies used in wearable sensors for activity 

tracking and for providing activity context (Butte, Ekelund, & Westerterp, 2012). A recent 

review of 22 studies involving activity trackers (Evenson, Goto, & Furberg, 2015) showed that 

for distance and step counting these wearable devices had high accuracy and reliability 

(Pearson correlation coefficients 0.76-1.00). The scale of adoption is highlighted through 

fitness applications, including Strava (Strava, San Francisco, CA, USA), which recorded in 

2017, 6.8 billion kilometres of tracked activity data (Strava, 2017). With this steep increase in 

personal activity monitoring, researchers have investigated if the adage of ‘what is measured 

can be improved’ held true (Wallard, 2008). A 24-month randomised controlled trial (Jakicic 

et al., 2016) of 470 overweight (25.0 – 40.0 body mass index) young adults (18 - 35 years of 

age) evidenced that the use of a wearable fitness tracker did not result in any significant 

differences of weight loss. Whilst these devices are measuring hundreds of data points per 

second pertaining to performance, this continuous information is not being disseminated to the 

users in a way which readily facilitates the enhancement of performance. Evidently, with an 
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abundance of emerging sports measurement technology being engineered and adopted there 

needs to be further evidence-based investigation to ensure devices are achieving this goal. 

Although sports technology has been widely adopted, there has been some criticism of these 

devices and the way they are used for performance monitoring. For example, Williams and 

Manley’s (2014) appraisal of technology in professional rugby union. Williams and Manley 

(2014) utilised semi-structured interviews to explore how data was being collected, and how 

this data was being used from a player’s perspective.  Their paper, titled “Elite coaching and 

the technocratic engineer”, inferred a heavy reliance on the collection, capture, and 

dissemination of information using technology. Technologies used for data collection included; 

video cameras, global positioning systems (GPS) with an embedded inertial measurement unit 

(IMU) for player tracking, heart-rate monitors, tablets, and mobile devices with the data held 

in central data servers. Players reported that the data informed 18 key metrics which were used 

by the coach to quantify the team’s performance and were aware of the comprehensive nature 

of data collection, storage, and dissemination. A lack of understanding of why the technology 

was being used and the validity of the output metrics was highlighted through the players’ 

comments. They stated that the coaching group indoctrinated that they “want to measure 

everything we can, if we can measure it we can improve it” (Williams & Manley, 2014).  The 

players reported that teams were selected based on data and that technology was de-humanising 

the game, reporting;  

• decreased player motivation 

• created a loss of identity and autonomy 

• made the players feel like functionaries rather than active participants  

This article has sparked academic debate with Collins et al. (2015) refuting some of Williams 

and Manley (2014) findings, summarising their position on the use of technology;  

“…We encourage coaches and academics to think carefully about what technology is 

employed, how and why, and then the means by which these decisions are discussed with and, 

preferably, sold to players. Certainly, technology can significantly enhance coach decision-

making and practice, while also helping players to optimise their focus, empowerment and 

independence in knowing how to achieve their personal and collective goals” (Collins et al., 

2015).  
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This inquiry, in part, drove the research direction. Using a system engineering approach, these 

questions were unpacked outlining the need for a framework to aid the design, selection, and 

implementation of measurement technology. To support this idea, this thesis proposes a shift 

from simply measuring data to a using a novel framework to aid this process. This novel created 

framework was termed the SMART measurement framework. Repurposing the acronym 

SMART to denote, Self-Monitoring, Analysis and Reporting Technology. From a sports 

metrology context, for a technology to be considered a SMART technology it should;  

• Objectively measure the performance without the need for human intervention 

• Analyse the performance with a method that is repeatable and valid with the 

measurement precision known and within allowable tolerances 

• Report this data in a meaningful way to the user, were actionable insights can be 

inferred to improve future performance 

• Be appropriately selected to not affect the performance itself and maintain natural 

performance information 

The field of movement science can aid engineers in their design processes to facilitate the 

successful implementation of novel measurement devices to comprehend performance. This 

thesis utilises contemporary movement science theory to identify a technology implementation 

architecture (documented in Chapter 3), highlighting the role of the SMART measurement 

framework. To examine the effectiveness of this framework it must be evidenced through 

implementation. The diverse nature of sports metrology means measurement technologies are 

implemented across a variety of contexts. Instrumentation can be worn by the athlete, it can be 

embedded into the equipment they are interacting with, or create and monitor the performance 

environments athletes inhabit. Subcategorising these measurement contexts further, it is 

important to recognise that different sports have different constraining factors. For a framework 

to be effective it should be applicable across all paradigms where technology is embedded. For 

example, the framework should be effective in measuring able-bodied and disabled athletes, 

across different sports, athletes in training, rehabilitation, and in performance contexts. It 

should be able to measure teams and individuals and should be able to be used to assess 

different key aspects of performances. 

To provide evidence for the efficacy of the proposed SMART measurement technology 

framework, a variety of data informed measurement questions are answered with the aid of the 

created framework. These coach or athlete driven questions differ in sport (boxing, netball, 
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track cycling, rowing, wheelchair basketball), differ in time where technology is used (training, 

matches, rehabilitation), differ in core technology used (IMU, virtual reality), differ in software 

(algorithms etc), and differ in the context where they are applied (measuring the individual, the 

equipment they interact with, or the environment). This is an important feature of the research 

investigation, as a comprehensive examination of a single performance parameter, or single 

performance measurement context would not evidence that the framework is generalisable.   

 

1.1 Research objectives and scope 
Subsequently, this thesis uses a systems approach to analyse how technology is used for human 

sports performance metrology. With the definition of sports metrology technology 

encompassing a tool which can be used to capture one or more data points that correlate to 

human performance. Using the Collins et al. (2015) line of inquiry, an investigative literature 

review was undertaken to uncover what technology has been used to measure performance, the 

theoretical underpinnings of how this data is interpreted to quantify expertise, and where and 

in what context the technology was being implemented. A gap was identified between the 

engineering or selection of measurement technology and the user implementation. To address 

this, a novel operational guideline was proposed to inform how to design, select, and implement 

sports technology to measure performance. Case studies were used across three sporting 

contexts to examine the effectiveness of the proposed framework.   

1.2.1. Research questions 

RQ1. What past and current technology is used to measure sporting performance?  

RQ2. How is this technology applied to measure performance?   

RQ3. Why (and in what context) are these sporting technologies being implemented?  

RQ4. From evaluation of RQ1, RQ2, and RQ3, can the use of sporting technologies 

in sport be optimised? 

 



 
 

6 
 

1.2.2. Scope 

• An ecological dynamics theory of motor pedagogy and expert performance is used as a 

background for the measurement framework. 

• The thesis addresses the implementation of technology for measurement and does not 

delve into the delivery of feedback or the effectiveness of these metrology solutions. 

This will form future work after the candidature.   

• The thesis deals with the measurement of motor skills, so the assessment of other skills, 

for example cognitive skills, are not investigated within the scope of this thesis.  

• As this is an engineering thesis, the case study presented examples (Chapters 4-6) are 

novel measurement solutions which required the design ‘engineering’. The case study 

in Appendix 2 (Section 8.2) provides an example where an off-the-shelf solution was 

selected and implemented.  

1.2 Thesis Layout 
This document is presented in a hybrid format combining traditional thesis chapters with 

reformatted peer reviewed publication chapters. The result follows the ‘thesis by series of 

published and unpublished papers’ approach. This approach differs from that of a traditional 

thesis as peer reviewed publications are included in place of conventional methodology, data, 

analysis and discussion chapters. Where a paper has been inserted it has been reformatted to fit 

into the thesis structure, additionally the citation will appear above. A schematic outline of the 

thesis is given in Figure 1, with the reformatted publications highlighted.  
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Figure 1 High level outline of the following thesis, outlying the role and place of the chapters and 
indicating with yellow boxes an associated publication. 

The publications are outlined in more detail in Table 1.  

Table 1 Details of the publication that appear within this thesis, ordered by appearance with their 
associated reference, title, and the section in which the publication appears.  

Publication Reference  Title Section 

1 Shepherd, James, Espinosa, Thiel, & Rowlands 
(2018) 

A literature review informing an operational guideline for inertial sensor 
propulsion measurement in wheelchair court sports 2.3.1 

2 Shepherd, Wada, Rowlands, & James (2016) A Novel AHRS Inertial sensor-based algorithm for wheelchair propulsion 
performance analysis 4.2 

3 Shepherd, Espinosa, Rowlands, & Thiel (2017) Understanding elite performance: performance analysis of wheelchair 
basketball using inertial sensors 4.3 

4 Shepherd, Rowlands, & Thiel (2018) Are practice sessions created equal? Measuring individualistic player 
loading between wheelchair basketballers for the same training session 4.4 

5 Shepherd, Giblin, Pepping, Thiel, & Rowlands 
(2017) 

Development and validation of a single wrist mounted inertial sensor for 
biomechanical performance analysis of an elite netball shot 5.2 

6 Shepherd, Rowlands, & James (2016) 
A skill acquisition based framework for aiding lower limb injury 
rehabilitation using a single inertial sensor with concurrent visual 
feedback 

5.3 

7 Shepherd, Thiel, & Espinosa (2017) Evaluating the Use of Inertial-Magnetic Sensors to Assess Fatigue in 
Boxing During Intensive Training 5.4 

8 Shepherd, Carter, Pepping, & Potter (2018) Towards an operational framework for designing training based sports 
virtual reality performance simulators 6.2 
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Chapter 2 Literature Review 

Chapter 2 addresses each research question, investigating what sport technology is used to 

quantify performance, how this is currently applied to quantify expertise, and where and in 

what context this technology is used. To investigate the context of sports technology, three 

systematic literature reviews are performed as case studies into each of the possible 

implementation contexts. It is concluded that whilst there is an abundance of available 

technology, there are no guidelines for technology selection, and there is not an agreed 

framework for how to implement this technology.   

Chapter 3 Framework for the use of sports metrology devices 

Chapter 3 addresses the gap uncovered in Chapter 2 through a proposed measurement selection 

framework (SMART), which is defined in this chapter. To add to the literature, an 

implementation guideline based in movement science philosophy is proposed for measuring 

performance in a training environment. This framework highlights the role of technology in 

the assessment of performance and also provided an evaluative criteria for the assessment of 

the measurement tool.  

Chapter 4 Instrumenting the equipment 

Chapter 4 uses the SMART measurement framework to instrument the equipment. This chapter 

uses the example of inertial measurement units mounted on a wheelchair wheel to answer a 

measurement question pertaining to the external load of a wheelchair basketball athlete. Three 

publications are documented in this chapter, the algorithm (creation and engineering 

validation), an implementation in a game context, and load monitoring in a training context.  
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Chapter 5 Instrumenting the athlete 

Chapter 5 uses the SMART criteria applied to the measurement of the individual. Novel 

mechanisms using inertial sensor technology are created to; assess a netballer’s shooting 

kinematics, classify a boxer punches, and classify an athlete’s rehabilitation exercises. With 

the questions and associated system designs presented in reformatted publications.  

Chapter 6 Instrumenting the Environment 

Chapter 6 uses the SMART framework and evaluative criteria to create measurement solutions 

which instrumented the environment the athlete was performing in. To evidence this, virtual 

reality simulated environments were created for both track cycling and rowing which both 

focused on the impact of visual exploration on performance. 

Chapter 7 Conclusion 

Chapter 7 uses the case studies presented in Chapters 4-6 to evidence the generalisability of 

the framework. The chapter concludes that the SMART framework is suitable and should be 

considered for use if designing, selecting, or implementing technology to measure and assess 

sporting performance.  The chapter also outlines the limitations of the research as well as 

considerations for future research directions. 

Chapter 8 Appendices  

Chapter 8 outlines relevant additional material supporting the thesis. This includes; approved 

ethics information, a proforma for technology selection with an example published case study, 

as well as details about the additional publications that were not reported in the thesis body.  
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Chapter 2: Literature review 
The research questions developed in Chapter 1 (RQ1, RQ2, RQ3, RQ4) investigate the use of 

sports technology for measuring performance. The choice of technology is central to the 

measurement of performance, as it consequently dictates how the technology is used to 

measure performance, and this in turn dictates where this measurement solution is 

implemented.  This relationship can be visualised through the schematic representation of an 

onion model (Figure 2), where the innermost ring is the core of the issue, the middle ring is the 

framework, and the outermost ring is symbolic of the implementation.   

 

Figure 2 The layers of understanding the use of technology to measure sporting performance explored 
in this thesis.  

The use of technology to measure sporting performance is not a new phenomenon. Sporting 

competitions throughout history have regularly used a form of technology to measure 

performance. This fascination of measurement has continued to the current day, however many 

legacies pertaining to measurement have been shaped through an organic evolution. The core 

of sports technology measurement is the technology itself. Section 2.1 documents a brief 

history of key technological advances in sports technologies, and summarises what technology 

is used to measure sporting performance (RQ1). The second layer (Figure 2) encompasses 

understanding how measurement technologies are used to quantify performance (RQ2).  To 

explore this question the current philosophical frameworks that underpin sports measurement 

are discussed in Section 2.2. Finally, Section 2.3 delves into where measurement technology 

has been implemented to measure performance (RQ3). The implementation situation for 

measuring technology was subcategorised into three measurement contexts; Equipment 
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Instrumentation (2.3.1), Athlete Instrumentation (2.3.2), and Environment Instrumentation 

(2.3.3). The interaction and explanation of these categories are shown in  

Figure 3.  

 

Figure 3 Sports technology instrumentation contexts as outlined in Sections 2.3.1, 2.3.2 and 2.3.3 of 
this thesis.  

These contexts are not independent of one another and there is interacting measurement 

dynamics between the groups. For a complete assessment of performance, it could be desirable 

to measure different aspects of performance from each context. For each presented category ( 

Figure 3) a case study of a measurement technology is outlined, with a systematic literature 

review performed to ascertain why this measurement technology is being used and where it is 

being implemented. From this investigation (Sections 2.1-2.3), an evaluation of the current 

landscape of the use of technology to measure performance was possible (RQ4). An overview 

of the direction of the chapter is documented in Figure 4.  
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Figure 4 High level overview of Chapter 2. Highlighting how the research questions are addressed, 
and the direction of the thesis to create a framework to solve this research gap, explored in Chapter 3.  

2.1 What measurement technologies are used to quantify performance 

2.1.1 History of sports measurement 

Sport has been a significant part of civilisation throughout history. An early example of this is 

the 1st Olympics held in Ancient Greece in 776BC (Kidd, 2013). One omnipresent facet of 

sport has been the measurement of performance. In ancient times, Greeks were using 

technology to measure timing based outcomes of running events utilising water clocks 

(clepsydrae), as well as other novel measurement technologies to assess distances from 

jumping and throwing events (Kidd, 2013). The impetus behind this measurement was the 

ability to know how the athlete compared with previous times. Owing to the design and 

manufacture of the clepsydrae, each measurement device had subtle differences causing water 

to flow at different rates through the aperture. Subsequently, this caused inherent issues with 

the accuracy and reliability of the measurement system meaning the comparison between 

athletes was crude with the possibility for large error. A further limitation for the use of this 

technology was that these early temporal-based measures devices could only record the time 

of one athlete per measurement, usually the winner.  

As civilisation advanced, measurement technology has matured with increased validity and 

reliability of measurement devices. During the reign of King Louis XVIII (1814 to 1824), 

Nicolas Mathieu Rieussec was commissioned to demonstrate his invention of the Chronograph. 

Louis’ desire was to measure the time for each horse that finished the 1821 Champ de Mars 

race. Stemming from Greek derivatives from “chronos” referring to time and “graphein” 

meaning to write, the Chronograph enabled a more precise measurement of time. It functioned 
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by dropping ink on the timing dial at the start and end of each measure (“Chronograph watches 

- Fondation de la Haute Horlogerie,” 2016). This type of timing filtered into other sports 

evidenced on the 26th of July 1852 with a British person, Charles Westhall, setting the first 

official timed record for the mile footrace in Islington, London, completing this in 4 minutes 

28 seconds (Gardner, 2006).  

Although the outcome is a good indication of the level of skill of an individual contrasted with 

the competition, it does not inform why the athlete performed in a certain manner. Therefore, 

the outcome measure without context provided little insight into performance. Notational 

analysis afforded an early manual method of systematically analysing the reason why a 

performance occurred. Henry Chadwick is credited as an early proponent through his 1858 

notational analysis of Baseball games (Eaves, 2015). These notational techniques provided a 

suite of new sports statistics. These statistics afforded new insights into performance and was 

disseminated to not only athletes and support staff, but to a wider audience in printed media 

like newspapers. The limitation of this method is the reliance on human interaction, and the 

requirement of a highly skilled observer to understand the mechanisms for success in real time. 

Combining these statistics with the outcome provided a level of context to understand the 

outcome. However, actionable insights to improve future performance was not obvious from 

the statistics.  

In a similar time of history, the invention of cameras also came to the fore. Photographs gave 

viewers the ability to stop and analyse a fragment of time, which could be used to explain the 

mechanisms of performance. An example of this is the 1878 photograph of a horse by 

Eadweard Muybridge, commissioned by Henry Stanford to evidence his opinion that when a 

horse galloped, all four feet left the ground (Muybridge & Brown, 1957). This work 

revolutionised the understanding of the horse’s locomotive patterning albeit with a low-quality 

image.  Muybridge improved his initial method by moving from single plate exposures to a 

battery of 24 automatic electro-photographic cameras which took exposures on each plate to 

1/500th of a second. A chronograph (with an accuracy of 1/100th of a second) was used to denote 

the time of the exposure via a tuning fork. To time the photograph in sequence, a shutter 

triggered by an electrical trip wire was developed and employed. These produced a sequence 

of images but there was no mechanism for viewing them as motion. Professor Étienne-Jules 

Marey achieved this through the development of a chronophotographic gun in 1882, which had 

the capacity to capture 12 consecutive frames a second (Braun, 2005) on the same image. 

Shortly after, Muybridge created the Zoöpraxiscope, an apparatus used for synthetically 
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demonstrating movements analytically photographed from life  (Muybridge & Brown, 1957). 

Motion capture sequences of other sports then revolutionised the understanding of movement. 

This was documented in ‘The human figure in motion’ which captured; running, shooting, high 

jump, broad jump, throwing events, catching, tennis, football, baseball, boxing, wrestling, 

fencing and rowing (Muybridge & Taft, 1955). At the beginning of the turn of the 19th century, 

Ludwig Mach and Étienne-Jules Marey used the motion capture image techniques to create 

tools for imaging airflow, which subsequently turned into an early version of the wind tunnel 

(Hoffmann, 2013). From this invention an understanding of fluid dynamics of athletes was 

possible.  

While cameras had the power to explain motion, the early use of cameras in sport was to 

adjudicate close finish line results, with technology termed the ‘photo finish’ used at the 1912 

Stockholm Olympics.  A limitation of this technique was that the processing of camera film 

was time consuming and the accuracy of the results were limited. Chronograph linked cameras, 

as used in the 1932 Olympics, increased measurement precision through time stamping the 

images, a technique used in the modern day. Again, the impetus on more precise measurement 

was exhibited in 1972 Olympics with the electronic automaticity of timing, introduced to a 

standardised accuracy of 1/100th of second (Ross, 2008).  

Two key thematic generalisations were extracted from the development of the early history of 

sports technology:  

1. Establishing certainty of the outcome 

2. Understanding the processes and mechanics that led to the outcome 

The first theme is inherently linked with the social and financial implications of winning and 

the need to measure this outcome. This become arguably more important as larger social and 

financial ramifications have increased. An example of this is the sports gambling sector. Within 

Australia, $921,000,000AUD was spent in 2015-2016 (Queensland Government Statistician’s 

Office, 2017) on sports gambling, with another $2.943 billion on race betting.  

The second theme to understand performance could be linked to an evolutionary curiosity of 

humanity. Researchers have proposed sports technology innovations to occur in an ad-hoc 

manner (Ringuet-Riot, Hahn & James, 2013) however, a curiosity to answer a measurement 

questions combined with innovations in other sectors could provide the explanation to why the 

development of measurement tools have occurred. Possibly though, the use of these 

technologies could be considered ad-hoc. As shown in the previous examples each 
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measurement solution was directly linked to measuring a specific factor of sports performance 

in a fit-for-purpose context. These core concepts extend from history and are present in the 

technology that is used for sports measurement in the present day. 

 

2.1.2 Current measurement technologies 

The modern landscape of sports technology has been shaped through advances in technology 

which have then been applied to solve sports problems. Major societal events (for example 

wars and the space race) could be attributed as catalysts which cause innovation in other 

scientific sectors, for example the computing and sensor technologies, which has filtered 

through to sports technology innovation. With new iterations of sports technology, engineers 

aim to enhance the accuracy and precision of measurement, enhance the communication of 

captured data, reduce the speed of data processing, and enhance the ability to visualise and 

analyse the data.  

Motion capture systems have advanced owing to improvements in the computer and sensor 

technology sectors (Calvert, Chapman, & Patla, 1982). A range of optical and non-optical 

motion capture systems have been developed and commercialised (Figure 5). 

 

Figure 5 Motion capture system technologies currently available commercially or under development. 

Optical motion tracking systems use cameras as their input system. Optical systems can be 

subcategorised into active and passive systems. Active systems utilise fiducially placed devices 

which transmit or receive generated signals, whereas passive systems rely on natural signal 

sources, for example, light. A third system (marker-less technology) uses computer vision with 

advanced algorithms to determine and track landmarks in time and space.  Optical systems 

require considerable setup time and cost, therefore for most part, are possible only for 

laboratory-based studies.  

Non-optical systems do not rely on cameras and are made possible through technologies 

including microelectromechanical systems (MEMS). These systems shown in Figure 5 include; 
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magnetic sensors, electro-potentiometers, inertial measurement units (IMU’s) which use a 

combination of accelerometers and gyroscopes, global positioning system (GPS), and radio 

frequency identification (RFID) which all can been used to digitally record time series 

movement data. Each measurement system has different limitations and use cases.  A recent 

investigation of the use of IMU’s in sport by Camomilla et al. (2018) reviewed 286 studies and 

23 reviews using IMUs for sports performance classification. In addition to capturing motion 

aspects of performance, these systems are used in sport for measuring discrete outcomes. For 

example, MEMS transponders are a preferred choice for timing races which are conducted over 

a long distance or involve many competitors with staggered start times. RFID chips are used 

as a passive transponders for timing events like the marathons or triathlon and active 

transponders like GPS technology are used for race timing of ultra-marathons or multi-sport 

adventure races (Ross, 2008).  

The development of MEMS sensors and the growth of wireless sensor communication devices 

and protocols (Bluetooth, IEEE 802.15.4, Zigbee, ANT+: see Armstrong (2007)) has expanded 

the non-motion capture sports measurement instrumentation in the sports landscape. Athletes 

can wear all manner of biometric sensors (heart rate; galvanic skin response; 

electroencephalography (EEG); electromyography (EMG); respiratory sensor, thermocouples, 

pulse oximetry), they can interact with instrumented equipment (pressure sensors, for example, 

in skiing socks; linear position transducer (LPT) for weightlifting power; strain gauges for 

monitoring forces, for example, power calculation in cycling cranks) and there are other 

devices externally assessing performance (timing systems; doppler radar; altimeters).  

With the vast ability to collect data there has also been technological innovation in the storage 

and aggregation of sports data. This has led to athlete monitoring systems (AMS), which utilise 

a systems-based approach with a wide array of input data and targeted algorithms to create 

easily understandable outputs. These outputs are aimed at (Halson, 2014);  

• mitigating injury risk,  

• monitoring the effectiveness of training programs,  

• maintaining performance, and  

• preventing overtraining.  

Most of these systems are based on internal and external loads. The internal load is the relative 

physiological and psychological stress and the external load is the work completed by the 
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athlete measured independently to their individual characteristics (Halson, 2014). Figure 6, 

shows the underlying premise behind these systems.  

 

Figure 6 Capture and translation of sports data leading to an understandable output using aggregating 
software. 

Common software systems that are being used include Kinduct (Kinduct, Halifax, Canada), 

SMARTABASE (Fusion Sport, Brisbane, Australia), AthleteMonitoring (FITSTATS 

Technologies, Moncton, Canada). The model of these companies is to input as much accurate, 

reliable, and valid data as possible, using machine learning algorithms to weight the importance 

of the inputs to assess the performance level of individual and teams of athletes and drive 

prediction models based on the likelihood of future events (for example injuries). Current 

market analysis (Weinswig, 2016a) predicts that sports coaching platforms which link sports 

technology to create coachable insights will grow from $49 million USD in 2014 to $864 

million in 2021.   

Of course, it is infeasible to capture a complete profile of an athlete and with such an array of 

technology there is an inherent complexity in choosing the right measurement technology to 

assess performance. Whilst accuracy and validity of sports measurement systems are common 

concerns for engineers, the implementation of how these measurement solutions explain 

performance is left to the users, which are prominently coaches or the athlete’s themselves. 

Without clear direction from the engineer the interpretation of this data could be misconstrued. 

Subsequently, engineers should design measurement systems with a clear understanding of 

how the data is being used to assess performance to minimise the risk of erroneous data 

interpretations.    
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2.2 How measurement technologies are used to quantify performance  
With a wide range of technology available (Section 2.1) the question of how practitioners and 

athletes chose the right technology to measure performance must be addressed. For an 

understanding of this, the concept of what expert performance entails is pertinent as this 

provides the metrology benchmark the technology is measuring against. This can be 

subcategorised further to: 

• What expert motor skill performance is characterised by (Section 2.2.1),  

• How experts generate movement (Section 2.2.2) 

• In what way these movements are coordination to achieve a movement goal (Section 

2.2.3) 

• How technology is used to measure movement (Section 2.2.4).   

2.2.1 Expert performance 

Performance mastery is a complex phenomenon with expert performance being defined in 

many ways without a current unanimously agreed definition. One numerical quantification of 

what makes an expert performance has been proposed by Salthouse (1991) who suggested that 

experts circumvent the normal limits of human information processing, displaying the highest 

percentiles of the normal distribution of skill with a numeric classification of 2 to 3 standard 

deviations above the mean.  

To assess the efficacy of this mathematical mechanism, the top 3000 records of the 100m men’s 

sprint times was taken from a database (Larsson, 2017), accessed on the 30/01/2018. The mean 

time of the top 3000 sprinters was 10.02 s with a standard deviation of 0.07 s. In this case, 

times under 9.81 s would be considered ‘expert’ in comparison to the field which equated to 

47 sprint times.  This is highlighted in Figure 7. 
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Figure 7 Top 3000 Men’s 100 m sprint times with mean time indicated in red with standard deviations 
(SD, 2SD, 3SD) denoted as dotted lines. 

From Salthouse’s (1991) suggested theory, these top 47 performances are considered expert as 

they are 3 standard deviations below the mean. A challenge with Salthouse’s (1991) method is 

the access required to large normative datasets across a specific population. In addition, this 

method does not tell an athlete if they have improved as the result of a training intervention.  

Haake (Haake, 2009) created a performance improvement index, to allow for the comparison 

of different sports and athletes which was used to quantify the effect technology had on the 

modern Olympic games across four sports. The index utilises Newtonian physics to simplify 

the four sports into one key factor. For example, the pole vault Index was given by equation, 

comparing the new height (h2) to a previously attained height (h1), with gravity (g) and mass 

(m) remaining constant.  
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For aerodynamics-based sports where the distance is fixed, for example the 100m sprint, time 

becomes the non-constant variable (t); 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊2
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊1

=
�1

2 𝜌𝜌𝜌𝜌𝐶𝐶𝑑𝑑 �
𝑠𝑠3
𝑡𝑡2��

2

�1
2 𝜌𝜌𝜌𝜌𝐶𝐶𝑑𝑑 �

𝑠𝑠3
𝑡𝑡2��

1

= ��
𝑡𝑡2
𝑡𝑡1
�
2
− 1 � × 100 (2) 

9.50

9.60

9.70

9.80

9.90

10.00

10.10

10.20

0 500 1000 1500 2000 2500 3000

Ti
m

e 
(s

)

Ranked Order



 
 

21 
 

Finally, if the time (t) is fixed then the displacement (s) is the changing variable, for example 

the one-hour cycling race Index is given by equation 3. 
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The index performance can be compared with other sports, or evidence the influence of a new 

technology or training intervention, however, it does not consider the level of competition or 

rivals performance. Although both the above numerical indices could be used for the 

classification of expertise, both are limited as they are based on measuring the outcome. Whilst 

the outcome measure might suggest that the performance was ‘expert’, the mechanisms of why 

this performance is expert is not measured.  

One avenue for exploring the mechanism behind an outcome is to understand an athlete’s 

execution of the movement. Executing motor skills relies not only on the processing of 

perceptual information, which must be anticipated and discriminated, but also relies on an 

appropriate action being selected and performed (Starkes, 1993). Perceptual information 

specifies possible opportunities for an action, termed affordances (Gibson, 1979), which can 

invite and dictate movement patterns (Withagen, de Poel, Araújo, & Pepping, 2012). In a team 

sport environment these affordances are shared (Silva, Garganta, Araújo, Davids, & Aguiar, 

2013) therefore, individual movement patterns are altered in response to the opportunities for 

action of other individuals (Ramenzoni, Riley, Davis, Shockley, & Armstrong, 2008). This 

further complicates the task of discerning expertise at both an individual level within that 

environmental context and at a team level.  Understanding how movements are generated 

provides insights into measurement strategies that could be used to measure performance.   

2.2.2 Movement generation 

Wolpert, Ghahramani, & Flanagan (2001) provide a high-level explanation of how humans 

interact with their environment through movement actions.  They categorise the cognitive and 

sensory information as inputs which determine future motor outputs. From a computational 

perspective, this determination is performed by the brain, which processes and converts 

perceptual input signals to output motor commands. The motor command is executed as a 

movement action which involves multiple degrees of freedom (DoF). These processes are 

shown schematically in Figure 8.  
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Figure 8 High-level overview from a computational viewpoint to explain the central nervous system 
(CNS) controlled generation of movement as a process of transforming input perceptual signals into 
motor outputs. Schematic derived from Wolpert et al. (2001). 

 

The need for motor learning with the goal to improve performance, arises when the 

environment, task, or organism changes. Key factors influencing movement, termed 

constraints, create boundary conditions constraining the possible movement solutions that an 

athlete can perform (Newell, 1986). The output of a movement action can be explained by the 

concept of coordination. 

2.2.3 Coordination 

Bernstein (1967)  identified an issue with the high level CNS model explained above, which 

he termed the degrees of freedom problem (DoF). As DoF occur at differing levels of the 

system, including microscopic DoF (cells, tissues, motor unit activation, etc.)  and macroscopic 

(body segments, muscles, etc.), it is evident that there is a very large number of independently 

controllable DoF. This places a large computational burden on the CNS. Bernstein (1967) 

proposed a solution that DoF can be coupled to form a coordinative structure (termed synergies 

in the literature by other authors e.g. Riley, Richardson, Shockley, & Ramenzoni, 2011). These 

coordinative structures then self-organise to produce an outputted movement trajectory. He 

suggested expertise could be denoted by a reduction of redundant degrees of freedom (DOF). 

A schematic of the organisation of this systems approach is outlined graphically in Figure 9. 



 
 

23 
 

 

Figure 9 Left: Schematic representation showing the large number of different microscopic and 
macroscopic DoF. Middle: How these systems can couple to form coordinative structures. Right: how 
these structures organise to form a movement trajectory. Schematic adapted from Riley, Richardson, 
Shockley, & Ramenzoni (2011) and Glazier (2015).  

As the organisation of the movement system (coordination) improves by practice and coaching, 

higher amounts of movement manipulation (control) can be performed in response to the 

differing interacting constraints. To understand expert performance, measuring only the 

performance outcome provides little insight into these coordinative patterns. Practitioners 

could measure: 

• The movement trajectories influenced by the self-organisation of the DoF 

• The individual coordinative degrees of freedom structures which have emerged from 

the interacting constraints 

• The constraints themselves which provide the boundary conditions influencing the 

movement action.  

The role of measurement technology to measure the dynamics (coordination and control) 

underlying the performance outcome is currently emerging in recent literature.   

2.2.4 Measurement of expert performance 

Technique is a term used to describe movement coordination and control and has been defined 

as a specific sequence of movements, however expert performance is not always associated 

with expert technique (Lees, 2002). Lees (2002) theorised that a framework is needed to clarify 

the underpinning rational of measuring performance.  Glazier (2015) proposed a framework 

termed the “Grand Unified Theory of Sports Performance” and defined the role of sports 

technology for measuring performance . The theory uses a constraints-led approach, 

encompassing the notion of coordinative control, to define how performance occurs. Within 
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this system the authors define the role of sports technology with an adapted schematic 

highlighting this is in Figure 10.  

 

Figure 10 Adapted schematic documenting the Grand Unified Theory of Sports Performance (after 
Glazier, 2015). 

Glazier (2015) notes the significant challenge in both measurement and analysis of the differing 

constraints, and their influence on emerging patterns of coordination. The role of sports 

technology in this model encompasses the measurement of coordination patterns, control 

patterns, and performance outcomes. This insight however, narrows the scope of measurement 

technology in the system to either measure coordination patterns, control patterns, or the 

performance outcome. However, technology can be used to measure the constraining factors 

of the system and may even be considered as a constraint itself. Although limitations in 

technology may render the measurement of individual DOFs currently infeasible in 



 
 

25 
 

performance, technology can also be used to measure the coordinative structures and the 

movement trajectories which contribute to the coordination patterns.  

However, Glazier (2015) does not provide instruction of how to measure the performance 

outcome, or what technology could be used to achieve this. Using a team sport example of 

football (soccer), there are multiple players and potentially a multitude of data inputs, therefore 

to measure performance a data aggregation mechanism is required.    

Couceiro et al. (2016) created a framework for the aggregation of a large amount of football 

(soccer) data using ecological dynamics.  Citing the issue of ‘datafication’ the authors comment 

that an issue experienced by coaches and athletes is to extract meaning from large and complex 

data sources to measure and enhance performance. To aid clarity, the authors created a 

framework. This framework was termed the augmented perception analysis framework 

(ARCANE). The authors suggest that the framework moves from “a data-driven focus to a 

data-informed approach to harness the power of new technologies” (Couceiro et al., 2016). The 

framework relates to using technology to capture data, sending this to distributed computing 

servers, calculating key performance outcome variables (heart rate, player positioning, player 

heart rate and physical activity), computing performance, then probabilistically modelling to 

create an iterative prediction of the outcome. To achieve this technology is combined with data 

processing methods to produce the performance of the athlete through outcomes (Figure 11).  

 

 

Figure 11 Real time data acquisition process adapted from the ARCANE model  (Couceiro et al., 2016). 
Adjustments were made to generalise the framework to aid clarity.   
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These outcomes are used in probabilistic models to allow for real-time analysis and match 

prediction, giving performance prediction outputs including the win probability, and the 

scoring estimations Figure 12. 

 

Figure 12 Adapted schematic of the ARCANE framework (Couceiro et al., 2016). 

The aim of the framework was to help sports scientists and practitioners interpret large volumes 

of data to predict athletic performance in football. Whilst the ARCANE framework gives an 

analytical insight into aggregation of data that is commonly used in wearables for football, it 

could be argued the framework lacks specificity to select the technology to measure and 

comprehend the outputted data. An example is the authors mentioning specific sensor types 

(accelerometers, gyroscopes, magnetometers, electromyography, ultra-wide band) and 

processing strategies (Kalman filtering, pre-processing, multilateration, fuzzy logic, fractional 

dynamics, independent component analysis and gait analysis) without a clear definition of these 

terms, or how to implement them. Reviewing one technology mentioned, the accelerometer, if 

the hardware is selected incorrectly it could yield the captured data to not be valid or reliable, 

resulting in incorrect modelling. Table 2 lists some of the features of an accelerometer which, 

if selected incorrectly, could jeopardise the measurement integrity.  
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Table 2 Hardware considerations of an accelerometer.  

Specification Definition Issue 
Dynamic Range / Operating 
Range 

Maximum amplitude the sensor 
can measure before clipping or 
saturation.  

If range is too low, high 
impact activities cannot be 
accurately monitored. 

Frequency Response / bandwidth  Frequency which the sensor can 
detect the motion and generate 
the correct output.  

Higher movement requires 
higher frequencies 
however there is a 
vibration trade-off which 
could give error.  

Size and Mass The sensor should be 
significantly smaller than the 
system being monitored and 
should not inhibit the learner’s 
natural movement 

Too large could alter 
biomechanics. 

Sensitivity / Sensor Resolution Scale factor of a sensor 
measured in terms of change in 
output signal per change in input 
signal 

If resolution is too large 
the signal to noise with 
static movements will 
cause erroneous outputs. 

Sensitivity Axis Number of axis directions which 
the sensor can measure (1, 2 or 
3) 

If movement is in multiple 
planes a single axis might 
miss the biomechanical 
feature of interest. 

Data storage, embedded 
processing, and transmission 

The requirement to transmit data 
in real time could necessitate 
embedded processing of the 
accelerometer to pass designated 
features at an epoch, rather than 
streaming or recording data 
which can then be post-
processed.  

If real-time data is needed 
extra size will be required 
due to antennas. 
Additionally, other players 
and nodes as well as 
multipath interference 
could cause system issues 
and there could be a 
requirement to embed 
algorithms.  

Battery life  Depends on the type and storage 
capacity of the battery  

Batteries again add size 
and mass to the system. 

 

None of these potential concerns are addressed in the Couceiro et al. (2016) paper. The 

practicality is that if a practitioner wants to capture and interpret real-time in-game data of a 

football match using the ARCANE model, they would be challenged in selecting the right 

technology and applying the right algorithmic features to achieve the outputs, denoted in Figure 

12. Evidently, this is a gap the literature as without the knowledge of selection, creation or 

implementation of technology the user will not be able to move to the interpretation phase. 

Through improving the knowledge of the core technologies used for data measurement, the 

user can then confidently use the technology within a framework like the ARCANE model to 

successfully adjudicate performance. Subsequently, current implementation context need to be 

reviewed to see where and when key stakeholders are utilising current technologies. 
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2.3 Implementation of measurement technologies. 
With the knowledge of what technology is available for measuring elite performance (Section 

2.1) and how to theoretically measure expert performance (Section 2.2), an understanding of 

where these technologies are being implemented is pertinent. This thesis discriminates three 

possible implementation outcomes where technology can be embedded (see Table 3).  

 

Table 3 Implementation contexts where measurement technology can be applied, the definition of the 
context and sports technology examples.  

Context Definition Examples 

Equipment The equipment the athlete is interacting with is 
instrumented to measure performance. 

SRM (Schoberer Rad 
Messtechnik) cranks, 
F1 car, touchpad 
electronic timing 
(swimming) etc. 

Athlete  

Measurement technology is worn or collected 
directly from the athlete’s person as they interact 
in a dynamically altering performance 
environment  

Inertial measurement 
units (IMU), 
biometric sensors, 
Global positioning 
systems (GPS) etc. 

Environment  

Technology which is embedded in the environment 
or, in the case of Virtual Reality (VR), creates a 
new performance environment which can be 
measured    

Camera based analysis 
systems, atmospheric 
data sensors, VR etc. 

 

It is important to note that athletes are not a homogenous group. Athletes can be subcategorised 

into a multitude of groups including; gender (male / female), functional ability (disability / 

able-bodied), age (youth / adult / masters), performance context (training / game), or injury 

status (fit / injured). For each of these groups the implementation of where measurement 

technology is applied still fits within the three implementation contexts, however what data is 

measured, and which technology to select may alter drastically.    
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2.3.1 Instrumented equipment 

There has been a proliferation of instrumented sporting equipment used for sports 

measurement. Examples include measuring power outputs from strain gauged cycling cranks  

(Bini, Hume, & Cerviri, 2011), measuring the timing of a swimming race using instrumented 

touch pads, and using a piezoelectric pads on opponents to automate scoring in taekwondo.  

A recent 2016 market analysis of smart sports equipment (Weinswig, 2016a) suggests that the 

instrumented sports equipment market will account for 7.5% of total sports equipment market 

in 2020, a predicted increase of the 2015 result of 4.6%. Due to the wide range of sports 

technology used to instrument equipment, a case study was performed in a single sport to see 

where and why equipment is instrumented.  

One sport which has a highly heterogenous athlete pool is wheelchair basketball. This sport 

enables athletes with varying functional abilities to compete on a level playing field using 

bespoke equipment, primarily, wheelchairs. These wheelchairs can be instrumented using 

inertial sensor technology to monitor athlete performance. A systematic literature review was 

performed to delve into how this single technology was used in this growing sport, as an 

example of how instrumenting equipment can measure performance more broadly.  
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Abstract 

With the increasing rise of professionalism in sport, teams and coaches are looking to 

technology to monitor performance in both games and training to find a competitive advantage. 

Wheelchair court sports (wheelchair rugby, wheelchair tennis, and wheelchair basketball) are 

no exception, and the use of microelectromechanical systems (MEMS)-based inertial 

measurement unit (IMU) within this domain is one innovation researchers have employed to 

monitor aspects of performance. A systematic literature review was conducted which, after the 

exclusion criteria was applied, comprised of 16 records. These records highlighted the efficacy 

of IMUs in terms of device validity and accuracy. IMUs are ubiquitous, low-cost, and non-

invasive. The implementation in terms of algorithms and hardware choices was evidenced as a 

barrier to widespread adoption. This paper, through the information collected from the 

systematic review, proposes a set of implementation guidelines for using IMUs for wheelchair 

data capture. These guidelines, through the use of flow-charts and data tables, will aid 

researchers in reducing the barriers to IMU implementation for propulsion assessment. 

 

Introduction 

It has been suggested that 15% of the world’s population live with a disability and 2.2% of the 

population are functionally limited to a significant degree (Inkpen, Parker, & Kirby, 2012). At 

elite levels in wheelchair court sports, a steep increase in participation has occurred over the 

last decade (Perret, 2015). This is attributed to not only a large increase in awareness but also 

to advances in modern wheelchair technology (Burton, Fuss, & Subic, 2010) and an increased 

professionalism across wheelchair sports. Winning margins are becoming smaller as 

performance density increases. For instance, a delay of 1.73 s was the difference in the 

women’s 1500 m T54 wheelchair race between gold and bronze medal in Athens, 2004, 

whereas in London, 2012, this gap had shrunk to 0.61 s (Perret, 2015). Subsequently, athletes 

and supporting staff are investing a considerable amount of time and resources to achieve best 

performance (De Groot, Balvers, Kouwenhoven, & Janssen, 2012) with technological 

development to aid skill acquisition being one offshoot of this.  
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Although literature pertaining to wheelchair sport has been reported as sparse (Perret, 2015), 

there have been literature reviews pertinent to the measurement of wheelchair propulsion 

(Figure 13). 

 
Figure 13 Profile of literature reviews pertinent to the measurement of wheelchair propulsion. 

Burton (Burton et al., 2010) primarily focused on the equipment and mechanics of wheelchair 

technologies and encompasses a section on performance measurement concluding how future 

development of monitoring equipment will raise performance levels. They categorized 

propulsive testing into two conditions: laboratory-controlled either static roll testing 

comprising of continuous belts or rolling rollers, or dynamic roll testing primarily tested in a 

performance environment. The measurement technology used in the dynamic performance 

assessment included static video cameras with image analytics software, global positioning 

system (GPS) sensor units, speedometers, inertial measurement units (IMUs), strain gauges, 

and load cells (Burton et al., 2010).  

Researchers gravitated towards the use of on-board measurement technologies with a focus on 

speedometer type devices and IMUs. The reluctance to use GPS is primarily due to wheelchair 

court sports being played in GPS-denied environments. Goosey-Tolfery et al. (2012) reviewed 

the use of a velocity meter (termed a velocometer) for propulsion assessment, which was 

referred to as a speedometer in the Burton et al. (2010) review. This technology can be either 

analogue in nature, for example ticker tape timers, or more sophisticated digital measurements, 

for example with the aid of optical encoders. They concluded that there are key limitations to 

this technology; the system needs to be manually calibrated after each participant, the weight 

of 0.7 kg could affect manoeuvrability, transmission equipment that is attached to the chair 
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might not pass for competition use due to sporting regulations, and the system requires post-

processing, therefore concurrent feedback is not possible. Goosey-Tolfrey (2012) suggested 

that IMU systems could eliminate many of the velocometers’ limitations, commenting that they 

are a more viable system for future use. Fuss (2012) performed a research review into the use 

of gyroscopes, one sensor found in an IMU, using both experiential and empirically evidenced 

knowledge accrued over the seven years prior. He concluded that gyroscopes were a valid way 

of accurately ascertaining dynamic performance metrics. 

Compared to other technologies used for wheelchair court sports, IMUs have the advantages 

of size, weight, integration, cost, ease of implementation, ubiquitous nature, and low power 

consumption, although they can be prone to significant instrument biases and drifting due to 

noise and device instability (Xu et al., 2010). Furthermore, they can be packaged with other 

hardware allowing telemetry which affords real-time feedback (Burton et al., 2010). 

One key advantage of microelectromechanical systems (MEMS) IMU technologies is that they 

can be used in situ. Practically, this allows wheelchair athletes to be assessed in their standard 

performance environment, either in game or training scenarios which ensures representative 

learning design. Representative learning design is a term coined by Pinder et al. (2011) that 

encompasses designing “dynamic interventions that consider interacting constraints on 

movement behaviours”. The term encapsulates the classical Brunswikian philosophy of task 

representative design as well as requiring these methodological principles to be adopted in all 

learning and performance environments. Mann et al. (2010) suggests that representative 

learning design is critical for “ensuring that critical perception-action links remain intact” and 

the process is “fundamental to generality of experimental results” (Pinder et al., 2011). 

Churton and Keogh (2013) reviewed hand rim wheelchair propulsive performance during 

wheelchair sports from a constraints-led approach of dynamical systems theory. Task, 

organism, and environmental constraints were all found to play an important role in 

understanding performance and the suggestion was to consider the synergism and interaction 

of all the constraints to increase propulsive performance and to reduce injury. Thus, 

measurement technology must be flexible enough to measure organism, environmental, and 

task constraints.  

Altmann et al. (2015) and Perret et al. (2015) performed recent systematic literature reviews 

focusing on trunk impairment and performance intervention strategies respectively. Both 

evidenced limited empirical research in the field of wheelchair performance, however 
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commented that the development of technologies to measure performance parameters would 

aid the optimisation of performance (Perret et al., 2015; Altmann et al., 2015). The parameters 

of propulsion performance described in the context of wheelchair rugby but generalisable to 

other wheelchair court sports, were described by Chua et al. (2010). 

Field testing provides a feasible way to get an indication of the performance parameters (Figure 

14), and if monitored periodically allows for strength and weaknesses to be highlighted (De 

Groot et al., 2012) and with appropriate training, to be incrementally improved. The use of 

IMUs to perform performance-based measurement in both game and training settings has been 

regarded as “highly feasible” (Chua, Fuss, & Subic, 2011). Although the use of IMU 

technology is both cost-effective and user-friendly, the reliability of the measurements is highly 

dependent on the processing algorithms (van der Slikke, Berger, Bregman, & Veeger, 2015). 

The creation and use of these processing algorithms, and how to implement these sensors for 

relevant performance feature extraction is a barrier to the wider adoption of IMUs for 

performance analysis in wheelchair sport. 

 
Figure 14 Schematic of the key performance parameters of wheelchair court sports as outlined by 

Chua et al. (2010). 

Simple IMU performance analysis, based on the identification of strokes in terms of numbers, 

amplitude, length, and periodicity, is reliant on the activity being cyclic with little fluctuation 

in frequency (Chua et al., 2010). Typically, wheelchair court sports exhibit a range of different 

activity patterns with perturbations in speed, acceleration, and push frequencies common in 

game play. Practically, this means algorithms that are being used for game or multiple skill 

monitoring must not be reliant on static thresholds detecting peaks in IMU data, rather 

employing more sophisticated algorithms for performance assessment. As there is empirical 

evidence that wheelchair propulsion characteristics can be monitored using IMUs, this review 

will systematically assess the instances that accelerometers, gyroscopes, and magnetometers 

have been used for performance analysis in wheelchair court sport. This paper disseminates 

information on how the data is analysed in terms of feature extraction (Table 4), the analytic 

methodologies (Table 5) used to manipulate the data, and the physical instrumentation 

implementation (Table 6) in terms of hardware and sensor placement. 
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Methods 

A review was conducted (current as of 10 January 2018) searching six scholarly databases 

(Google Scholar, Scopus, Web of Science, Proquest, ScienceDirect, and Sage Journals). 

The inclusion criteria required for a manuscript to be accepted are that: it must be a methods-

based research article from a scholarly journal, contain the use of inertial sensors (either 

gyroscopes, accelerometers, magnetometers, or a combination), and be applied in a wheelchair 

sports setting. To ensure reliability of the meta-analysis, two authors independently screened 

the results, returning the same outcome. A total of 456 records were returned on the search. 

From this a total of 431 records did not meet the inclusion criteria, a further 15 duplicate records 

were removed, with the remaining 10 articles included. Six articles that were not returned 

directly from the search but met the entry criteria were added to the review increasing the total 

review to sixteen articles. These articles were all found through references from the included 

texts. A schematic of the literature review methodological processes is presented (Figure 15).  

  

 
Figure 15 Schematic of the meta-analysis process. IMU, inertial measurement unit. 

The information extracted from the included papers addressed questions including: (i) when, 

where, and by whom the research was published; (ii) what performance parameters were being 

measured; (iii) what algorithms were used to extract these performance parameters; (iv) which 

IMU hardware was implemented and the specifications of this hardware; and (v) what 

validation procedures were used to ensure measurement accuracy and validity.  
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Results 

Key features from all relevant records included the geographical spread, unique publication 

avenues, and the discipline spread. In total, the records appeared across nine unique journal 

publications. The journals spanned differing disciplines including biomechanics (n = 3), 

clinical rehabilitation and medicine (n = 3), and engineering and technology (n = 10). The 

geographical spread was also diverse with publications from researchers in North America (n 

= 1), Australasia (n = 7), and Europe (n = 8). 

A clear trend emerged with all papers reporting inertial sensors to assess propulsive elements. 

Consequently, a comparison between these records could be made in terms of feature extraction 

(Table 4), the analytic methodologies used to extract these performance features (Table 5) and 

the hardware instrumentation implementation (Table 6). The only paper that was not compared 

in the tables was that of Starr et al. (2012). The paper utilised the commercially available MVN 

BIOMECH link motion capture system (Xsens, Enschede, The Netherlands) to assess shoulder 

biomechanical differences during propulsion between novice and expert uses. As it uses this 

commercial system, the paper gives limited information in the way data is collected and 

analysed, rather focusing on the shoulder kinematics attained from the motion capture software.  

Table 4 Wheelchair performance propulsion element where A/C, activity classification. 

Citation Angular 
Velocity 

Ground 
Speed 

Dist
ance 

Trajectory
/Position 

Turning 
Radius 

Push  
Cycle  

Cadence/ 
Frequency 

Push 
Synchr
ony 

A/
C 

(Pansiot et al., 2011) √ √ √ √ √ x x x x 
(Fuss, 2012) √ √ √ x √ √ √ x x 
(Fuss et al., 2012) x x x x x x x x √ 
(Bergamini et al., 2015) x √ x x x √ √ √ x 
(Mason et al., 2014) x √ x x x x x x x 
(Chua et al., 2011) √ x x x x x x x x 
(van der Slikke  et al., 2015a) √ √ √ √ x x x x x 
(van der Slikke  et al., 2015b) √ √ √ √ √ x x x x 
(Xu et al., 2010) √ √ √ √ x x x x x 
(Usma-Alvarez et al., 2010) √ √ √ √ √ x x x x 
(Hiremath et al., 2013) √ √ √ x x x x x x 
(van der Slikke et al., 2016) x x x x x x √ √ x 
(J. Shepherd et al., 2016) √ x √ √ x x x x x 
(Chua et al., 2010) x x x x x x x x √ 
(van der Slikke et al., 2017) √ √ √ √ √ x x x x 

 
To extract these features, software algorithms must be used; Table 5 below highlights the 

variety of algorithmic processes that were utilised.  
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Table 5 Review of the algorithmic processing performed on the data. 

Citation Frame of Reference 
Consideration 

Wheel Skid 
Correction 

Filtering/Windowing 
Data 

Correction/Offset 
Factor 

Hausdoff Fractal 
Dimension 

(Pansiot et al., 2011) √ x x x x 
(Fuss, 2012) √ x x x x 
(Fuss et al., 2012) x x √ x √ 
(Bergamini et al., 2015) x x √ x x 
(Mason et al., 2014) x x √ x x 
(Chua et al., 2011) x x √ √ x 
(van der Slikke  et al., 2015a) √ √ √ x x 
(van der Slikke  et al., 2015b) √ √ √ x x 
(Xu et al., 2010) x x √ x x 
(Usma-Alvarez et al., 2010) x x x x x 
(Hiremath et al., 2013) x x x √ x 
(van der Slikke et al., 2016) √ √ √ x x 
(J. Shepherd et al., 2016) √ x √ x x 
(Chua et al., 2010) x x √ x √ 
(van der Slikke et al., 2017) √ √ √ x x 

 

Another consideration of the review was to document the hardware these studies implemented 

(Table 6). Details including the number of IMU sensors being used, the sampling rate, if there 

was real-time communication and how this was achieved, and where the sensors were 

positioned were extracted. Common practice when implementing novel hardware or software 

measurement solutions is to undergo a validation process to ensure the accuracy and 

repeatability of measurements. The validation technology used to correlate the measurement 

outcome for the papers was also outputted from the meta-analysis (Table 6). 

Table 6 Comparison of the instrumentation used. Number (#) of IMU, inertial measurement unit; RF, 
radiofrequency; BT, Bluetooth; GPS, global positioning system. 

Citation # of 
IMU 

Gyroscop
e 

Accelero
meter 

Magnet
ometer 

Sampling 
Frequency 

Real-
Time GPS RF/BT Wheel Chair Wrist 

(Pansiot et al., 2011) 2 +2000°/s  ±3 g x 30–50 Hz √ x 20 m’ √ x x 
(Fuss, 2012) 2 +1600°/s x x 100 Hz x x x √ x x 
(Fuss et al., 2012) 1 x ±8 g x 60 Hz x x x x √ x 
(Bergamini et al., 2015) 3 x ±6 g x 128 Hz x x x x √ √ 
(Mason et al., 2014) 1 +2000°/s x x 50 Hz x x x √ x x 
(Chua et al., 2011) 1 +6000°/s x x 100 Hz √ x 30 m’ √ x x 
(van der Slikke  et al., 2015a) 3 +2000°/s ±8 g x 256 Hz x x x √ √ x 
(van der Slikke  et al., 2015b) 3 +2000°/s ±8 g x 256 Hz x x x √ √ x 
(Xu et al., 2010) 2 +1200°/s x x 100 Hz √ √ x √ x x 
(Usma-Alvarez et al., 2010) 1 +1200°/s x x 100 Hz x x x x √ x 
(Hiremath et al., 2013) 1 ±6000°/s x x 64 Hz √ x √” √ x x 
(van der Slikke et al., 2016) 3 +2000°/s ±8 g x 200 Hz x x √” √ √ x 
(J. Shepherd et al., 2016) 3 +2000°/s ±16 g ±7 gauss 250 Hz x x x √ √ x 
(Chua et al., 2010) 1 x ±8 g x 60 Hz x x x x √ x 
(van der Slikke et al., 2017) 3 ±2000°/s ±16 g ±8 gauss 200 Hz x x x √ x x 
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Table 7. Scientific databases and the associated search parameters used. 

Database Search Terms 
Sage Journals Anywhere (Wheelchair) AND anywhere (sports) AND anywhere (Inertial Sensors) 
Proquest All (Wheelchair) AND all (sports) AND all (Inertial Sensors) 
ScienceDirect “Wheelchair” AND “sports” AND “Inertial Sensors” 
Scopus TITLE-ABS-KEY (“Wheelchair” AND “sports” AND “Inertial Sensors”) 
Web of Science TS = (Wheelchair AND sports AND Inertial Sensors) 
Google Scholar “Wheelchair court sports Inertial Sensors” 

 

Table 8 Validation Methods. 

Citation Validation Technologies 
(Pansiot et al., 2011) LASER range finder & ground-based markings 
(Fuss, 2012) Speed profile from generator 
(Fuss et al., 2012) Validation against recorded video  
(Bergamini et al., 2015) High speed video 
(Chua et al., 2011) Minimax IMU and Ipod Touch IMU 
(van der Slikke et al.2015a) 24 optical motion capture system 
(van der Slikke et al.,2015b) 24 optical motion capture system 
(Usma-Alvarez et al., 2010) Stop watch, set track distance and synced video 
(Hiremath et al., 2013) Lathe at set RPM 
(Shepherd et al., 2016) LASER range finder, Ground based markings 

 

Discussion 

The use of inertial sensors in wheelchair court sports is widespread and multinational with 

research from Australia, England, the Netherlands, Italy, and the United States of America. 

The publication avenues are also diverse with nine (60%) different journals featuring in the 

study. The primary discipline of these journals being technology-and-engineering-based 

(64%), although medical (22%) and biomechanics (14%) journals also provided publication 

avenues for inertial sensor work in wheelchair sports. The wide geographical and 

multidisciplinary spread evidences the global importance of this research. It additionally 

underpins that researchers within this domain must look outside their own disciplines to gain a 

full understanding of the use of inertial sensors in wheelchair sports.  

All the records (16/16) that were included in the review investigated propulsive elements, 

highlighting the importance of propulsion in wheelchair court sport performance. This is in line 

with previous reporting in the literature. Cavedon et al. (2015) found that speed and endurance 

tasks correlated with game related statistics concluding the importance of propulsion in game 

scoring. To support this, qualitative interviews from nine elite wheelchair court sports athletes 

(Mason, Porcellato, van der Woude, & Goosey-Tolfrey, 2010) indicated that propulsion was a 

principle element of performance. 
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Subcategorising the elements of propulsion, as shown in Table 4, it is evident that IMUs have 

been used to detect and classify a wide range of propulsive elements. The most popular element 

that was investigated was ground speed with 10/15 (66%) reporting this. The most prevalent 

way that the researchers measured this principle component was from the angular velocity 

attained from the rate gyroscope sensors that were rigidly mounted on the wheelchair wheels. 

This method was employed by 8/9 (89%) of the records that measured ground speed with 

Bergamini et al. (2015) being the only record not employing this strategy. Instead, the authors 

used a threshold-based peak finding method from accelerometer data which was rigidly 

mounted to the chair, to ascertain speed. However, this method is only accurate in isolation as 

a purely linear propulsion task.  

Furthering the use of wheel-mounted gyroscopes for propulsion analysis, Chua (2011) found 

high feasibility in using gyroscopic sensors for measuring wheelchair kinematic data allowing 

for the calculation of distance the wheel travelled, if the radius of the wheel is known. The 

implemented algorithm requires an accurate wheel radius measurement, which varies with tire 

pressure and deformation due to player loading. Therefore, to ensure measurement accuracy 

for tire radius measurements, a standardised approach, for example an adaption of Moore et al. 

(2010) wheel radius measurement protocol, is recommended.  

To ascertain accurate measurement of wheelchair speed rather than wheel speed a common 

frame of reference should be defined. One way to achieve this is through the measurement of 

wheel camber and a subsequent computational adjustment to align the wheel sensors into the 

same local frame of reference as the wheelchair as detailed in Pansiot et al. (2011). Five out of 

nine authors who used gyroscopes to find angular velocity reported performing a computational 

adjustment due to camber. Shepherd et al. (2016) provided a different algorithmic approach to 

this using an open sourced Attitude and Heading Reference System (AHRS) orientation filter 

(Madgwick, Harrison, & Vaidyanathan, 2011) to ensure sensor alignment by placing the 

sensors in a global frame of reference. The advantage of this method is the algorithm is camber 

agnostic and computationally inexpensive.  

The calculation of trajectory and positioning was also shown to be viable using inertial sensors 

with 7/15 (46%) of articles reporting positional tracking. Positional measurements provide 

insights that allow for performance analysis, but are also important for detecting and improving 

match strategy (Burton et al., 2010). To ascertain positional information from inertial sensors, 

complex algorithmic processing and sensor fusion is required. A total of 33% (5/15) of the 
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records used only IMUs for tracking (Pansiot et al., 2011;van der Slikke et al. 2015a, 2015b, 

2017; Shepherd et al., 2016; Xu et al.,2010) used a local reference GPS with an Extended 

Kalman Filter, and Usma-Alvarez et al. (2010) used manually synced video and timing data to 

enable positional information. 

When implementing IMUs for in-game scenarios, specific propulsive factors need to be 

accounted for algorithmically. An example of this is wheel skidding, which regularly occurs in 

wheelchair court sports. Van der Slikke et al. (2015) proposed a correction algorithm that 

combines a rate gyroscope with an accelerometer in a complementary filter, calculating a 

weighted correction factor, allowing for the adjustment of potential skidding moments. Chua 

et al. (2010) commented that push frequencies and acceleration patterns fluctuate with game 

play, therefore rendering static threshold based peak crossing detection algorithms 

inappropriate for in-game monitoring.  

The review uncovered that filtering data was a common algorithmic strategy to smooth the 

outputted data with 11/15 (73%) records reporting a type of data filtering. The most common 

type of filtering employed was noise filtering, allowing for feature extraction. Bergamini et al. 

(2015) used a zero lag 4th order Butterworth filter with a 12 Hz cut off frequency with a further 

4 Hz low pass filter for the forward component. Mason et al. (2014) used a 2nd order low pass 

Butterworth filter with a 20 Hz cut off frequency. Chua et al. (2010, 2011) used a 2nd order 

Savitzky–Golay filter and encompassed a window width of 25 samples. Other researchers used 

advanced filtering to fuse different IMU sensors data allowing for state estimation to mitigate 

against errors. Van der Slikke et al. (2015, 2016, 2017a, 2017b) used a complementary filter to 

weigh the accelerometer and gyroscope, Xu et al. (2015) used an extended Kalman filter to 

combine 5 Hz GPS data as a reference point to the rotation data from the gyroscope, and 

Shepherd et al. (2016) used Madgwick et al. (2011) AHRS IMU orientation filter.  

As evidenced by Table 6, a wide variety of implementations were used in terms of number of 

sensors, sensor ranges, sampling frequencies, real-time capabilities and the mounting positions. 

Ten out of 15 (66%) of records utilised multiple IMUs and 6/15 (40%) reported the use of both 

accelerometers and gyroscopes, with only Shepherd et al. (2016) reporting the use of a 

magnetometer, although the authors decided not to use this in their calculations due to a 

reported ferromagnetic disturbance. The accelerometer range varied from ±2 to ±168 g, the rate 

gyroscope ranged from +1200 to +6000°/s, and sampling frequencies between 30 Hz and 256 

Hz were reported. As reported by Mason et al. (2010), even with an unattainable speed of 6 
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m/s, the angular velocity of the sensor would be +1161 °/s and therefore all of the authors used 

gyroscopes that are theoretically suitable. To further evidence the suitability of rate gyroscope 

measurement, Hiremath et al. (2013) used +6000°/s, which could theoretically accurately 

measure 17.778 m/s on a 24” wheel. Low sampling frequencies were reported to be a source 

of error, with Mason et al. (2010) commenting that the “magnitude and stability of the sampling 

frequency, which at approximately 50 Hz, may have been inadequate to determine rapid 

changes”. The mean sampling rate used was 130 Hz with both the median and mode equating 

to 100 Hz.  

Real time IMU data transmission was also proven successful which was evident in 3/15 (20%) 

studies. Two of the records used radio frequency antennas and reported indoor ranges between 

20 m and 30 m, and the third, Hiremath et al. (2013), used short-range Bluetooth and reported 

a small data transmission loss of 0.3%. Sensors where mounted in a variety of places with the 

wheel being the most common position followed by a rigidly mounted chair sensor. Wrist 

sensor (Bergamini et al., 2015) and full upper body sensor (Starrs et al., 2012) positions were 

used to provide more detailed kinematic performance elements in propulsion.  

A variety of studies used different methods to validate the reliability of IMUs for propulsion 

performance analysis. Mason et al. (2014) investigated the reliability and validity of inertial 

sensors on wheelchair court sports in comparison to high speed video. In terms of speed, the 

sensor was found to be reliable, never exceeding a coefficient of variation of 0.9% at any speed. 

Peak speed was also proven valid using an IMU device with a coefficient of variation of 1.6%. 

Hiremath et al. (2013) developed a gyroscope-based wheel monitoring system that estimates 

speed and distance and provides real time feedback in a laboratory setting. They found 

percentage errors from distance, speed and angular velocities were less than 3% for all trials. 

Pansiot et al. (2011) utilised wheel-mounted IMU units for providing real-time velocity, 

heading, ground distance covered, and motion trajectory. For linear distance, Pansiot et al. 

(2011) validated the IMU output against a laser distance range finder which gave an 

uncalibrated average error of 53 mm over a 9 m trial. Furthermore, Pansiot et al. (2011) 

validated the IMU outputs against known ground markings for positional tracking finding an 

average error of 94 ± 94 mm or a 0.76% distance error over a figure-8 loop. The use of a laser 

range finder and known ground markings was also evidenced by Shepherd et al. (2016). 

Van der Slikke et al. (2015) validated a three sensor IMU system against a 24-camera optimal 

motion analysis system across 21 tasks encompassing typical wheelchair basketball tasks. They 
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found an intraclass correlation (ICC) for linear speed to exceed 90% (ICC > 0.90), for rotational 

speed to exceed 99% (ICC > 0.99) and the instantaneous rotation centre to exceed 90% (ICC 

> 0.90) all showed very high correlations to the gold standard motion capture. The wheel skid 

correction algorithm gave a positional error of 0.008 m on average and at high performance, 

the average difference did not exceed 0.052 m. 

Operational Guidelines 

To reduce the complexity of implementing an IMU for wheelchair propulsion measurement, 

the flow chart in Figure 16, Table 9,and Table 10 were developed. These schematics assist the 

reader to identify the key performance parameters that are desired, determine if a suitable 

algorithm is available, rate the implementation complexity (simple or advanced), advise on the 

minimum implementation requirements, and, through the Tables, allow for a quick reference 

to previously published methodologies. 

 
Figure 16. Overall flow chart for wheelchair propulsion measurement. 

 

Table 9 Reference to aid the understanding of implementation complexity. 

Propulsive Group Propulsive Element Implementation Complexity 
Wheelchair Kinematics Acceleration/Velocity/Distance Simple/Advanced 
Athlete Kinematics Segment Angles/Cadence Simple/Advanced 
Kinetics Synchronicity/Force/Duration Simple 
Spatiotemporal Trajectory/Positioning/Turning Radius Advanced 
Sport Specific Activity Classification Advanced 
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Table 10 Reference to aid the minimum algorithmic and hardware implementation requirements. 

Implementation Complexity Minimum Hardware Implementation Minimum Algorithm Implementation 

Simple Single Accelerometer >50 Hz 
Sampling Frequency Frame Mounting 

Threshold based peak detection Noise 
Reduction filtering 

Advanced ≥2 IMUs >50 Hz Wheel/Hub 
mounting 

Advanced signal processing Frame of 
reference consideration Wheel Skid 
correction 

 

Conclusions 

From the review, it was evidenced that IMUs are a very useful measurement technology for 

assessing propulsive characteristics in wheelchair court sports. For any technological 

implementation to be successful, monitoring it must be user friendly and assessable. The 

ubiquitous nature of IMUs, the ease of implementation, and the low cost means that the use of 

this technology has proven its efficacy for these criteria. The review uncovered a wide variety 

of successful instrumentation implementations in terms of hardware and processing algorithms. 

These prior successful implementations should serve as a blueprint for future research and 

development in this area and guide researchers in directing novel research. Researchers should 

also consider collaboration through shared or open-sourced algorithms to reduce the barrier for 

potential users who do not have the technical abilities to design bespoke software.  

When assessed for validity and reliability, IMUs have shown great promise in providing 

accurate measurement solutions which should provide coaches and athletes confidence in using 

this as a measurement tool. As IMUs can be used in real time, it is evident that they have the 

scope to become a concurrent coaching feedback tool and, with the addition of positional 

tracking elements, could aid to inform tactical decisions and quantify expert performance. 

 

**** End of Publication **** 
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The wheelchair basketball case study evidenced an example whereby the measurement 

technology is implemented on the equipment the athlete is interacting with in order to measure 

performance parameters. For this one type of technology (IMU), an abundance of 

implementation strategies was reported. These differences included; the performance 

parameters extracted, the hardware used, the algorithms implemented, and the location of the 

sensor devices. These discrepancies highlight that although the core technology has the 

potential to measure certain performance parameters, if it is not implemented correctly the 

outcome might be erroneous. For example, if the key performance parameter was to measure 

the players trajectory during the game, the correct number of IMUs should be used (>1), sensors 

placed in the correct location (on the wheel), suitable hardware (e.g. sampling rate >50Hz), and 

a suitable algorithm should be used to ensure the measurement device is successful. For other 

specific measurement questions within wheelchair basketball, instrumenting the athlete might 

be more suitable. The next section (Section 2.3.2) reviews the use of athlete worn 

instrumentation.  

 

2.3.2 Instrumented athletes 

The adoption of wearable technology to measure performance has become increasingly 

prolific. It was estimated the wearables market was worth $28.7 billion US dollars in 2016 with 

275 million wearable units sold in the year (Weinswig, 2016b). This is substantiated by the 

annual worldwide trend survey performed by the American College of Sports Medicine where 

wearables have been a leading trend in sport, however they predicted a lower $1.5 Billion US 

dollars of annual sales (Thompson, 2017). The reason for the different estimation can be 

attributed to the definition of sports wearables, with the Fung Global Retail and Technology 

Group review (Weinswig, 2016b) defining wearables to include headphones, virtual reality and 

augmented reality, instrumented clothing, and wrist wearables.  

For this thesis, wearable technologies are defined as a sensor-based technology which is worn 

on the athlete’s person to directly monitor physiological performance. Examples of wearable 

sensors include; GPS sensors, biometric sensors (heart rate, galvanic skin response, EMG, 

ECG) and inertial sensors.  

One research field, biofeedback, is intrinsically coupled with the use of wearable technologies. 

A systematic literature review was performed to takes an analytical snapshot of the instances 

where biofeedback technologies have been used as an intervention to enhance motor skill 
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acquisition. The aim of this review was to assess which wearable technologies were being used 

in these records and how these technologies were being implemented to measure performance.  

Methods 

The methodological design of the review was adapted from Pickering & Byrne (2014).  Three 

conditional search terms ‘motor’, ‘skill acquisition’, and ‘biofeedback’ were extracted and 

were required to be either featured in the title, abstract, or keywords of three scholarly 

electronic databases; Scopus, Web of Science, and Science Direct. Inclusion criteria was 

created which required; the use biofeedback to measure a motor skill and have a targeted motor 

skill. Additionally, only English language methodology-based papers were accepted, and 

duplicate records were removed. The author of this thesis conducted the search and decided 

whether the manuscripts met the inclusion criteria. The search and findings were current as of 

10/08/2015. 

The information extracted from the included papers addressed questions including:  

i. When, where, and by whom the research was published; 

ii. The prevalence of wearable technology used and where this technology was 

implemented  

iii. Participant information and experimental design 

Results 

A total of 136 records were uncovered from the three electronic database searches. 31 of these 

articles met the inclusion criteria displayed in Figure 17.  

 

Figure 17 Systematic literature review into biofeedback technologies.  
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The records were read and the important information pertinent to answering the research 

questions outlined in Table 11 were collated into a database structure.  

Table 11 List of the records (n=31) meeting the inclusion criteria of using a biofeedback technology to 
measure a motor skill.   

Article Citation 
Investigating the efficacy of neurofeedback training for expediting expertise and 
excellence in sport 

(Ring et al., 2015) 

Respiratory-Swallow Training in Patients With Head and Neck Cancer (Martin-Harris et al., 2015) 
The Effect of Frequency of Kinetic Feedback on Learning an Isometric Force Production 
Task in Nondisabled Subjects 

(Linden, Cauraugh, & Greene, 
1993) 

How is a motor skill learned? Change and invariance at the levels of task success and 
trajectory control 

(Shmuelof, Krakauer, & 
Mazzoni, 2012) 

Effects of Age and Timing of Augmented Feedback on Learning Muscle Relaxation While 
Performing a Gross Motor Task: 

(van Dijk & Hermens, 2006) 

Maximizing performance feedback effectiveness through videotape replay and a self-
controlled learning environment 

(Janelle et al., 1997) 

Electromyographic biofeedback for tension control during fine motor skill acquisition (French, 1980) 
Biofeedback and Neurofeedback in Sports (Perry, Shaw, & Zaichkowsky, 

2011) 
Role of Biofeedback in Optimizing Psychomotor Performance in Sports (Paul et al, 2012) 
Electromyographic biofeedback for tension control during gross motor skill acquisition (French, 1978) 
Biofeedback Reaction-Time Training: Toward Olympic Gold (Harvey et al., 2011) 

Frontal EMG-biofeedback training of athetoid cerebral palsy patients (Finley et al, 1976). 
Motor learning and the use of videotape feedback after stroke (Gilmore & Spaulding, 2007) 
Peripheral Electrical Stimulation Triggered by Self-Paced Detection of Motor Intention 
Enhances Motor Evoked Potentials 

(Niazi et al., 2012) 

The effects of EMG-assisted relaxation training with hyperkinetic children (Hampstead, 1979) 
Amount of kinematic feedback affects learning of speech motor skills (Ballard et al., 2012) 
Biodynamic Feedback Training to Assure Learning Partial Load Bearing on Forearm 
Crutches 

(Krause et al., 2007) 

Electromyographic Study of Motor Learning for a Voice Production Task (Yiu, Verdolini, & Chow, 
2005) 

Wechsler (wisc-r) changes following treatment of learning disabilities via eeg 
biofeedback raining in a private practice setting 

(Tansey, 1991) 

A Feedback System for the Motor Learning of Skills in Golf (Kooyman, James, & 
Rowlands, 2013) 

Altering foot progression angle in people with medial knee osteoarthritis: the effects of 
varying toe-in and toe-out angles are mediated by pain and malalignment 

(Simic et al., 2013). 

A pilot evaluation of an electronic textile for lower limb monitoring and interactive 
biofeedback 

(Helmer et al., 2011) 

Can interactive textiles influence a novice’s throwing technique? (Helmer et al.,2010) 
Effect of practice on the voluntary control of a learned breathing pattern (Gallego & Perruchet, 1991) 
Effects of balance training with visual feedback during mechanically unperturbed 
standing on postural corrective responses 

(Sayenko et al., 2012) 

Effects of Visual Feedback on Manipulation Performance and Patient Ratings (Triano, Scaringe, Bougie, & 
Rogers, 2006) 

Feasibility of a gait retraining strategy for reducing knee joint loading: Increased trunk 
lean guided by real-time biofeedback 

(Hunt et al.,2011) 

Investigation of fMRI neurofeedback of differential primary motor cortex activity using 
kinesthetic motor imagery 

(Chiew, LaConte, & Graham, 
2012) 

Physiotherapy Rehabilitation of the Smile after Long-Term Facial Nerve Palsy using 
Video Self-Modeling and Implementation Intentions 

(Coulson, et al, 2006) 

Short term and long term effects of enhanced auditory feedback on typing force, EMG, 
and comfort while typing 

(Gerard et al, 2002) 

Use of a Combination of Ankle Pressure and SENSERite System to Treat Older Adults 
With Impaired Ankle Proprioception: A Single-Blind Experimental Study 

(You, Saliba, & Saliba, 2009) 
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To assess whether the review was taking a representative segment of biofeedback literature the 

scope of the articles was assessed. This was done in terms of the geography of where the 

feedback trials were being conducted, assessing the publication avenues, and reviewing the 

target skill. The results of this investigation are shown (Table 12).  

Table 12 Left. The array and occurrence of Journal Publications (n=25 unique publications), Middle. 
Geographical spread of research., Right the motor skill investigated. 

 

The different wearable measurement technologies were tabulated shown below in Table 13.     

Table 13 Biofeedback technologies reported and the number of occurrences.  

  Technology Occurrences 

Biological  

Electrocardiography(ECG) 5 

Electroencephalography (EEG) 4 

Electromyography (EMG) 11 

Pulse Oximetry 1 

Functional magnetic resonance imaging (fMRI) 1 

Diaphragmatic Sensor/ Pneumotachograph 4 
Galvanic skin response (GSR) / Skin 
Conductance 2 

Nasal Cannula 1 

Electropalatography (EPG) 1 

Biomechanical 

Inertial Sensor 1 

Motion Capture 7 

Force Plates/ Load cells / Strain Gauges 10 

Pressure Sensors 1 

Balance Board 1 

Foot plate rotators / Ankle Position Sensors 2 
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For the most prevalent technology, EMG, the specific muscles being examined were extracted 

graphically evidenced below Figure 18. 

 

Figure 18 EMG site locations for N=11 records across N=14 locations. 

To understand how the technology was being implemented the experimental structure reported 

in the articles was extracted (Table 14).   

Table 14 Methodological structure of articles. 

Methods Occurrences 
Before After Control Impact (BACI) Design  10 
Experiment with Control 8 
Experiment without Control 13 

 

Whether the biometric signal improved owing to the technological measurement and feedback 

from this device was documented as well as the overall skill that was trying to be improved. 

30/31 records reported that the biofeedback technology was successful both successful in 

measuring the physiological signal and the subject could improve this marker with feedback. 

Most researchers (23/31) reported a motor skill improvement due to the measurement and 

feedback of data. 

Discussion 

The review (Table 11) revealed a diverse range of articles ranging in geography, publication 

avenue indicative of the target discipline, and targeted motor skills. Therefore, the review 

showed a diverse cross section of different studies using technology to enhance the acquisition 
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of motor skills. The interdisciplinary nature of biofeedback research reflects the diverse 

publication channels with 25 out of a possible 31 unique publications. That practical 

implication means researchers in this area must be vigilant in keeping up with the literature 

from a broad spread of journals. The results of the geographic scope highlight that researchers 

working in this space must be broad minded in their research and therefore this highlights the 

need for a multi-national and multi-disciplinary dialogue. 

The experimental design reported in the articles were mixed with some groups reporting 

controls and others not using experimental controls. This rendered a comparison between the 

effectiveness of the technological measurement difficult. However, information pertaining to 

what technology was being reported, and how this was applied was extracted. Researchers used 

a wide array of technological interventions to measure and to provide feedback information. A 

total 18 different classes of biofeedback technology were reported with an average of 1.7 sensor 

types per publication. For biomechanical data, a preferential trend was shown towards force or 

load based information, and for biological biofeedback EMG was the most popular technology. 

Within each technological sub group there were differences into what information was 

extracted. An example is the 11 records which used EMG as the measurement technology, 

measured nine different muscle groups. There was no clear evidence of how the researchers 

selected the technology they used. 

With the exception of Gilmore and Spaulding (2007) who showed no statistically significant 

difference all other researchers found that a positive significant difference was evident between 

the biofeedback aided group with respect to the control. However even in this record, the 

biofeedback group reported a perception of improvement for the biofeedback measured area 

(Gilmore & Spaulding, 2007). When assessing if the biofeedback improved the motor skill 

itself, 23/31 records reported that the technological intervention did improve the motor skill.  

For the ones that did not report an improvement, no record reported a decrease in motor skill 

performance due to the intervening technology.  

Conclusion  

A wide range of technologies were reported to collet biometric data from the athlete’s person. 

As shown, the technologies were targeted at a variety of different physiological areas aimed at 

measuring performance of a range of skills and providing physiological feedback. No unified 

data collection methodology to assess motor skill performance was presented. Furthermore, 

there was no common processes for technological selection. Although the selection and 
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implementation of technology were ad-hoc, there is promising evidence to suggest the positive 

effects of using of technology to measure and improve skilled performance.  

If a common set of guidelines was created and implemented, there could be even greater 

success of measuring aspects of performance, for example physiological data from wearables. 

The next section (Section 2.3.3) investigates how technology is embedded for measurement 

questions which require instrumentation to measure the environment the athletes are interacting 

with.  

 

2.3.3 Instrumented environments 

Instrumented environments involve using technology to measure the performance space that 

the athlete occupies. This includes video related technologies used for player tracking (e.g 

sportVU for basketball tracking), cameras which aid refereeing decisions for example 

measuring the offside line in Football (FIFA’s VAR system), doppler radar systems used for 

ball speed and impact location in cricket and tennis (Hawkeye innovations), and batting and 

pitching metrics (Trackman).  

As well as measuring the physical environment, systems like virtual reality (VR) can create 

virtual performance spaces which can be monitored. The advantage of these systems is that it 

affords the ability to measure both the actions the athlete is making as well as their synchronised 

perceptions from the environment they are exploring. This allows for practitioners to answer a 

variety of previously unanswerable measurement questions. To assess what technology is being 

implemented and why this is the case, a systematic literature review into VR technologies for 

sport was performed.  

 

Introduction 

Virtual reality (VR) is defined as a global term for visual-based computer simulation of a real 

or imaginary environment which uses technology to both display and interact with the 

environment (Craig, 2013). VR allows extensive experimental control in complex dynamical 

situations (Zaal & Bootsma, 2011). As a tool, it can be used to study the underlying interactions 

with the environment through behavioural modification or through the modification of the 

effects. It has been stated that “sports specific virtual reality may provide the best method to 
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measure training transfer to realistic sport performance, while still allowing appropriate 

experimental control and high-fidelity performance measurements” (Kiefer et al., 2017). There 

is a risk when designing VR training simulators as they may cause maladaptive technique or a 

failure to  facilitate the transfer of motor skills and so may not be of motor learning benefit 

(Eaves, Breslin, & van Schaik, 2011). Furthermore, the real world should be tested as not all 

real-world variability can be captured in VR so that some  behavioural performance aspects 

need to be correlated with the real world to ensure the transferability of results and learnings 

(Zaal & Bootsma, 2011). VR hardware devices have been generalised to be grouped into two 

categories by Kulpa et al. (2016). Input Devices which drive the virtual environment, requiring 

a tracking element to enable information about the state and actions of athletes.  Output devices 

with enable athletes to perceive the virtual environment, requiring low latency (< 60ms) and a 

high field of view (180 deg Horizontal/ 135 deg vertical).  

Miles et al. (2012) in a review of VR technology for ball sports uncovered 25 papers that used 

virtual environments. For input devices, 76% of records used optical retro-reflective motion 

capture. Miles et al. (2012) reported that the most common technology used to visually output 

the virtual experience was  a data projector (64%), with monitors, with cave automatic virtual 

environment (CAVE) and head-mounted displays also featured.   

Methods 

A review was conducted (current as of 18 April 2018) searching a scholarly database (Web of 

Science). The database was searched using the Boolean terms “TS = (VR OR virtual reality) 

AND TS= (sport OR athlete) AND TS = measure”. 

The inclusion criteria required for a manuscript to be accepted were that: it must be a methods-

based research article from a scholarly journal, containing the use of virtual reality technology 

(VR), and use athlete participants. A total of 69 records were returned on the search. From this, 

a total of 54 records did not meet the inclusion criteria, with the remaining 15 articles included. 

A schematic of the literature review methodological processes is presented (Figure 19).  
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Figure 19 Database search results for VR sports. 

The information extracted from the included papers addressed questions including: (i) when, 

where, and by whom the research was published; (ii) what sport the VR was applied to; (iii) 

participant information and experimental design; (iv) which VR hardware was used. 

 Results 

Table 15 highlights the 12 studies included in the review. Information was extracted pertaining 

to; the sport that was being investigated, the VR input system which tracks the movement of 

the athletes, and the display technology. 

Table 15 Results of the systematic review, by sport and what VR system was used from tracking and 
image display. CAVE - Cave automatic virtual environment, HMD- Head-mounted displays.  

Citation Sport Tracking system  Output display 

(Teel & Slobounov, 2015) Football (concussion) Inertial-ultrasonic CAVE 

(Kojima et al.,2014) Baseball (pitching) Marker-less motion 
capture HMD 

(Eaves et al., 2011) Dance 
Retro-reflective 
motion Capture Projector Screen 

(Kiefer et al., 2017) Soccer (cutting)  Retro-reflective 
motion Capture HMD 

(Peiffer & Losco, 2011) Cycling Cycling ergometer TV screen 

(Bideau et al., 2003) 
Handball (goal 
shooting)  

Retro-reflective 
motion Capture CAVE 

(Passos, Campos, & Diniz, 2017) Darts Marker-less motion 
capture 

TV screen 

(Gokeler et al., 2016) Rehabilitation (ACL)  
Retro-reflective 
motion Capture CAVE 

(Stinson & Bowman, 2014) Soccer (penalty) inertial-ultrasonic CAVE 

(Reed-Jones et al., 2017) Soccer heading 
(balance)  

Wii balance board TV screen 

(Maria et al.,2015) Rowing 
Rowing ergometer 
and motion Capture TV screen 

(Ouadahi et al. 2016) Windsurfing Sailboard ergometer  TV screen 
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Discussion  

Key features from all relevant records included the geographical spread, unique publication 

avenues, and the discipline spread. In total, the records appeared across 11 unique journal 

publications. The journals spanned differing disciplines including engineering (n = 1), 

psychology (n = 1), information communication technologies (n = 5), and medicine or 

rehabilitation (n = 5). The geographical spread was also diverse with publications from 

researchers in North America (n = 4), Australasia (n = 1), Africa (n = 1), Asia (n = 2), and 

Europe (n = 4). The average number of participants per trial was (n = 30 ± 34) and they ranged 

from beginners to international level athletes. There were nine unique sports listed, with soccer 

the only duplicate appearing three times, as well as an ACL rehabilitation task.  

Both the input and output devices are important hardware decisions (Kulpa et al., 2016). The 

most popular input devices to drive the VR experience was retro-reflective optical motion 

capture systems which appeared in four records. Kinetic cameras (Microsoft, Washington, 

United States) and Wii boards (Microsoft, Washington, United States) were also popular and 

are low-cost user-friendly VR systems which were implemented in three papers. Sports specific 

ergometers also featured which were used in rowing, windsurfing and cycling. To display the 

outputted system TV screens (n=5) and CAVE systems (n=4) used most frequently to display 

the VR, with HMD’s appearing twice.   

Within these articles VR was used to monitor; concussion (Teel & Slobounov, 2015), for 

baseball pitching pedagogy (Kojima et al., 2014), reduce errors in dancing (D. L. Eaves et al., 

2011), elicit anxiety (Stinson & Bowman, 2014), improve physiological musculoskeletal 

training outcomes in windsurfing (Ouadahi et al., 2016), assess the technique differences 

between VR and the real performance in both darts (Passos et al., 2017) and handball (Bideau 

et al., 2003), measure power in cycling (Peiffer & Losco, 2011), and cutting (Kiefer et al., 

2017) and heading technique (Reed-Jones et al., 2017) in soccer. Evidently there is a wide 

spread of applications and measurement outputs.  
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 Conclusion 

With the growth of the VR sector and the inference that it is an appropriate tool for measuring 

sporting performance, environment focused instrumentation could become very important in 

sport. The review uncovered that a wide range of technologies are being used to create the 

audio-visual virtual environments driven by a wide range of tracking inputs. This was 

evidenced across different sports and skills. Parallel to the technology case studies in the 

previous sections, this diversity provides a challenge in selecting or creating solutions to 

measure sporting performance in a valid manner as there is not a current framework to aid this 

process.   

 

2.4 Evaluation of the use of technology to measure sports performance 
The literature review aimed to systematically examine the use of sports technology to quantify 

performance unveiling each layer pertinent to the measurement system. The initial focus aimed 

to address what technologies are used to measure performance (Section 2.1, RQ1). It was 

evident that a wide array of technologies had been used, with technological developments 

focussed on accurately measuring discrete outcome measures of a sporting event. With the 

advent of new technologies, time series data became more prevalent which provided a deeper 

understanding which allowed for the analysis of the contributing mechanisms enabling 

performance. With increased computing power this data can be aggregated in software 

packages termed athlete monitoring systems, which provide visualisation tools as well as 

machine learning algorithms to assess and predict performance.    

How these technologies were used to measure performance was then examined (Section 2.2, 

RQ2). Although numerical indices have been suggested for classifying expertise, these are 

limited as they are based on measuring the outcome and rely on the capture of accuracy data. 

Whilst the outcome measure might suggest that the performance was ‘expert’, the mechanisms 

of why this performance is expert is not measured. One avenue for exploring the mechanism 

behind an outcome is to understand an athlete’s execution of the movement. This can be 

explained by the concepts of coordination and it is possible to measure coordinative aspects to 

evidence expertise. Glazier’s (2015) grand unifying theory of sports performance used this 

theoretical underpinning to highlight a constraints-led approach to understanding and 

measuring performance. The role of measurement technology was mentioned, although the 

paper (Glazier, 2015) did not give a clear framework for how to create or utilise technology for 
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performance assessment. Researchers who have attempted to provide practical guidelines on 

how to interpret performance data have ignored an obvious challenge to correctly select, create, 

or implement technologies for performance measurement (for example the ARCANE 

framework). To investigate this further three case studies were performed to highlight why and 

where sports measurement technology solutions were being implemented (Section 2.3, RQ3). 

It was defined that sports technology can be implemented in three ways; on the athlete’s person, 

embedded in the equipment they interact with, or be implemented in or create new performance 

environments. To evidence why the technology is used, three systematic literature reviews 

were performed. All reviews evidenced that there was no unified implementation approach to 

measuring sports performance. Most papers aimed to measure one or more performance 

variable(s) using technology, however the mechanism they did this differed between 

researchers. An example of this is the IMU wheelchair case study, where all the different 

authors used different hardware specifications and different algorithmic approaches to 

calculate common performance outcomes.  

From sections 2.1-2.3 an evaluation of the current use of technologies to measure sport and 

whether this is optimal can be made (RQ4).  The key findings from the literature survey 

include;  

i. There is an abundance of possible measurement technology, however there is not a 

framework for selection of sports metrology technology  

ii. If no suitable technology exists to measure the desired output, there are no 

guidelines to aid the creation of technology  

iii. There is not a currently agreed upon framework for the implementation these 

selected technologies in order to satisfactorily measure performance.  

This thesis aims to address these gaps in the literature. To achieve this an operational 

framework, termed the SMART framework, was developed for selecting, creating, and 

implementing measurement technology. This framework is outlined in detail in Chapter 3. To 

test this framework, the guidelines were implemented across the three measurement contexts; 

equipment focused instrumentation (Chapter 4), athlete focused instrumentation (Chapter 5), 

and environmental focused instrumentation (Chapter 6).  
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Chapter 3: Framework for the use of sports metrology technology 

3.1 SMART measurement framework  
Highlighted from the research questions (RQ1-RQ4) investigated in Chapter 2 it was evident 

that an abundance of possible measurement technology is available, however, there is not a 

framework for selection, creation, and implementation of these devices. It is hypothesised that 

a framework which aids the design or selection of technology will mitigate the risk of erroneous 

measurements. An emblematic acronym SMART was chosen to embody the part of the 

framework which would aid selection or creation of technology and also could be a criterion 

for ensuring the measurement choice was suitable.    

The term ‘smart’ has many current connotations across society (e.g. smart phones, smart TV 

etc) and is even part of the current vernacular of sports technology. The general term relates 

to a product that is digital and connected. The Fung group (Weinswig, 2016) in their report 

on the smart sports equipment market defined it as;  

“Smart sports is part of the broader phenomenon of the Internet of Things (IoT), Internet-

enabled objects that connect to a network, gather and share data, and interact with their 

surroundings… what makes them ‘smart’ is their ability to track users’ athletic performance 

data and provide information an analytics that can help optimize their training. ” 

(Weinswig, 2016, p. 2) 

This is contrasted with McCann and colleagues (McCann, Hurford, & Martin, 2005) who define 

‘smart’ for the sports textile industry.  

“‘smart clothing’ is a product that should look good and be appropriate for the culture of the 

end-user, with garment functionality enhanced by embedding technologies such as 

electronics and computing into the clothing”. 

(McCann et al., 2005, p. 7) 

It is evident that different groups are using the term smart, within the context of sports 

technology, however there is no accepted definition within the field of sports technology. 

Outside the field of sports technology, the term ‘SMART’ has been appropriated in a variety 

of different situations. In the field of managerial goal setting, Doran (1981) was an early 

proponent using the term SMART, suggesting the S.M.A.R.T criteria for aiding the creation of 

goal setting. The original acronym definitions are highlighted below (Table 16). 
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Table 16 Early example of the acronym SMART being applied in the literature for creating goal setting 
for business managers ( Doran, 1981).   

Term Definition 

Specific Targeting a defined area 

Measurable Quantification of a metric for progress 

Assignable Specification of who will do it 

Realistic Achievable targets  

Time-Related A time-frame for achievement.  

 

This acronym has been shifted over time to encompass different interpretations including 

“Specific, Measurable, Activity-related, Realistic and Time-specified” or “Specific, 

Measurable, Activity-related, Relevant and Time-limited” (Siegert & Taylor, 2004). The 

acronym SMART was also used in the technology sector as a benchmark criteria, with Western 

Digital Technologies patenting the concept of a SMART disk drive (US6895500B1, 2005) 

standing for; Self-Monitoring, Analysis and Reporting Technology. This disk drive technology 

documented in the patent allowed data to be both read or written whilst the computer was 

functioning using the standard operating system. Prior to this, if the user wanted to recover data 

from a drive they would need a total reboot of the operating system. This shift in disk drive 

communication allowed for new innovations in this sector including external portal hard drives. 

Analogous to hard drives querying information about the status and performance of a computer 

system, coaches and athletes use technology to understand the athlete’s performance, making 

changes to the technique and measuring to see if a status change has occurred in the system 

(i.e. if the athlete’s performance has improved).   

3.1.1 Defining the SMART criteria 

Because of the similarity, the computer technology-based criteria were chosen which was 

remodelled for sports performance metrology technology. Definitions of the terms self-

monitoring, analysis and reporting technology are provided in Table 17 to aid the 

implementation of technology to measure sports performance.   
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Table 17 Definition of the SMART acronym as applied to sports technology.   

Term Definition 

Self-Monitoring An automated system which objectively measures sporting performance 

without the need for manual human intervention. 

Analysis Accurate and precise evaluation of the performance to attain the key 

metrology information.  

Reporting Provides this information in a manner where actionable insight can be 

inferred to improve future performance. 

Technology Technology should not affect or alter the performance, be permitted for 

use by the sport’s governing body, and maintain the typical perception 

/ action performance coupling experienced in the performance 

environment.  

 

Automaticity in measurement reduces the dependency on human interaction. This saves time, 

limits bias, and reduces the risk of measurement error introduced by human intervention. To 

fulfil the SMART criteria the technology must be a valid measurement device and the outputted 

data should have an acceptable error tolerance and give reliable and accurate data.  This 

information should then be made available in a way that facilitates improvement in future 

performance. Finally, the technology selected to take the measurement must not alter the 

performance, be allowed within the sporting codes regulations, and should address the users 

quest for information, ensuring the data is captured purposefully and that the user benefits from 

the data acquisition process.  It is envisaged that the SMART system could be used as; 

• a descriptive guideline to aid the creation of new sports technology 

• a selection guide to improve the chance of measurement success 

• an evaluative tool for assessing whether a technology is SMART compliant.  
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3.1.2 Applying the SMART criteria.  

The current use of technology to measurement performance, as outlined in Chapter 2, has been 

reported as ad-hoc. A typical workflow when there is a requirement to measure a performance 

variable involves designing a task, performing the task, and assessing the performance (Figure 

20).  

 

Figure 20 Overview of performance and performance assessment.  

This sports performance measurement can occur; during training/practice sessions, in 

rehabilitation contexts, or in game/match environments. The advantage of testing outside of 

game settings is the skills being investigated can be more tightly controlled, and there are fewer 

restrictions on the technology used to quantify performance. The role and place for technology 

in this system is not clear. To provide clarity of where technology can be used, and how to use 

the SMART criterion, a sports performance architecture was created described in Section 3.2. 

 

3.2 Framework for measuring performance.  
A methodology was created, based on previous movement science literature, which ensured 

the purposeful capture of data based on a data informed approach to problem solving. An 

evidenced based framework for creating practice environments to assess performance is 

documented (Figure 21). In this framework, technology can be added or subtracted depending 

on requirement for its need to be used to assess performance, indicated in orange.  
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Figure 21 Schematic of the role of measurement technology in assessing performance. The highlighted 
process is to be added if technology is required to measure and assess performance.  

3.2.1 Constraints led-framework  

As explained in Chapter 2, constraints can be regarded as boundaries or features that limit 

motion of the entity under consideration, reducing the number of configurations of the system 

(Newell, 1986). Newell defined these constraints as organismic constraints, environmental 

constraints, and task constraints.  

1. Organismic constraints: Relating to the organism themselves and either are structural 

constraints which are relatively time independent and functional constraints which are 

time dependent.  

2. Task constraints: These relate to the goal of the task, the rules specifying response 

dynamics, and implements or machines which specify the response dynamics 

3. Environmental constraints: Constraints that are external to the organism.  

An initial detailed task analysis and a detailed analysis of the performers current movement 

solution is an important step to assess performance in a training environment. A list of 

boundary conditions is important to aid understanding of what outcomes are possible and these 

constraining factors can drive measurement technology selection. For example, if the aim is to 

tightly control task-relevant affordances in a task representative environment this may lead the 

practitioner to explore virtual reality technology as a possible assessment mechanism.  
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3.2.2 Goal setting  

A goal defined in a movement context is the ‘object or aim of an action’ and dictates what an 

individual is trying to accomplish (Weinberg, 2014). Goal setting has been found to improve 

performance (Locke & Latham, 1985) as it provides a mechanism for:  

• focusing attention,  

• regulating expenditure of effort,  

• enhancing persistence and  

• can promote development of new strategies for improving future performance  

Goal setting in the absence of informative feedback is meaningless due to the necessity of data 

to track progress and provide insights into how deficiencies or errors can be corrected. 

Although the determination of the broader categories of goal types and the impact on 

motivation and achievement is subject to literary debate there have been two categories that 

have been historically identified (Grant & Dweck, 2003):  

1. Performance goals where the key assessment purpose is to validate the performers 

ability 

2. Learning goals where the aim is the acquisition of knowledge or skills.   

If a performance goal is chosen, technology selection should accurately measure this variable. 

Likewise, if a new technique is being assessed for a 100 m sprinter, the technology needs to 

measure the process (through time series data) not just the time-based outcome.  

3.2.3 Learning Design and Performance Test Evaluation 

The task should be designed to uphold the notion of the Pinder et al. (2011) concept of 

representative learning design. This is defined as creating dynamic training environments 

which affords the functionality and action fidelity of performance environments which consider 

the interacting constraints on movement behaviours. An operational guide was provided by 

Davids et al. (2013) which suggesting that the action fidelity and the functional coupling were 

core features that must be embedded. Davids et al. (2013) proposed a 5-point evaluative criteria 

which has been modified for athlete testing. 

1. Embracing Variability  

a. Ensure users can harness inherent movement degeneracy through enhanced 

exploratory activities  
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2. Sampling rich and functional information sources  

a. Ensure users can sample information from a performance environment to 

establish perception-action coupling.  

3. Ensuring emergence of context dependent decisions.  

a. Ensure task develops over time. 

4. Provide representative affordances  

a. Ensure information in test environment is representative of the athletic 

performance environment 

5. Recognising individual differences  

a. Ensure that users are free to create their own solution to a movement problem 

without being forced into an ideal pattern. 

3.2.4 Evaluation and iteration   

Commonly, measurement is used to gain information to inform future practice. One approach 

for achieving this was proposed by Farrow and Robertson  (Farrow & Robertson, 2017). They 

re-conceptualise the acronym, SPORT, for a skill acquisition periodisation (SAP) framework.  

i. Specificity: Extent to which practice reflects the demands in game.  

ii. Progression: Improvements to the overall skill performance and the athlete’s capacity 

to tolerate an increased skill practice load. 

iii. Overload: Extent to which the athletes internal and external training load can be 

increased 

iv. Reversibility: Ability to measure the degree of learning and test the retention 

v. Tedium: Repetition without repetition (i.e. varying the means of solving the problem 

rather than repeating the solution). 
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3.3 Implementing the performance assessment framework    
To simplify the framework for how to assess expertise in sport (Section 3.2), a flowchart 

(Figure 22) was created. 

 

Figure 22 Flowchart aiding implementation of the practice environment framework.  

 

With knowledge of the constraints that are imposed on the athlete, the goal of the task, and 

what methodology is being used to test performance in a representative way, a question of 

which technology should be used is pertinent.  As concluded from the literature review 

(Chapter 2), no measurement creation, or selection framework currently exists so a SMART 

criterion was proposed, however where and how to use this framework has not been identified. 

A flowchart to clarify this position was created (Figure 23).  

 

Figure 23 Operational guideline for technology selection. Appendix 8.2 provides a simplified form for 
implementing this.  
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At its core, the approach is data informed rather than data driven (Couceiro, Dias, Araújo, & 

Davids, 2016), initially requesting what data is required for performance, selecting a 

technology which can meet this measurement need, then evaluating this. A proforma which 

could be adopted (or adapted) by sporting organisations for selecting technology is shown in 

Appendix 8.2 with a case study example of selecting an available technology, highlighted in 

Appendix 8.3. 

If no off-the-shelf technological solution to capture the data exists, and the user has the 

resources to create the measurement technology, a similar process should be adopted.  This 

should start with the initial design created to meet the smart technology criteria, and a 

retrospective evaluation to appraise whether the device is SMART compliant. 

To evidence the effectiveness of the SMART framework, six case studies which all had no 

possible off-the-shelf solution were created and tested. These case studies included: 

- Measuring equipment through a case study of instrumenting wheelchair basketball 

wheelchairs to find performance characteristics and quantify external load (Chapter 4). 

- Instrumenting athletes with wearable sensors to monitor netballers shooting kinematics, 

rehabilitation exercises for lower limb activities, and measure a boxer’s punch 

characteristics (Chapter 5)  

- Creating virtual reality cycling simulator and a rowing simulator (Chapter 6) to explore 

how athletes visual search characteristics altered performance.  

These case studies were chosen as they all had the requirement for engineering design and 

testing, as well as addressing a direct measurement question for either the coaches or the 

athletes themselves.   
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Chapter 4: Instrumenting the equipment  

4.1. SMART framework for wheelchair performance 
To participate in many sports athletes are required to interact with equipment. When the athlete 

interacts with the piece of equipment, the previously purely mechanical item of sporting 

equipment then becomes a part of the athlete’s biomechanical system (Stefanyshyn & Wannop, 

2015). Advances in the engineering of sports equipment have revolutionised sport. 

Simultaneously increasing the performance potential, whilst at the same time, decreasing the 

risk of injury. This equipment has the potential to be instrumented, giving further insights into 

the symbiotic relationship between the player and the equipment. In 2015, 4.6% of all the sports 

equipment sold was instrumented and in 2020 it is predicted that 7.5% of the total sports 

equipment market will be instrumented (Weinswig, 2016). Examples of instrumented 

equipment include; smart balls, cycling power meters, IMU sensors which can be attached to 

tennis rackets, golf clubs, or baseball bats, instrumented gym equipment, skipping ropes, or 

instrumented boxing gloves etc.  

Perhaps the synergism of an athlete and their equipment is most profound in the field of 

disability sports. A highly heterogenous group of athletes are enabled to compete on a level 

playing field, owing to specialised equipment in combination with specialised rules. 

Wheelchair basketball is one example of a sport which necessitates constant contact between 

the equipment (wheelchair) and the athlete. This constant contact means that performance 

information can be derived from the wheelchair itself, whether that be the acceleration profiles 

of the athlete, the impacts they experience, or the physical work performed by the player. This 

made wheelchair basketball a suitable candidate for assessing the efficacy of the SMART 

measurement framework for equipment mounted conditions.  

The coaching staff of the wheelchair basketball team wanted to understand the external load 

that their players experienced in training environments, and during match play. External load 

in this context is defined as the actual output of the athlete which involves accelerations, 

distances covered and impacts (Farrow and Robertson, 2017). To address this question for 

wheelchair basketball, the framework for measuring performance (Chapter 3) was applied as 

outlined in Figure 24.  



 
 

72 
 

 

Figure 24 Overview of measurement framework used to quantity external loads in wheelchair 
basketball. The text in black is outlined previously in Figure 22, with the requested outcomes given in 

blue. The highlighted process is to be added if technology was required to measure and assess 
performance.    

The constraints of wheelchair basketball was previously annotated by Churton and Keogh 

(2013). The authors utilised a constraints-led approach to investigate and review hand rim 

wheelchair propulsive performance during wheelchair sports. The researchers argued that no 

constraint can be considered in isolation so an understanding of the many constraints and how 

they interact is paramount in increasing propulsive performance and reducing injury. They 

reviewed performance measures that were both direct (speed, distance covered, etc) and 

indirect (VO2 max, heart rate, etc) listing the key constraining factors behind wheelchair sports 

(Table 18).  
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Table 18 Constraints and their associated factors for wheelchair sports. 

Constraint type Constraining factor  

Organism Player Classifications 

Wheelchair setup 

Training 

Intrinsic risk factors 

Task Velocity  

Locomotion Type 

Environmental  Surface Friction 

Surface Inclination  

 

For external load to be measured a reliable metric of velocity was required. As player 

classification, and the physical conditioning of the athletes vary an individualised measurement 

method was desired. Furthermore, the differences in wheelchair setups between athletes 

resulted in the stipulation that the chosen measurement solution should be able to be quickly 

adapted to any wheelchair, irrespective of rim diameter, seat height, or wheel camber.  

The goal of measurement was to assess the player performance, and this was to be completed 

in two separate scenarios. Firstly, in a game context and then in a typical training session.  As 

the coach cannot quantify this without technology a measurement solution was desired.  

Currently, there is no device that can reliably measure external load for wheelchair users on 

the market. Wrist worn wearables are not optimised for users with a disability and have large 

sources of error as most are designed to count ‘steps’. Furthermore, GPS tracking devices do 

not function indoors where most elite games are played, due to signal propagation issues. 

Therefore, it was necessary to select or engineer a device to measure the external load (distance, 

velocity, impacts) and to implement this device in-situ in training and game scenarios. The 

technology selection flowchart outlined before in Figure 23 was adapted as is shown in Figure 

25.  
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Figure 25 Technology selection criteria used for wheelchair basketball case study. Blue text being the 
outcome of the flow chart.  

Inertial sensors are one candidate technology which could be developed to meet this need. 

Inertial sensors additionally had been reported as a successful metrology device for wheelchair 

basketball in over sixteen previous records literature (Shepherd et al., 2018). The selected 

technology and created measurement system was required to meet the SMART criterion, in 

order to do this Table 17 was adapted to meet the specific design considerations of this 

measurement task, shown in Table 19. 

 

Table 19 System design questions that need to be addressed for the IMU based measurement solution 
to fulfil the SMART compliance criterion. 

Term System design Questions  

Self-Monitoring Is the proposed IMU based system automated to objectively measure 

external load without the need for manual human intervention? 

Analysis Is the measurement accurate and precise and allow an evaluation of 

the external load?   

Reporting Can the IMU system create an output which an actionable insight can 

be inferred to improve future performance? 

Technology Does the IMU technology not alter the biomechanics of the 

performance and is the perception / action performance coupling 

maintained? 
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To assess whether the IMU technology selected fulfilled the criteria a validation against a 

known reference was performed (Section 4.2). Following this validation, a retrospective audit 

using the SMART criteria highlighted that the technology was suitable. It was then used to 

address the coaches’ metrology question, calculating the external load in both a game context 

(Section 4.3), and in a training context (Section 4.4). 
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****** Start of Publication ******* 

4.2.1 Abstract:  

With the increasing rise of professionalism in sport, athletes, teams, and coaches are looking 

to technology to monitor performance in both games and training in order to find a competitive 

advantage. The use of inertial sensors has been proposed as a cost effective and adaptable 

measurement device for monitoring wheelchair kinematics; however, the outcomes are 

dependent on the reliability of the processing algorithms. Though there are a variety of 

algorithms that have been proposed to monitor wheelchair propulsion in court sports, they all 

have limitations. Through experimental testing, we have shown the Attitude and Heading 

Reference System (AHRS)-based algorithm to be a suitable and reliable candidate algorithm 

for estimating velocity, distance, and approximating trajectory. The proposed algorithm is 

computationally inexpensive, agnostic of wheel camber, not sensitive to sensor placement, and 

can be embedded for real-time implementations. The research was conducted under Griffith 

University Ethics (GU Ref No: 2016/294). 

The rapid development of microelectromechanical systems (MEMS) technology has afforded 

the use of small, ubiquitous sensors for performance tracking across a variety of sporting 

domains. Within the field of wheelchair court sports, inertial measurement unit (IMU) MEMS 

technologies are the most obvious way of tracking wheelchair performance in the field 

(Goosey-Tolfrey, Mason, & Burkett, 2012). IMU sensors predominately contain 

accelerometers and gyroscopes, allowing for biomechanical data to be both captured and 

analysed in the natural performance environment at low cost (Espinosa, Lee, & James, 2015). 

The efficacy of IMUs for wheelchair propulsion metrics has been evidenced by researchers 

(Bergamini et al., 2015; Chua, Fuss, & Subic, 2011); however, the reliability of these metrics 

(most commonly velocity, distance, and trajectory) are highly dependent on processing 

algorithms (van der Slikke et al., 2015). 

Researchers who have investigated wheelchair propulsion using inertial sensors have adopted 

a few different algorithmic approaches. Bergamini et al. (2015) used a one IMU sensor 

approach to find push cycle duration and frequency from the forward component of 

acceleration using a sensor placed on the backrest of the wheelchair. A pitch–roll–yaw 5 s static 

hold and rotate calibration sequence was employed to ensure all the forward power was in the 

forward direction of the IMU. This approach is effective, although it only gives accurate 

information for purely linear acceleration. The vast majority of wheelchair sports—with the 
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exception of the 100 m sprint—contains non-linear propulsive components, rendering this 

method inappropriate for in-game propulsion measures. Two additional wrist IMU sensors 

were used to provide further propulsion performance information, including bilateral 

acceleration synchronicity for a 20 m sprint task. Wrist-based auxiliary algorithms (Bergamini 

et al., 2015), when linked with trajectory information, could be an aid to inform tactics and 

coaching instruction, or, when linked with player load information, could aid in monitoring 

fatigue and reducing the risk of injury.  

Reducing the number IMUs is an obvious advantage, as it reduces costs, reduces algorithmic 

complexity, and improves ease of implementation. Usma-Alvarez (2010) also used a single 

accelerometer sensor to track velocity and trajectory; however, manual syncing was required 

using additional technologies—from video and stopwatches—in order to calculate the 

propulsion performance features. 

Fuss et al. (2012) also adopted a single accelerometer approach utilising a fractional dimension 

algorithmic approach to classify in-game activities in a wheelchair rugby game. Augmented 

with accurate contextual information, including positioning, velocity, and travelled distance, 

the activity classification algorithm of Fuss et al. (2012) has the potential to provide the coach 

with heightened performance understanding.  

van der Slikke et al. (2015; 2015), Xu et al.  (2010), Chua et al. (2010; 2011), Pansiot et al. 

(2011), and Hiremath et al. (2013) utilised wheel-based rigidly mounted gyroscopes to 

calculate wheelchair propulsion characteristics. These rate gyroscope algorithms have been 

used to detect angular velocity (Chua et al., 2010; Fuss et al., 2012; Hiremath et al., 2013; 

Pansiot et al., 2011; van der Slikke et al.,2015), linear ground velocity (Chua et al., 2010; Fuss 

et al., 2012; Hiremath et al., 2013; Pansiot et al., 2011; van der Slikke et al., 2015), distance 

(Chua et al., 2011; Hiremath et al., 2013; Pansiot et al., 2011; van der Slikke et al.,2015), and 

trajectory (Fuss et al., 2012; Hiremath et al., 2013; Pansiot et al., 2011), and when combined 

with Bluetooth (Hiremath et al., 2013) or radio-frequency (RF) modules (Pansiot et al., 2011; 

Xu et al., 2010) have been used to display this information in real-time. The authors all 

concluded that measuring performance-based outcomes in both game and training settings is 

“highly feasible” (Chua et al., 2011). The suitability of gyroscopes is highlighted by Hiremath 

et al. (2013), commenting that a ±6000 °/s rate gyroscope on a wheel has the theoretical 

accuracy to measure speeds of up to 64 km/h on a 24 inch wheelchair wheel—well above the 

fastest recorded flat land wheelchair speed (Hiremath et al., 2013). Where distance is reported, 
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the authors utilised double integration to approximate distance from acceleration; however, this 

methodology has an error amplification effect (Ojeda & Borenstein, 2007). 

Although feasible, this methodology requires the accurate measurement of wheel camber and 

then computational adjustment to rotate the sensor’s local frame of reference in order to ensure 

that the rotational measurement from the inertial sensor is completely in the rotational axis of 

interest. Pansiot et al. (2011) describes the importance of this rotation due to wheel camber, to 

“couple” or align the angular velocity of the individual wheel and the wheelchair itself. This 

then also places large importance on camber measurement, which can be difficult to measure 

in practice. Furthermore, it also adds complexity to algorithmic development and data 

analytics. Utilising sensor fusion algorithms, it is possible to create camber agnostic algorithms, 

ensuring sensor alignment against a global reference and mitigating against computational and 

mismeasurement errors due to wheel camber rotations.  

One sensor fusion method that achieves a global reference is the Attitude and Heading 

Reference System (AHRS)(Madgwick, Harrison, & Vaidyanathan, 2011). It provides a 

complete orientation relative to the direction of gravity and the Earth’s magnetic field. 

Madgwick’s open-sourced AHRS implementation (Madgwick et al., 2011) is designed for 

either a six degree of freedom (DOF) IMU using accelerometers and gyroscopes to provide 

attitude, which is relative to the direction of gravity; or, with the addition of magnetometers, a 

nine DOF IMU package termed Magnetic, Angular Rate, Gravity (MARG) sensors which can 

provide a complete orientation with respect to the Earth’s magnetic field. Traditionally, a 

Kalman Filter (KF), or an Extended Kalman Filter (EKF) has become the accepted practice for 

the majority of orientation filter algorithms. Standard KF are limited by complex 

implementations, the requirement of high sampling rates (which can exceed typical IMU 

sensors), and can be computationally expensive (Madgwick et al., 2011). The Madgwick 

AHRS implementation is a computationally inexpensive, accurate, and tuneable filter. The 

filter achieved a static RMS error of < 0.8 ° and a dynamic RMS error of < 1.7 ° (Madgwick 

et al., 2011), indicating suitability for wheelchair orientation. The algorithm also has embedded 

compensation for gyroscopic drift, a common occurrence due to temperature or motion artefact 

and magnetic distortion compensation. Additionally, due to its low processing power, it is 

suitable for real-time and embedded applications, rendering it an ideal filter for wheelchair 

propulsion analysis. 
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With any technology and accompanying algorithm used for elite sports monitoring, the 

accuracy, validity, and reliably of measurements is paramount. Mason et al. (2014) investigated 

the reliability and validity of inertial sensors on wheelchair court sports in comparison to high 

speed video. In terms of speed, the sensor and his algorithmic implementation was found to be 

reliable, never exceeding a coefficient of variation of 0.9 % at any speed. Peak speed was also 

proven valid using an IMU device with a coefficient of variation of 1.6 %, concluding that 

IMUs are a capable and valuable tool for assessing aspects of linear wheelchair performance. 

To evidence the validity of spatial tracking in non-linear propulsion, van der Slikke et al. (2015) 

used 20 participants to compare IMU-based kinematic estimations to a gold standard 24-

camera optimal motion analysis system across 21 tasks encompassing typical wheelchair 

basketball movements. The researchers used intraclass correlation (ICC) to assess IMU-based 

test outcomes for linear speed (ICC > 0.9), rotational speed (ICC > 0.99), and instantaneous 

rotation center (ICC > 0.90), showing very high correlations to the gold standard motion 

capture. This evidences that IMU technology has the potential to accurately and reliably 

measure in-game propulsive elements. 

The desire to measure fundamental contextual propulsion characteristics, including distance, 

velocity, and trajectory in a camber agnostic and sensor-minimal system has led to the 

development of a new algorithm based on the computationally efficient open-sourced 

Madgwick’s AHRS algorithm. The algorithm utilises the algorithmic concept of Dead-

reckoning, whereby positioning is determined from distance and direction estimation from a 

previously-determined position (Ojeda & Borenstein, 2007). The methods and results of this 

paper validate the new algorithm against known baselines to evidence the accuracy and validity 

of the measurements. This algorithm can be linked with other algorithms—for example, Fuss 

et al. (2012) fractional dimensioning approach to classify in-game activities or Bergamini et al. 

(2015) measurement of wrist synchronicity—to provide coaches with enhanced information, 

pertinent understanding, and improved performance, mitigating against injury and improving 

wheelchair design.  
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4.2.2. Materials and methods 

Using Madgwick’s open-sourced AHRS implementation (Madgwick et al., 2011), a novel 

algorithm to find distance, velocity, and trajectory was developed as highlighted below.  

Algorithm 

The implemented algorithm can be visualized in the schematic below (Figure 26) with the 

algorithm’s intention to track wheel distance and trajectory.  

 
 

Figure 26 Overview of the Algorithmic implementation. The algorithm requires inertial measurement 
unit (IMU) data from a chair sensor and one or more wheel sensors, and the radius of the wheel 
(rwheel) as inputs. The algorithm outputs distance (d), heading orientation from chair sensor (θH), 

orientation from wheel sensor (θW), and the positional coordinates xpos,ypos. 

 

As evidenced by Figure 26, the algorithm inputs calibrated inertial sensor data, formatted 

within the data structure defined by James and Wixted (2011). The AHRS algorithm of 

Madgwick et al. (2011) is then utilised to calculate the sensor orientation, giving the output in 

a quaternion representation, which is transformed into Euler angles. The wheel sensors were 

attached so the rotation axis of interest occurred around the yaw axis. Thus, the yaw angle of 

the wheel sensor derived by AHRS at each time point (termed 𝜃𝜃𝑊𝑊𝑊𝑊) was used to evaluate the 

angular change. This angular change of the wheel sensor over each time sample (termed 𝜃𝜃𝑊𝑊𝑊𝑊) 

compared to the previous time sample was then used to evaluate the distance (dT) moved in 

that sample: 

𝐼𝐼𝑇𝑇 =
(𝜃𝜃𝑤𝑤𝑇𝑇+1 − 𝜃𝜃𝑤𝑤𝑇𝑇)

360
× 2𝜋𝜋𝑊𝑊𝑤𝑤ℎ𝐼𝐼𝐼𝐼𝑒𝑒  (4) 

The chair sensor is attached so that z axis rotation represents the heading angles, so a yaw angle 

of the chair sensor is regarded as chair heading angle 𝜃𝜃𝐻𝐻. The distance at each time series, from 

Equation (4), was vectorised to create an x and y position at each time series. Using the principle 
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of Dead-reckoning (Ojeda & Borenstein, 2007), the current location is determined from the 

previous calculated coordinates, using Equations (5) and (6), to map the wheelchair trajectory. 

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 𝑊𝑊 = 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝 𝑊𝑊−1 + 𝐼𝐼𝑊𝑊𝑐𝑐𝑊𝑊𝑠𝑠𝜃𝜃𝐻𝐻𝑊𝑊  (5)  

𝑦𝑦𝑝𝑝𝑊𝑊𝑠𝑠 𝑇𝑇 = 𝑦𝑦𝑝𝑝𝑊𝑊𝑠𝑠 𝑇𝑇−1 + 𝐼𝐼𝑇𝑇𝑠𝑠𝑠𝑠𝐼𝐼𝜃𝜃𝐻𝐻𝑇𝑇 (6)  

To find orientations (𝜃𝜃𝑊𝑊 𝑎𝑎𝐼𝐼𝐼𝐼 𝜃𝜃𝐻𝐻) the proposed algorithm utilized Madgwick et al.’s AHRS 

6DOF IMU open-sourced orientation filter (Madgwick et al., 2011), which encompasses sensor 

fusion of the gyroscope and the accelerometer to accurately find an attitude orientation which 

is referenced to gravity. The filter is tuned by the gain value, β. This value represents all mean 

zero gyroscope measurement errors which encompass sensor noise, aliasing, quantization 

error, calibration error, sensor misalignment, sensor axis non-orthogonality, and frequency 

response characteristics (Madgwick et al., 2011). The mean zero gyroscope measurement 

errors were calculated to establish a beta value for the wheel sensors of β = 0.03 (Madgwick et 

al., 2011). An iterative approach of incrementing beta from this value in steps of 0.01, and 

inspecting the unwrapped Euler angle plots, found that a chair beta value of β = 0.2 was the 

most appropriate to adequately weight the accelerometer signal for accurate heading tracking.  

4.2.3. Validation 

Methods 

A variety of tests were performed to ensure the accuracy of the system. The wheelchair used 

for the tests was instrumented with three 9 DOF inertial sensor units (SABELSense, Nathan, 

Australia). An iteration of the sensor is detailed in James et al. (2011). The sensors encompass 

a ±7 Gauss 3 DOF magnetometer, a ±2000 °/s 3 DOF gyroscope, and a ±16 g 3 DOF 

accelerometer. The sensors were calibrated (Lai, James, Hayes, & Harvey, 2004) and mounted 

(Figure 27), with two IMUs attached to each wheel, and the fifth IMU—which was used purely 

for heading—was fixed to the centre of the wheelchair frame. This provided four independent 

straight-line measures of distance that could be contrasted. The radiofrequency (RF) modules 

were started and stopped by a master sensor connected to the laptop, ensuring that data for each 

test and each IMU was synced. Each device logged directly to its own SD card and the data 

was recovered at the end of each test session. Each session was filmed by two video cameras 

on a tripod. The test session was conducted in an indoor sports hall, where the wheelchair 

basketball practice and games occur. The court floor is EN and DIN certified and International 
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Basketball Federation (FIBA) approved. The wheel was removed from the chair, and the 

diameter measured using a tape measure.  

 
Figure 27 IMU sensor placement. Right wheel 1 and 2 (RW1, RW2) and Left wheel 1 and 2 (LW1,LW2) 
oriented +x wheel rotation direction and +z into the wheel. Centered frame (Cf) sensor oriented +x 
forward, +y right, +z down. (A) photo of sensor placement, with blue squares overlaid on sensors to 

increase visual prominence; (B) schematic of the sensor location with additional componentry 
removed; and (C) court testing dimensions. 

Trials 

A straight line 14 m test was performed five times. This involved walking (pushing) the 

unmanned wheelchair at a constant pace from the intersection of the halfway line and the 

sideline and stopping on the intersection of the halfway line and the baseline. As the court is 

FIBA level one approved, the accuracy of court markings have been independently scrutinised, 

ensuring the distance is 14 m. A centre court-to-baseline linear walking test was then also 

performed five times under the same unmanned walking (pushing) conditions. To validate 

distance at different time increments for both of these tests, a laser range finder (Jenoptik 

LDM301) with a 100 Hz sampling frequency set up on a fixed tripod was used. This provided 

a reference measure to independently monitor the distance of the wheelchair over the testing 

time, allowing for the comparison of velocity curves. Three half court laps were then 

performed, initially in a clockwise direction and then in an anticlockwise direction with the 

chair again walked at a relatively constant pace. As the centre of the chair was kept on the line, 

the distance for the internal wheel and the external wheel could be deduced. As this test was 

aimed at assessing trajectory accuracy, the laser was not used.  

4.2.4. Results 

After post-processing the data, it was clear that there were two large magnetic disturbances 

running parallel to the court that affected all trials. The disturbance was located approximately 

75 cm into the trial. The results of the 14 m straight line test were tabulated, shown below in 

Table 20. 
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Table 20 Fourteen-meter straight line distance test results. Comparing the distance from the laser, and 
the independently found distance from each of the four-wheel sensors (R1, R2, L1, L2) to the known 14 
m distance from the court markings. 

Test Laser R1 R2 L1 L2 Mean SD % Error 
1 13.96 14.06 14.23 14.49 14.30 14.27 0.16 1.92 
2 13.93 14.18 14.32 14.48 14.33 14.325 0.105 2.323 
3 14.02 14.15 14.31 14.52 14.34 14.330 0.130 2.354 
4 13.94 14.08 14.25 14.62 14.40 14.334 0.200 2.386 
5 13.96 14.11 14.26 14.49 14.30 14.290 0.134 2.068 
Mean 13.96 14.12 14.27 14.52 14.33 - - - 
SD 0.03 0.04 0.04 0.05 0.03 - - - 
% Error 0.28 0.81 1.90 3.57 2.33 - - - 

 
Table 20 provides evidence that the laser is an accurate reference of the linear velocity profile, 

in terms of the distance covered over a specific period of time. This allowed for the visual 

comparison of velocity from the four inertial sensors against this reference. One trial example, 

trial one of the 14 m test, is shown below in Figure 28.  

 
 

  
 

Figure 28 Velocity profile comparison of the four sensors used in trial 1, 14 m. 
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The results of the halfway to baseline test are shown below in Table 21. 

Table 21 Range test, 15.88 m straight line. Comparing the distance found by the laser, the distance 
found independently for each of the four wheels (R1, R2, L1, L2), and the known distance from the court 
markings. 

Test Laser R1 R2 L1 L2 Mean SD % Error 
1 15.87 16.04 16.03 16.51 16.37 16.24 0.21 2.23 
2 15.87 16.04 16.13 16.54 16.42 16.28 0.21 2.51 
3 15.82 16.07 16.09 16.45 16.32 16.23 0.16 2.20 
4 15.91 16.12 16.21 16.73 16.58 16.41 0.25 3.32 
5 15.85 16.13 16.22 16.45 16.33 16.28 0.12 2.52 
Mean 15.86 16.08 16.14 16.53 16.40 - - - 
SD 0.03 0.04 0.07 0.10 0.09 - - - 
% Error 0.10 1.22 1.57 3.94 3.18 - - - 

 

Table 22 and Table 23 show the results from the half court laps performed both clockwise and 

then anticlockwise. 

Table 22 Half court lap trajectory tracking results, comparing the IMU derived output with the known 
court markings. A denotes IMU set 1, and B denotes IMU set 2. * denotes clockwise travel. ** denotes 
anticlockwise travel. 

Test RWx RWy Error Distance (m) LWx LWy Error Distance (m) 
1A * −0.12 0.82 0.88 0.57 0.08 0.58 
1B * 0.54 0.41 0.68 −0.22 0.65 0.69 
2A * 0.03 0.64 0.64 −0.66 0.29 0.72 
2B * 0.01 0.68 0.68 −0.28 0.67 0.72 
3A * −0.20 0.89 0.91 −0.18 0.47 0.51 
3B * 0.47 −0.77 0.91 −0.35 0.47 0.59 
1A ** −0.13 0.61 0.62 0.09 −0.99 1.00 
1B ** −0.09 0.56 0.56 1.03 −0.14 1.04 
2A ** −0.15 −0.55 0.57 0.44 −0.02 0.44 
2B ** −0.24 −0.48 0.53 0.13 −0.54 0.56 
3A ** 0.05 −0.64 0.64 1.02 0.38 1.08 
3B ** 0.04 −0.65 0.65 −0.12 −0.90 0.91 

 

Table 23 Half court lap distance tracking results, comparing the IMU derived output with the known 
court markings.* denotes clockwise travel. ** denotes anticlockwise travel. Perimeter of the court 14 
m × 15 m, Wheelbase = 0.87 m, therefore the internal wheel should travel 56.26 m and the external 
should travel 61.73 m. 

Test RW1 RW2 % Error LW1 LW2 % Error 
1 * 56.73 57.88 1.86 61.59 61.12 −0.60 
2 * 56.72 57.07 1.13 61.03 60.75 −1.35 
3 * 56.56 58.84 2.56 61.54 61.09 −0.67 
1 ** 59.93 60.34 −2.58 58.14 57.82 3.05 
2 ** 60.45 60.80 −1.78 57.19 57.06 1.53 
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3 ** 60.57 60.97 −1.56 56.60 56.63 0.64 
 

To visualise the information given in Table 22 and Table 23, the trajectory was plotted for each 

half court loop. Figure 29 shows one example plot, depicting the four independent wheel 

measures starting from the origin (0, 0), with the error visually highlighted by the 

incompleteness of the loop.  

 
Figure 29 Trial 2, half court lap performed in a clockwise direction starting and finishing at the 

origin (0,0) with the error visually depicted by the incompleteness of the loop. 

4.2.5 Discussion 

Magnetometer data showed two large magnetic disturbances on the basketball court which 

affected the sensor heading angle, occurring 1.81 ± 0.09 s into the 14 m trial. The cause of this 

disturbance was determined to be high voltage power and telecommunications lines for the 

adjoining sports stadium that ran underneath the court. This heading angle error due to the 

magnetic disturbance shaped the decision to utilise only the IMU AHRS implementation for 

all calculations.  

The 14 m straight line trial (shown in Table 20) indicated that the proposed algorithm gives 

accurate, less than ±5 % error, distance calculations when compared to the known 14 m track 
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length. The mean value was 14.31 ± 0.15 m, overestimating distance for the trial by an average 

error of 2.21%. The inter-sensor error was also very low, with an average 0.77% distance error 

between the five trials with the average range of 0.11 ± 0.03 m. The laser measurement gave a 

mean result of 13.96 ± 0.03 m, demonstrating its use as a velocity reference. When comparing 

the gradient of the velocity curve between the four wheel sensors and the laser shown in Figure 

28, it is apparent that the velocity estimation based on distance and time is an accurate reflection 

of the true velocity.  

The halfway centre court position to the baseline corner was chosen as the second measure of 

distance, shown in Figure 27. The rationale was that if the wheel was pushed in a slightly non-

linear trajectory, the left outside wheel would show a greater travelled distance. The laser again 

proved to be an accurate measure, estimating the distance at an average of 15.864 ± 0.032 m. 

The IMU sensors also provided an accurate distance measurement when compared to the 

known distance 16.288 ± 0.205 m, with a mean distance error percentage of 2.57%. A left 

wheel distance dominance was seen, with a mean increase in distance of 0.362 m, indicating 

that the wheelchair was not pushed directly straight and rather had a slightly curved trajectory.  

Three half court laps were performed in each direction. As the wheelchair was walked along 

the centre line, the internal wheel distance should equate to 56.25 m, and the external wheel 

should travel 61.72 m. The mean distance travelled for the internal wheel 57.27 ± 0.70 m, and 

the external wheel 60.85 ± 0.46 m, with an average internal wheel over-estimation error of 

1.79% and an average outside wheel under-estimation of 1.42%. The tracking accuracy using 

the orientation from the rigidly-mounted chair sensor was also very good, with a radial distance 

error mean of 0.71 ± 0.17 m. If the MARG AHRS system was used, it could be assumed that 

this error would be further reduced, as a more accurate heading could be attained.  

In addition to the computational efficiency and accuracy of the measurement algorithm, the 

algorithmic implementation also benefits, as it is both placement and camber agnostic. This is 

a substantial benefit in comparison to pre-existing algorithms, reducing setup time and 

enhancing useability. The algorithm in its current form has a few limitations. The algorithm 

did not include wheel skid correction factors, as the testing did not encompass any skid 

moments. For in-game distance and trajectory, a modification of Van der Slikke et al. (2015) 

correction algorithm will be integrated, as skidding is likely to occur. The implemented 

algorithm also requires an accurate wheel radius measurement, and this radius will vary with 

tire pressure and deformation due to player loading. Therefore, to ensure measurement 
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accuracy for tire radius measurements, Moore et al. (2010) wheel radius measurement protocol 

will be adopted for testing with athletes. Furthermore, due to the ferromagnetic disturbance, 

MARG AHRS was not utilised. If possible, it should be used; however, as the magnetometer 

was affected, a more accurate trajectory could not be ascertained.  

Future algorithmic developments will aim to reduce the sensor number, subsequently reducing 

costs and improving usability. For enhanced performance analysis, the algorithm will be tested 

on elite athletes to provide overall contextual information augmented with more detailed 

propulsive elements based on other IMU extracted features; for example, encompassing a 

bilateral wrist symmetry algorithm (Bergamini et al., 2015). These tests will be conducted 

under match play conditions, investigating the efficacy of the algorithm under dynamic 

performance conditions.  

4.2.6. Conclusion 

An inertial sensor system using the presented IMU AHRS orientation-based algorithm has been 

found to be an accurate way of estimating wheelchair distance, velocity, and trajectory. The 

average distance error across all trials was found to be an overestimation of distance of 1.62% 

± 1.09%. The algorithmic accuracy for positional tracking was also demonstrated, with a 

distance error not exceeding 3.1% for one lap. The proposed computationally-efficient camber 

agnostic algorithm has been proven to be an accurate measure of extracting key contextual 

propulsion elements. These elements, when fed back to coaching staff, could aid in informing 

tactical decisions, enhancing player performance, and mitigating injury.  

 

****** End of Publication ******* 

 

From the validation study (4.2) a degree of certainty can be inferred suggesting that the 

instrumented IMU wheelchair design both accurately, and reliability measures the desired 

performance parameters. As it fulfils the SMART sports measurement criterion, the 

measurement technology was embedded into a game context to understand the external loads 

that are being experienced by the athlete, described in the next section.  
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4.3. External load of a wheelchair basketballer in a game.  
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****** Start of Publication ******* 

4.3.1 Abstract 

The advent of new measurement technologies has greatly impacted the way that athletes and 

coaches train in elite sport. With increased professionalism, and recent innovations in research, 

it has become possible to provide individualised performance analysis in many sports, 

including for wheelchair basketball athletes. This pilot study instruments an elite player, with 

two wheel mounted inertial sensors during a match environment. The methodology to 

determine performance parameters such as distance, velocity, fatigue indicators, turning 

dominance, intensity profiles and impact information are presented. As each player has unique 

action capabilities enhanced by their individual functional abilities, capturing these data points 

in both the game and training environments could lead to improved performance with a 

mitigated risk of injury. Knowledge of these performance indicators also increases the 

opportunity for coaches to optimise tactics which may provide a competitive advantage.  This 

research was conducted under Griffith University Ethics (GU Ref No: 2016/294). 

4.3.2 Introduction  

The core rationale of analysing sports performance is to objectively audit behaviours and 

outcomes with the aim to provide information which can enhance future performance 

(McGarry, 2009). These objective indicators can be categorised into three analysis areas; match 

classification, biomechanical analysis, and technical and tactical analysis (Hughes & Bartlett, 

2002). The analysis is either in the form of notational analysis, accounting for the frequencies 

of actions or time-motion analysis which explains player movement patterning (Travassos, 

Davids, Araújo, & Esteves, 2013). With the advent of improved camera systems, analysis 

software, and the integration of wearable technology, a variety of automated systems to 

facilitate the capture of match performance data have become available. An example of this is 

the use of GPS technology in AFL, where monitoring systems are used to inform tactical 

decisions based on player distances, velocities, distances covered at different speed zones, and 

number of starts and stops (Wisbey, Montgomery, Pyne, & Rattray, 2010). In recent times, as 

monitoring systems have become ubiquitous in the AFL, systems encompass individualised 

normalised data sets to improve performance, and reduce injury risk. One example is the 

analysis of the high-speed running distance an athlete undertakes over a four-week block which 

can be compared to their average over the past two years. The subsequent loading metric, 

termed the z-score, has been correlated to hamstring injury, therefore a rise in z-scores will 
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adjust training programs in an attempt to mitigate against hamstring injury risk (Duhig et al., 

2016).   

 Wheelchair basketball is increasingly turning to technology to provide analytical tools to 

provide insight into sports performance. Wheelchair basketball is a five-a-side invasion game 

with the core aim of scoring more points (baskets) than the opposing team. Wheelchair athletes 

are a highly heterogeneous group as athletes have a range of  impairments (Goosey-Tolfrey, 

2016). To ensure fairness, a player receives a functional classification rating between 1.0 (least 

functional) and 4.5 (most functional) based on their ability to coordinate and control the trunk. 

The rules of the sport stipulate a maximum summation of 14 points can be on the court at any 

one time. As the game is played indoors, GPS technology is not appropriate, and the expense 

of camera-based player tracking systems renders the systems used by elite able-bodied 

basketball (SportVU, STATS, Chicago) unattainable. Instead researchers have adopted on-

board analysis tools to monitor wheelchair athletes in-game conditions. The velocity meter 

(termed a ‘velocometer’) was first used to assess on court velocity, and distance profiles. The 

system wasn’t viable for everyday use due to the reliance on manual calibration and the system 

weight (Goosey-Tolfrey et al., 2012). Inertial measurement units (IMU) have been discussed 

as being the most appropriate in game measurement methods (Fuss, 2012). Wheel mounted 

sensors have been validated to accurately ascertain distance and velocity (Pansiot et al., 2011; 

Fuss, 2012; Shepherd et al., 2016), and provide spatiotemporal data (Pansiot et al., 2011; 

Shepherd et al., 2016). These sensors are highly dependent on the processing algorithms and 

this could be reasoned as the barrier preventing widespread uptake of IMU tracking by elite 

teams. This paper aims to reduce the implementation complexity, providing analytic and 

methodological tools for assessing and analysing wheelchair basketball performance in a match 

play environment, and giving visualisation aids.  

4.3.3 Methodology 

Experimental Design. 

One elite participant (male, classification 3.5) consented (GU Ref No: 2016/294) to partake in 

the study and was instrumented with two inertial measurement units (SABELSense, Nathan, 

Australia) during a competitive match. The game was played on indoor basketball court which 

meets the International Basketball Federation (FIBA) standards. It was refereed and followed 

standard game protocol with two teams of five with the game played over four quarters 

consisting of ten minutes per quarter. The instrumented athlete was filmed at 50 Hz with a 
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video camera (HC-V750M, Panasonic) to allow for the sensor data to be synchronized to video. 

Prior to, and post the match, the athlete’s wheel radius was measured following Moore et al.’s 

(2010) wheel radii measurement protocol. This technique mitigates the risk of miscalculation 

of the radii due to tyre deformation, loading and ensures no tyre pressure was lost during the 

game.  

Hardware implementation 

The IMU sensor used (SABELSense, Nathan, Australia) has dimensions 55 mm × 30 mm × 13 

mm (L×W×H) and weighs 23 g.  It comprises of a lithium ion battery, a LED for 

synchronisation, 2.4 GHz wireless connectivity, SD card for local logging, 3-axis 16 g 

accelerometer, 3-axis ±2000 °/s gyroscope, and a ±7 Gauss 3-axis magnetometer. Before the 

trial the sensors were calibrated (Lai et al., 2004) and synchronised to the video. One IMU was 

secured with electrical tape between two-wheel spokes to each wheel. In a static position the 

z-axis pointed into wheel, the x-axis pointed forward and the y-axis pointed up, thus rotation 

around the yaw axis indicated wheel movement.  

Performance Analysis Algorithms 

After the match the sensor data was downloaded onto a PC and the game analysed with bespoke 

software created in MATLAB (MathWorks, MA, USA). The algorithm used a previously 

validated process (Shepherd et al., 2016) to determine the distance travelled by each wheel at 

each time sample and the subsequent velocity. To achieve this a 6 degree of freedom (DOF) 

AHRS based implementation (Madgwick et al., 2011) was used. The orientation filter formula 

uses a tuning variable beta (β = 0.03), which was calculated to account for the mean gyroscopic 

errors for example, sensor axis non-orthogonality. For each wheel at each sampling rate the 

distance was found by calculating the wheel sensors yaw angle (𝜃𝜃𝑤𝑤τ) and comparing that to 

the previous yaw angle (𝜃𝜃𝑤𝑤𝜏𝜏−1).  Using the distance (Equation 7) at each time point (𝐼𝐼τ) and 

the 250Hz sampling frequency (𝑓𝑓𝑝𝑝), the velocity (𝑣𝑣τ) was ascertained (Equation 8).  

 

𝐼𝐼τ =
(𝜃𝜃𝑤𝑤τ − 𝜃𝜃𝑤𝑤τ−1)

360
× 2𝜋𝜋𝑊𝑊𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒   (7) 

𝑣𝑣τ = 𝑑𝑑τ
𝑓𝑓𝑠𝑠

 (8)
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At each time instance, the overall movement state of the wheels was determined based on 

whether velocity was positive, negative, or near zero which would indicate the wheelchair is 

not moving these movement values are denoted in Table 24 . 

Table 24 Look up table for each wheel to determine the movement state of the wheel. 

Wheel 
Velocity  

Threshold velocity 
value (m/s) 

Wheel State 

Positive   𝑣𝑣τ > 0.25  Forward (F) 

Negative    𝑣𝑣τ < -0.25 Backwards (B) 

Zero  -0.25 ≤  𝑣𝑣τ ≤ 0.25 Stopped (S) 

 
The states for each wheel were compared to show the overall movement state of the wheelchair. 

The logic for this is shown in the lookup table process evidenced in Table 25. For each 

condition a summation of the total distance covered is recorded. 

Table 25 Look up table comparing the wheel states; forward(F), backward (B), or stopped (S). 

Right 
Wheel 

Left 
Wheel  

Overall 
State 

F F Forward 

B B Backward 

F B Left Spin 

B F Right Spin 

F S Left Spin 

B S Right Spin 

S F Right spin 

S B Left Spin 

S S Stopped 

 

The mean velocity at each sample is then taken when the wheelchair is going forward to 

determine overall wheelchair speed.  The speeds are then categorised into groups; low mean 

velocity, medium mean velocity, and high mean velocity, to give allow for an understanding 

of the intensity of the movement. These thresholds were based on the speeds reach in 20 m 

sprint results from wheelchair basketball players (Bergamini et al., 2015).  
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Table 26 Look up table for the mean wheelchair velocity. 

Mean 
wheelchair 
speed  

Threshold mean 
velocity (m/s) 

Low Vτ > 0.25  

Medium Vτ > 3.0  

High  Vτ > 4.0 

 

An overall accelerometer (A(x,y,z)) impact intensity value(𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖) for each wheel was calculated 

(equation 9). Impacts over 5g where categorised as medium intensity impacts and impacts over 

10g where classed as large impacts. The number of impacts in each category was recorded and 

the time stamp to be assessed later in the synchronised video.   

 

𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 =  �(𝜌𝜌𝐼𝐼2 + 𝜌𝜌𝑦𝑦2 + 𝜌𝜌𝐴𝐴2) (9) 

             

To assess how the athlete is performing over the course of the whole game all the performance 

features are extracted on a quarter by quarter basis. 

4.3.4 Results 

The athlete’s wheelchair radii were measured (Moore et al., 2010), with the results highlighted 

in Table 27.  

    

Table 27 Radius of the wheels both pre and post-game. 

Wheel Pre-game (m) Post-game (m) 

Left 0.3279 0.3279 
Right 0.3287 0.3287 
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The total distance covered, as well as the distances covered at different speed zones are 

highlighted in Table 28.  

Table 28 Loading information for the player broken into quarters. The final quarter went for 1 minute 
longer than the others. 

Quarter Low intensity 
distance (m) 

Medium 
intensity 

distance (m) 

High intensity 
distance (m) 

Reverse 
Distance (m) 

Total Distance 
(m) Top speed (m/s) 

1 676.58 182.18 87.07 52.12 997.95 4.77 

2 645.91 133.83 24.22 38.40 842.35 4.15 

3 714.95 128.03 40.42 36.54 918.94 4.91 

4 780.42 138.98 52.24 63.01 1034.66 4.64 

 

Further adding to the understanding of the physiological stresses the players are under, impacts 

that were likely to cause injury, or damage to the chair were also extracted, shown in Table 29.  

Table 29 Impacts broken down by quarter with medium impacts over 5g and large impacts being over 
10g. 

Quarter Right Wheel 
Medium Impacts 

Left Wheel 
Medium 
Impacts 

Right Wheel 
Large Impacts 

Left Wheel 
Large Impacts 

1 20 22 1 0 

2 12 12 1 1 

3 18 14 0 1 

4 15 13 0 1 

 

Figure 30 Graph of the percentages of the overall movement states by quarter. 
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4.3.5 Discussion 

The importance of individually measuring each wheel radius is highlighted by Table 27, as 

differing radii were measured which would have significantly altered the propulsion 

performance characteristics. Tyre pressure was not lost during the match, however further 

investigation would be warranted before eliminating this methodological step, to ensure this is 

a ubiquitous characteristic. Utilising two inertial sensors, one on each wheel, a suite of 

performance metrics was ascertained evidenced in Figure 29, Table 28, and Table 29.  

From Figure 30, it could be reasoned that the athlete is fatiguing with an increased percentage 

of stopped time (11.6% contrasted with the other quarters mean of 6.6±0.7%), and a lowering 

of forward movement (67.5% contrasted with the other quarters mean of 72.7±0.2%). 

However, there could be a tactical reason for this percentage change, for example, slowing 

down the speed of the play to hold onto a lead. For this game, the athlete showed equal 

tendencies to turn to both sides (right:8.80±1.2%, left:8.48±0.9%). If a large imbalance exists 

in turning dominance, the functional abilities of that individual athlete should be considered, 

and subsequent coaching interventions, or strength and conditioning could be implemented to 

improve the turning symmetry.   

With the inception of player tracking technology during games many professional sports have 

turned to quantitative analytics to monitor the loads on players as a predictor for injury. Shown 

in Table 28, is not only the distances covered, but the distances covered across different speed 

zones. As this game progressed, a reduction in high and medium intensity distances were 

evident. Although if the total distance, or the top speed metrics are examined in isolation, there 

would be no indication that the athlete is fatiguing. Future research will conduct routine 

assessment of athletes during a season (both in competition and training) to create normative 

data sets. This will allow injuries, for example shoulder injuries, to be correlated with loading 

information to establish if a mathematical loading score, for example the z-score implanted in 

AFL (Duhig et al., 2016) would be a precursor for shoulder injury in wheelchair basketball.  

The extracted information could also be used to inform tactics, for example when a player 

should be subbed off or whether they are hitting their top speed. As the nature of wheelchair 

basketball encompasses impacts, monitoring larger impacts (over 5g) will aid the support staff 

in ensuring players receive correct medical treatment, and ensuring that the equipment is 

properly assessed and maintained in these instances too.  
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4.3.6 Conclusion 

The paper presents a methodological approach for performing individualised analysis of a 

wheelchair game. As only two sensors are used for each player, the monitoring solution is low-

cost, non-invasive, and requires minimal implementation time. The analytical tools presented 

are designed to monitor fatigue, the distances travelled, and loads placed on the athlete in terms 

of intensity movement and impacts experienced. The outputs could inform decision support 

structures aiding coaching sessions, tactics, strength and conditioning programs, and injury 

prevention strategies. Future research will be conducted to evaluate these metrics over a time 

and across a whole team to ascertain what the most important information is for wheelchair 

basketball players and coaches.  

 

****** End of Publication ******* 

 

The external load covered in game gives a critical insight into the demands of a wheelchair 

basketballer during a game however, games are only a small part of being a professional athlete. 

At elite levels, the majority of time playing wheelchair basketball is not spent during games, 

but training. It is important to understand the loads of these typical training sessions to both 

manage external workloads and to ensure that training protocols are representative of the games 

themselves.  
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4.4. External load of a wheelchair basketballer during in training. 
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****** Start of Publication ******* 

Wheelchair basketball is a five-a-side invasion game with the core aim of scoring more points 

(baskets) than the opposing team. Wheelchair athletes are a highly heterogeneous group as 

athletes have a wide range of physical impairments (Goosey-Tolfrey, 2016). To ensure fairness, 

a player receives a functional classification rating between 1.0 (least functional) and 4.5 (most 

functional) based on their ability to coordinate, and control the trunk (IWBF, 2014). The rules 

of the sport stipulate a maximum total of 14 points can be on the court at any one time. Previous 

literature has evidenced a strong correlation between functional class, player position, and 

performance (Vanlandewijck et al., 2004). The aim of this study is to determine if there is a 

difference in workload between players of differing functional abilities.  

Seven elite male players (classification 2.56 ± 1.01) consented to participate in the study, 

conducted under Griffith University research ethics (GU Ref No: 2016/294). Players were 

instrumented with two inertial measurement units (SABELSense, Nathan, Australia) for the 

duration of a training session (1h 46m). Both the coaching staff and the players had knowledge 

that the session was being recorded, although they were blinded to the purpose of the data 

capture. Before the session, the sensors (Leadbetter & James, 2016) were calibrated (Lai et al., 

2004) with the data recorded (250 Hz sampling frequency, ±7 Gauss 3DOF magnetometer, 

±2000 °/s 3DOF gyroscope, ±16 g 3DOF accelerometer) and stored locally.  

The data was processed using a previously validated algorithm (Shepherd et al., 2016) and 

performance analytic metrics. The session was also recorded and synchronised using the 

sensor’s LED pulse with video (HC-V750M, Panasonic, recording at 50Hz). The session 

comprised of a pushing and passing based warm-up, acceleration and sprinting drills, passing 

and shooting drills, manoeuvrability drills, defensive drills, and a small-sided mini game. The 

results indicated that player load (in terms of distances and speed travelled) was relatively 

homogeneous. The mean total distance travelled (across all athletes) was 5479.82 ± 335.99 m 

with no discernible trend based on functional classification (r2 = 0.085). Discretising the 

distances into speed groups (0.25  𝑚𝑚
𝑝𝑝
≥  low < 3.0  𝑚𝑚

𝑝𝑝
, medium ≥ 3.0   𝑚𝑚

𝑝𝑝
, high ≥ 4.0  𝑚𝑚

𝑝𝑝
) the 

cohort of athletes covered a low-speed distance of 3867.55 ± 216.50 m, a medium speed 

distance of 1109.94 ± 105.49 m, and a high-speed distance of 502.33 ± 213.66 m. Only the 

high-speed distances showed a weak correlation (r2 = 0.383) to functional classification. The 

presented findings indicate that irrespective of functional class the amount of physical work 

was similar for all players for this session. 
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4.5 Instrumenting equipment review 
This chapter aimed to provide evidence for the efficacy of using the SMART framework to aid 

technology selection for the context of instrumenting the equipment an athlete interacts with. 

A case study example was taken whereby the coach wanted to measure the external load 

(distance, velocities and impacts) the players were experiencing, in both training and game 

scenarios. As no off-the-shelf products existed an IMU based tracker was engineered 

(documented in Section 4.2). The design and implementation of the system followed the 

framework outline in Section 3.3. An assessment to ensure that the measurement device met 

the SMART criteria is highlighted in Table 30. 

Table 30 IMU equipment SMART criteria appraisal for wheelchair basketball. 

Term System design Criteria  

Self-Monitoring The IMU based measurement system using a MATLAB based 

algorithm was automated to objectively measure external load without 

the need for manual human intervention. 

Analysis The measurement system was shown to be accurate in evaluating 

external load on average overestimating the distance by 1.62 % ± 1.09 

% which was deemed to be within acceptable tolerances.  

Reporting The IMU system visually reported the load information for both training 

and game scenarios, which could be used to improve future 

performance. 

Technology The IMU’s were small and lightweight and were positioned to not alter 

the biomechanics of the athlete. 

 

As it passed the SMART criteria, this specific IMU technology was suitable for measuring 

external load for wheelchair basketballers. The measurement device was successfully 

implemented in both a game scenario, and in training scenario. Extrapolating from this, the 

wheelchair case study provided evidence to support the use of the measurement technology 

framework from the context of equipment mounted technology. To further assess the 

generalisability of the proposed framework, the next chapter evaluated the suitability of the 

framework for wearable based technologies.  
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Chapter 5: Instrumenting the individual. 

5.1 Instrumenting the athlete 
Wearable technology and instrumentation worn on the athlete’s person to provide information 

on performance has become increasingly commonplace. In 2017, the wearables market had an 

estimated $1.5 billion USD of annual sales (Thompson, 2017). Examples of athlete worn 

instrumentation include; GPS sensors, biometric sensors (heart rate, galvanic skin response, 

EMG, ECG), and inertial sensors, etc. These sensors can provide key metrology information 

pertinent to physiological elements of sports performance.  

Due to their diversity, wearables can collect a wide range of sports data and are an important 

part of the sports technology landscape. Therefore, for a sport metrology framework to be 

useful it should guide the selection of instrumentation worn by the athlete. Below, Table 31 

outlines the specific measurement questions which formed the basis of the case studies into the 

efficacy of the SMART framework for wearable technologies.  

Table 31 Wearable technology measurement questions which will be addressed in the subsequent 
chapters.  

Sport Measurement question  Section 

Netball Does the variation of forearm angle when shooting in netball 

affect the outcome of the shot?  

5.2. 

Rehabilitation 

(lower limb) 

Can lower limb rehabilitation program adherence (repetitions) 

and performance (segment position and timing) be measured? 

5.3 

Boxing Can fatigue be quantified in boxing (acceleration, speed and 

consistency)? 

5.4 

 

Each question listed above (Table 31) required technology to enable performance 

measurement. In all cases, a novel solution was required as no off-the-shelf solutions were 

viable. Therefore, the framework outlined in Chapter 3 was adapted to aid the creation of these 

wearable measurement technologies. Providing evidence that the SMART criteria and 

measurement technology framework is suitable for athlete worn instrumentation.  
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5.2. Assessing netball shooting kinematics   
Shooting is a vital skill in Netball, therefore coaching staff desire to understand the underlying 

biomechanics to optimise technique. Specifically, the coach wanted to measure the forearm 

angle at ball release to assess the variability of performance. At the time of this study, there 

was no off the shelf solution to measure this. Typically, to measure sports biomechanics the 

‘gold standard’ measurement technique is retroreflective optical motion capture (e.g. Vicon, 

Qualisis, Optitrack etc). However, a retroreflective optical motion capture system is not self-

monitoring, as it requires manual input to select ball release, and also cannot be used in game 

play scenarios. IMU units were selected as a possible measurement solution as it had the 

potential to automatically discern when a shot had been taken, and the angle of the segment at 

the time of ball release. The design specifications to ensure the IMU system would meet the 

SMART compliance are outlined in Table 32.  

Table 32 System design questions that need to be addressed for the IMU based measurement solution 
for evaluating forearm angle at ball release for a netball shot to fulfil the SMART compliance criterion. 

Term System design Questions  

Self-Monitoring Is the proposed IMU shooting measurement system automated to 

objectively measure forearm angle of ball release without the need for 

manual human intervention? 

Analysis Is the measurement accurate and precise and allow an evaluation of the 

forearm angle at ball release?  

Reporting Can the IMU system create an output which an actionable insight can 

be inferred to improve future performance? 

Technology Does the IMU technology alter the biomechanics of the netball shot and 

are the natural perception / action couplings of the performance 

maintained? 

 

To achieve a system which could be used in a game and training environment the engineered 

IMU system was validated against a retroreflective motion capture system, this engineering 

solution is documented in the publication below.  
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5.2.1 Abstract  

The primary objective of the game netball is to score more goals than the opposition. 

Subsequently, there is impetus on improving shooting accuracy to maximize scoring. 

Understanding the kinematic factors of shooting that lead to scoring success, allows for 

iterative adjustment and optimization of technique. Three-dimensional retro-reflective motion 

capture has been used to assess kinematics, however these systems are expensive, require 

substantial setup and post processing time, and cannot be used in game like environments.  

With modern advancements in wearable microelectromechanical systems (MEMS) based 

technology, the ability to monitor shooting kinematics in the performance environment has 

become possible. This letter evaluates the efficacy of a single wireless inertial measurement 

unit (IMU) sensor to monitor shooting kinematics, in terms of forearm angle at ball release. 

Four elite female shooters shot a total of 30 shots each (totalling 120 shots) from three different 

distances wearing both reference retroreflective motion capture (Vicon) markers and an IMU. 

To assess whether wearing the IMU had adverse effects on the kinematic shooting chain a 

further 10 shots each were taken without wearing the IMU. When contrasted with the gold 

standard reference of retro-reflective motion capture, the IMU sensor overestimated the 

forearm angle at ball release established by a mean percentage error of 4.03 ± 1.58 %. Shots 

with and without the IMU indicated that the IMU did not biomechanically alter the shooting 

action. Important advantages of using IMU’s over motion-capture solutions include that they 

are ubiquitous, low cost, require minimal user intervention, and can be used in representative 

training environments under defensive pressure This information can enhance the 

understanding of the athlete’s distal segment coordination patterns, providing actionable 

insights to enable performance to athletes and coaching staff.   

5.2.2 Introduction  

Codified in 1901, netball has become a global sport with a current worldwide playing 

population in excess of 20 million players (Delextrat & Goss-Sampson, 2010). The 

fundamental aim of netball is for the players to shoot the ball through a hoop located 3.05 m 

above the ground. The team who scores the most goals at the end of four 15-minute quarters 

are the winners of the game. Subsequently, scoring has been deemed the most important facet 

for competitive success of a netball team (Delextrat & Goss-Sampson, 2010) with coaching 

impetus on improving shooting accuracy. A netball shot has been characterized as having three 
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constituent phases; a preparatory stance phase, a shooting action phase, and a release phase 

(Steele, 1990). These three critical shooting phases have been described in the following 

manner (Delextrat & Goss-Sampson, 2010).  

i. Preparatory stance, characterized by first instance of initial knee flexion while both feet in 

contact with the court surface;  

ii. Shooting action, characterized by the moment in time of maximal knee flexion; 

iii. Release, characterized by the moment in time that the ball separates from the hand of the 

shooter.  

To comprehend the mechanisms of a netball shot, kinematic measurements have been used to 

analyze the underlying biomechanical features (Elliott & Smith, 1983). Detailed kinematic 

analysis provides insights into the coordination patterns of the netballers. For instance, in a 

similar task of basketball free throw shooting, a reduction of variability at the end of movement 

has been considered important (Button, Macleod, Sanders, & Coleman, 2003). It was found 

that the difference between novice and experts in basketball free throw kinematics was not a 

reduction of trajectory variability, but rather increased relative coordination (coupling) of 

movements around the elbow and wrist, and inter-trial consistency of movement around these 

joints. It has been argued these movement couplings are required due to the small margin of 

error in release parameters allowed for successful performance (Mullineaux & Uhl, 2010). 

Button et al. (2003) concluded that higher levels of skilled performance are associated with 

freezing and releasing of degrees of freedom of movement, aligning with the work of, amongst 

others, Vereijken et al. (1992) in skiing. For the basketball free-throw this means that there is 

an initial increasing of constraints on coordination, and hence stiffening of the lower arm joints 

movements, characterized by a lower trajectory variability. During skill development, athletes 

learn to release constraints on coordination, characterized by increased trajectory variability, 

and stronger coupling between elbow and wrist movement. Following this viewpoint, for 

basketball and netball shooting related tasks, monitoring the variation of angles of distal arm 

segments provides important insights into the shooters ability to constrain the arm joints, and 

freezing and releasing of movement degrees of freedom, to produce consistent outcomes. 

One influencing factor to goal shooting in netball is that it is performed in a dynamic, unstable 

environment with defensive pressure. Shots vary in distance and angles anywhere within a 

4.9m semi-circular radius. It has been evidenced in closed training conditions without 

defensive pressure (White, 1988), and in game-play conditions with defence (Elliott & Smith, 
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1983) that greater shooting distances are linked to greater inaccuracy. Delextrat & Goss-

Sampson (2010) reported that shooting technique should be practiced in a game environment 

to improve players’ game performances. Subsequently, measurement techniques to assess the 

stability of the shooting biomechanics, must be able to allow for game-like shooting conditions. 

The current common practice for biomechanical assessment to extract angles is to utilize retro-

reflective marker-based motion capture. In netball, Delextrat & Goss-Sampson  (2010) utilized 

a ten-camera motion capture system (QTM, Qualisys, Sweden) to discern biomechanical 

shooting discrepancies between senior and junior athletes from eight shots taken from a 

standing one handed shot from 3 m. Retro-reflective motion capture, by nature, restricts the 

task representative design (Pinder, Davids, Renshaw, & Araujo, 2011) and does not allow for 

game-like shooting conditions. Further, motion capture systems are expensive, require high 

computational power, and require considerable expertise to implement. Thus, different 

technologies for motion capture are desirable (Galna et al., 2014). To this end, recently, 

Microsoft Kinect camera-based sensors have been referenced against a gold standard retro-

reflective marker based motion capture (ten camera Vicon system, 100 Hz using the Plug-In 

Gait full body marker set (Vicon, 2009, Galna et al., 2014)). In this study, functional 

movements, including forearm angle, were assessed in terms of spatial (angle) and temporal 

(timing) data correlation. The gold standard Vicon (Vicon, Oxford, UK) reference was 

contrasted using Bland-Altman regression (Bland & Altman, 1986) analysis, finding good 

temporal agreement between methods, but an average 16.93 ° overestimation in spatial 

accuracy for elbow flexion.  

One technology intervention that has been used for deeper performance monitoring in netball 

is inertial measurement units (IMU). IMU’s have advantages that they are ubiquitous and low 

cost in nature, although their accuracy is very sensitive to their processing algorithms (Luinge, 

Veltink, & Baten, 2007). The use of inertial sensors in netball has previously been reported for 

match play tracking of player load intensities. Thirty-two players were tracked in five matches 

across elite and sub-elite competition (Cormack et al., 2014) and automating shot detection 

(ShotTracker) in netball training (Shepherd et al., 2016), although shooting kinematics was not 

reported.  

An orientation estimation algorithm, enabling sensor fusion, is desirable for the optimal 

estimation of orientation. Classically, IMU sensors using Kalman filters (KF) have been used 

to this effect (Luinge et al., 2007). One study which compared IMU and retro-reflective motion 

capture to assess joint angles from fast arm movements (El-Gohary & McNames, 2012) found 
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the IMU exhibited less than 8 ° RMS error. Madgwick et al. (2011) created a novel orientation 

filter using an Attitude and Heading Reference System (AHRS). Findings indicated that the 

algorithm matched the accuracy of the KF, finding less than 1.7° dynamic RMS error when 

compared to retro-reflective motion capture. The benefits of this orientation filter include the 

ability to operate at low sampling rates, smaller computational load, and significant gains in 

both hardware and power reduction (Madgwick et al., 2011).  

The aim of the current investigation was to assess the accuracy of IMU technology for 

monitoring distal arm angle variability at release. In particular, the impact of wearing an IMU 

sensor on the athlete’s shooting kinematics and the ability of the IMU to measure arm angle at 

ball release.  The IMU, with supporting algorithms, for forearm angle at ball release was 

validated against the Vicon system (Vantage V16, Vicon, Oxford, UK).  

5.2.3 Methods. 

Four elite (state-level) netballers (female with 11.5 ± 4.7 years playing experience, aged 22.5 

± 2.9, 1.84 ± 0.05 m tall, weight 78 ± 2.74 kg), volunteered with informed consent for 

participation in this study.  Three participants were right-handed, and one was left-handed. All 

procedures were conducted in accordance with Griffith University ethical clearance (GU Ref 

No: 2016/294). A netball ring set at a fixed regulation height of 3.05 m was placed on an indoor 

court accredited for professional games. Three distances; 1.6 m, 2.45 m and 3.2 m, were 

measured utilizing a tape measure and then marked with coloured electrical on the court. A ten 

camera Vicon Vantage optical three-dimensional motion capture system was setup and 

calibrated as per the manufactures specifications. A fixed calibrated tripod mounted high speed 

video camera (Bonita, Vicon, Oxford, UK) was additionally used to collect video data at a 

sampling rate of 100 Hz. Participants were fitted with one IMU sensor (SABELSense, Griffith 

University, Nathan, Australia). The sensor was positioned superior to the distal radioulnar 

articulation and secured using a Velcro strap, the sensor was aligned so in an anatomical 

position for the x-axis was positive up, the y-axis was positive right, and the z axis was positive 

forward. Participants were marked with 39 retroreflective markers as per the Plug-In gait 

marker model (Vicon, 2009). Shooters were instructed to perform a 5-minute shooting warmup. 

The testing protocol consisted of 10 shots directly in front of the hoop from three distances; 

short (1.6 m), mid-range (2.45 m), and long (3.2 m), in that order totalling 30 shots per 

participant. The Velcro strap with the IMU was removed, and the player shot an additional 10 

shots from the mid-range (2.45 m) distance. To synchronize the sensors and motion capture 
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data, the participants stood in a T-pose for 5 seconds and performed three below the waist hand 

claps before and after each set of 10 shots. The sensor axis and T-pose are shown in Figure 31.  

 
Figure 31 Image from Vicon showing skeletal model of the T-Pose. The IMU sensor and axis 

positions relative to this orientation are overlayed. 

Inertial sensor technology 

The IMU sensor (SABELSense, Griffith University, Nathan, Australia) used in the experiment 

logged data locally to a micro SD card and was calibrated (Lai et al., 2004) before the trial. 

The sensor has dimensions 55 mm × 30 mm × 13 mm (L×W×H) and a weight of approximately 

23 g. It includes a ±7 Gauss 3 DOF magnetometer, a ±2000 °/s 3 DOF gyroscope, a ±16 g 3 

DOF accelerometer. The output data rate was set at 100Hz, matching the one of the Vicon 

system. The sensor included a red LED which was pulsed by the user allowing for the sensor 

timing data to be matched to video and has the capability for wireless connectivity (2.4 GHz) 

for real-time data streaming, although this was not used in the measurements reported herein. 

Algorithm  

The motion capture data was processed utilising Nexus 2.5 software (Nexus 2.0, Vicon, 

Oxford, UK) with biomechanical data from each shot extracted (ProCalc, Vicon, Oxford, UK)  

at the three time points to match the paper by Delextrat & Goss-Sampson (2010) with the 

addition of the forearm segment angles. Aligning with previous reported literature, from netball 

(Delextrat & Goss-Sampson, 2010) and functional classification tasks (Thies et al., 2007), the 

Vicon data was filtered with a fourth-order low-pass Butterworth filter with a cut off frequency 

of 6Hz to smooth the data. The inertial sensor data was post processed by downloading the data 
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onto a PC. Software was created utilizing MATLAB (MathWorks, Massachusetts, United 

States of America) to automate the determination of ball release and calculate the pitch angle 

of the IMU sensor at each shooting instance. To do this, high-speed video was synchronized 

with the IMU, with the release point determined to occur at a gyroscopic peak in the y-axis, 

occurring prior to the arm pitch approaching a local maximum (Figure 32c) 

 

Figure 32 Synchronised ball release example. A. Schematic which indicates the angular orientation 
with respect to the shooting position and the IMU orientation. B. high-speed video. C. The angular rate 
gyroscope readings (X,Y,Z planes), with the red line denoting the time. 

The accuracy of the detection method was validated by contrasting the known number of shots 

with the MATLAB results. To calculate arm pitch and compare the angular outputs from the 

retro-reflective motion capture, the software utilized the Madgwick et al. (2011) 9 DOF 

Altitude and Heading Reference System (AHRS) orientation filter. This algorithm 

compensates for magnetic distortion and gyroscopic drift. The filter outputs yaw, pitch, and 

roll of the sensor with respect to the earth’s magnetic frame of reference, forming a global 

reference. The filter uses a tuning gain value, beta, which represents all the mean sensor errors 

inclusive of sensor noise, sensor axis non-orthogonality, quantization errors, and frequency 

response characteristics (Madgwick et al., 2011). Using the beta value equation (Madgwick et 

al., 2011), a beta value of β=0.041 was calculated, aligning with previous work by the authors 

with the same sensor technology (Shepherd, Thiel, & Espinosa, 2017). The software 

automatically detected shooting moments, exporting the forearm angle at the moment of ball 

release allowing for comparison to the Vicon data. To assess the data distribution for each 

output parameter, arithmetic means and standard deviations were calculated.  
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To assess the potential impact of wearing a IMU unit the important shooting kinematic features 

(Delextrat & Goss-Sampson, 2010), outlined in Figure 32A, were extracted from the Vicon 

data. A Pearson’s correlation was used to measure the linear dependence between wearing or 

not wearing an IMU sensor. To measure the agreement between the two different measurement 

techniques for calculating the forearm angle, a Bland-Altman analysis (Bland & Altman, 1986) 

was performed on the Vicon and IMU data as reported in previous literature (Galna et al., 

2014). 

5.2.4 Results 

To quantify whether wearing a sensor altered the shooting biomechanics, the kinematic features 

pertaining to the shot were extracted from the Vicon data. This was examined at the mid-range 

distance to compare both the with, and without condition of wearing of an IMU unit. The results 

are shown in Table 33. 

 
Table 33 Combined kinematic averages from the mid-range distance attained from the Vicon system. 
All participants have been clustered enabling comparison of wearing an IMU and without wearing an 
IMU. Mean and standard deviations are shown in addition to the Pearson’s correlation. 

 

The MATLAB software successfully detected all 120 shots (30 from each participant) and 

visual confirmation from the synchronized video to data, showed that the software accurately 

detected the shooting moment. To assess the accuracy of the IMU to find the forearm angle a 

Bland-Altman statistical analysis (Bland & Altman, 1986) contrasting the IMU and the 

reference Vicon was performed and is shown in Figure 33.  
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Figure 33 Bland-Altman (Bland & Altman, 1986) indicating the validation between the Vicon and 

IMU in terms of forearm angle for the 120 shots. The plot shows the limits of agreement, indicated by 
the dashed line and the mean difference. Clustered by shooting distance (1.6m = triangle, 2.4m = 
square and 3.2m = ‘X’) and by athlete (shooter 1 = blue, shooter 2 = orange, shooter 3 = green, 

shooter 4 = purple). 

The combined percentage error, found using the Bland-Altman analysis (Bland & Altman, 

1986), between the different methods (IMU and Vicon) are shown in Table 34. 

 
Table 34 Combined percentage error contrasting the gold standard Vicon to the IMU sensors, by 
participant and by distance with mean and standard deviations shown. Individual average x and 

group average xTotal are shown. 

 

5.2.5 Discussion  

The aim of this research was to assess whether IMU technology is valid for monitoring distal 

arm angle variability at release. One consideration when utilizing wearable technology is to 

ensure that the technology causes no maladaptive kinematic alterations resulting from the 

measurement technology impeding the normal shooting biomechanics. Highlighted in Table 

33, the Pearson’s correlation was approximately equal to 1, suggesting there was no significant 

impact of wearing the IMU. Software was created to automatically detect shooting instances. 

The software successfully classified 120 shots, extracting the angle of the sensor at ball release. 

When averaging all shots, the IMU was found to overestimate the Vicon angle by 4.03±1.58%. 
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Although the Bland-Altman analysis (Figure 33 and Table 34) does show clustering, a small 

spread of errors was observed rather than a consistent offset. Subsequently a calibration offset 

to mitigate the error is not possible. The difference in methods can largely be explained by; a 

1.7° error introduced by using Madgwick et al. (2011) orientation filter, the erroneous 

assumption that the IMU angle is equivalent to the forearm angle which will depend on the 

individual athlete’s musculoskeletal anatomy, sensor noise (e.g. moving bias error), and 

inherent error from the Vicon reference system (e.g. manual shot detection, model fit based on 

anatomical averages, and marker misplacement). This 4.03±1.58% error difference is deemed 

an appropriate level of accuracy for monitoring a netball shot.  

5.2.6 Conclusion 

This study used retro-reflective motion capture to ascertain whether a single inertial sensor unit 

mounted on the forearm was a suitable method for monitoring forearm shooting kinematics. 

Expert players in related shooting tasks have been shown to exhibit lower variability of forearm 

angle at ball release. IMU sensors are ubiquitous, low cost, require little installation effort, and 

can be worn in the performance environment in task representative conditions. Therefore, an 

IMU sensor is a suitable candidate for ascertaining shooting kinematics. It was found that the 

IMU overestimated the forearm release angle by 4.03±1.58% as compared to the gold standard 

reference of Vicon. This implies that IMU sensors can be a viable measurement solution to 

discern the variability of forearm shooting angle. It was found that the IMU did not affect the 

shooting biomechanics. Using this new measurement method future work will assess if expert 

performance is related to smaller variability of forearm angle at ball release.  

 

****** End of Publication ******* 
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To ensure the developed IMU sensor system for monitoring forearm kinematics met the 

SMART criteria framework, an appraisal was performed (Table 35). 

Table 35 Netball IMU forearm sensor appraisal to ensure it met the SMART criteria.  

Term System design Appraisal Criteria  

Self-Monitoring The IMU based measurement system using a MATLAB based 

algorithm was automated to objectively measure shooting forearm angle 

at ball release without the need for manual human intervention. 

Analysis The measurement system was shown to be accurate in evaluating 

forearm angle on average overestimating the forearm release angle by 

4.03±1.58%, which was deemed to be within acceptable tolerances.  

Reporting The IMU system visually reported the angular information which could 

be used to improve future performance. 

Technology Wearing the IMU did not statistically alter shooting biomechanics with 

the Pearson’s correlation was approximately equal to 1, furthermore the 

system can be used in training and games, maintaining natural 

perception/action coupling.  
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5.3 Rehabilitation  
An unfortunately common occurrence of being an athlete is the high likelihood of sustaining 

an injury. Wearable technology could be one potential pathway to monitor the quality of the 

rehabilitation movements. This monitoring could ensure athletes are meeting their 

rehabilitation goals.  

As athletes are at different stages of rehabilitation the technology system should be able to be 

used at home and with minimal effort to mount.  The technological selection framework was 

used and as no technological solution to meet this requirement existed, a real time IMU based 

measurement and feedback system was engineered. To ensure it met the SMART criteria 

specific questions were formulated (Table 36).  

 

 

Table 36 System design questions that need to be addressed for evaluating the quality of lower limb 
rehabilitation task program in terms of technique and repetitions to fulfil the SMART compliance 
criterion. 

Term System design Questions  

Self-Monitoring Is the proposed IMU lower limb rehabilitation measurement system 

automated to objectively measure each repetition? 

Analysis Is the measurement accurate and precise enough to allow for an 

evaluation of a correct repetition (time held and in the correct position)? 

Reporting Can the IMU system create an output which an actionable insight can 

be inferred to improve future performance? 

Technology Does the IMU technology alter the biomechanics of injured athlete and 

is the natural perception / action couplings of the performance 

maintained? 

 

To address the SMART criterion a validation was performed on an uninjured participant group 

who were instructed to perform three typical lower limb rehabilitation tasks.  A motion capture 

system was used to validate the system.  
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****** Start of Publication ******* 

5.3.1 Abstract  

Technology to aid the acquisition and performance of motor skills is becoming increasingly 

commonplace however there is distinct disconnect between these technological interventions 

and a detailed understanding of how to design technology to best instruct a learner. Using a 

single inertial sensor with bespoke concurrent visual feedback, based in a MATLAB data 

visualisation environment, this paper presents a skill acquisition framework to facilitate home 

based physiotherapy interventions. When athletes and patients are prescribed at home-based 

physiotherapy interventions the current literature reports low rates of adherence. In addition, 

the lack of monitoring and exercise classification raises concerns towards the quality of 

rehabilitation program outcomes. A trial was conducted randomly assigning twenty-two 

uninjured participants to two categories, one with the aid of the rehabilitation software and the 

other a control group with no feedback. Both groups received the same visual instructions on 

the three-simple leg static stretching tasks that are indicative of lower limb injury physiotherapy 

interventions. The results showed statically significant improvements in both the program 

adherence as well as the error mitigation of the feedback group in comparison to the control. 

Substantiating the skill acquisition framework errors for the feedback group seemed to lessen 

over time synonymous with an immediate learning effect as a result of the concurrent feedback. 

The findings suggest that at home physiotherapy interventions could be enhanced by using a 

concurrent biofeedback skill acquisition based single inertial sensor system. Evidently 

improving adherence, technique and allowing for the data to be accrued over time and relayed 

to practitioners and coaching staff ultimately giving them heightened confidence in monitoring 

physiotherapy progress. The wider implications means this research could be useful in tracking 

and providing feedback for a range of sports injury circumstances to ultimately improve the 

outcomes of the physiotherapy interventions.  

5.3.2 Introduction  

Loss of time due to injury is a major problem amongst athlete populations and across wider 

society (Rowlands et al., 2013). Physiotherapy interventions are one common approach 

whereby exercises are prescribed to aid and facilitate the rehabilitation process initially in 

clinical environments under the supervision of a physician followed by home-based exercise 

programs. Instructions for these exercises are generally take the form of written instructions, 
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verbal instructions or in video form to ensure the exercises are carried out appropriately and 

the program is adhered to.  

Adherence defined by Bassett  is “the extent to which the patients undertake the clinic-based 

and home-based prescribed components of their physiotherapy programme” (Bassett, 2003) it 

also implicates “active voluntary involvement” (Bassett, 2003). Patient adherence to 

physiotherapy interventions is “increasing recognised as an essential component of injury 

rehabilitation” (Kolt et al., 2007). Monitoring adherence is also of concern as it is commonly 

reliant on patients self-reporting. This is done in conjunction with physician observations and 

utilises a standardised sport injury rehabilitation adherence scale (SIRAS) (Bassett, 2003; Kolt 

et al., 2007) used to numerically quantify adherence rates. Poor adherence rates for home based 

exercise programs have been reported to be a problem with Basset (2003) reporting rates of up 

to 65% either non-adherent or partially adherent to home physiotherapy programs. The current 

home-based exercise prescription also lacks augmented feedback so any errors in technique 

cannot be rectified. One way of monitoring adherence and providing feedback is through the 

use of biofeedback technologies.  

Biofeedback has been used as a rehabilitation tool for over 40 years to facilitate normal 

movement patterns after injury (Tate & Milner, 2010). It encompasses the provision of intrinsic 

information to allow the learner to develop control strategies. One effective way of real time 

monitoring of biomechanics and human movement is through the use of inertial sensors. The 

use of inertial sensors as a biofeedback mechanism for lower limb rehabilitation has been 

substantiated by a study by Giggins et al. (2013). Finding “inertial sensors are capable of 

classifying between the analysed exercises with a high level of accuracy… these findings 

therefore prompt the development of a simple biofeedback  system using a single inertial sensor 

for  use in rehabilitation to monitor adherence to exercise  programs in the home” (Giggins et 

al., 2014). A single sensor was shown to accurately classify seven different exercises with an 

accuracy of between 93-95% (Giggins et al. , 2014). Due to the ubiquitous nature of inertial 

sensors the use as a biofeedback platform for rehabilitation is cost effective and has a wide 

reach with many people interacting with inertial sensors through the use of smartphones on a 

daily basis. Rowlands et al. ( 2013) validated and verified the functional correctness of using 

smart phone inertial sensors for rehabilitation exercise classification but stated “work remains 

to be done on addressing the human factors which interface with the technologies” (Rowlands 

et al., 2013).  
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It is widely accepted that correct augmented feedback by an expert or technological display 

enhances motor learning (Sigrist et al., 2013). The term ‘correct’ is the most important factor 

and when designing technology to facilitate performance and to optimise feedback it must be 

done from a motor skill acquisition perspective. By context, rehabilitation doesn’t elicit the 

need for long term learning, rather the most correct performance of the exercise at each 

instance. “In general, concurrent feedback can enhance performance in the acquisition phase, 

but the performance gains are lost in the retention tests.” (Sigrist et al., 2013) The rationale for 

this is that learners are focused away from intrinsic feedback and develop a dependency for 

augmented feedback. This is commonly termed the guidance hypothesis. Put simply when 

“permanent feedback during acquisition leads to a dependence” (Sigrist et al., 2013) however 

for goals where learning isn’t desired, for instance in a rehabilitation context, this feedback 

strategy is advantageous as long term retention isn’t required.   

 

The scheduling of feedback is also important for optimal performance Wulf et al. (2010) 

determined that frequent and immediate feedback is best practice for immediate performance 

benefits. Shea and Morgan (1979) in their study into contextual inference uncovered that 

learning is best achieved with random practice however blocked practice is better for 

immediate performance. Furthermore blocked practice also has the benefit of learning 

motivation and confidence in ability (Williams & Hodges, 2004). The theory of optimal motor 

control whereby the provision of information regarding task-irrelevant errors or variability 

coming from sensory-motor noise is also understood to maximise performance (Sigrist et al., 

2013). 

 

5.3.3 Methods  

22 subjects were selected for participation in the trial. Contraindications of participating in the 

trial was any prior injury to the lower limb which resulted in surgery or any current lower body 

range of motion issues. This mitigated against the risk of injury. The subjects were split into 

two groups, a control group having no biofeedback (n=11) and a group that will received 

biofeedback during the experiment (n=11). The research was conducted under Griffith 

University Ethics (GU Ref No: ENG/07/15/HREC).  
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All participants were given an inertial sensor package, SABELSense (James et al., 2011) and 

instructed to place it above the patella, and position themselves in a standing position two 

meters in front of a television screen. As a familiarisation task participants were asked to 

perform one correct knee lift, one straight leg raise and one leg abduction holding the 

manoeuvre statically for three seconds. Using the bespoke feedback software, the experimental 

supervisor provided immediate knowledge of results. If the participant had incorrectly 

performed the task they were asked to perform the task again until correct and if deemed 

necessary by the experimental supervisor was given the minimum amount of feedback in order 

to correctly perform the exercise. 

Participants then watched an instructional video outlying the required three exercises with full 

and correct technique. Exercises were performed in a blocked nature to facilitate performance 

(Shea & Morgan, 1979) therefore participants were instructed to perform ten repetitions of each 

exercise before moving to the next exercise. The group with biofeedback had the aid of bespoke 

software with the other group having no feedback from the sensor. All participants’ movements 

were digitally recorded on a spreadsheet by the experimental supervisor documenting attempts 

and accuracy from the real-time software as well as a fixed video camera located behind them. 

Bespoke concurrent visual feedback, based in a MATLAB data visualisation environment was 

created to interface with the SABELSense inertial sensor package sampling at 100Hz. The 

software provided feedback at all times therefore meeting the criteria for both frequency and 

immediacy outlined by Wulf et al. (2010). The flow diagram of the sensor-software interaction 

is shown in Figure 34. The graphical user interface for the software can be seen in below in 

Figure 35. 

 

Figure 34 Overall flow diagram of software. 
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Figure 35 Software Screenshots. (a). Standing position is detected ready for movement to begin, (b). 
Timing lights for a correct repetition, (c). Orange light indicative that timing criteria hasn’t been met, 

(d). Error light indicating a dangerous position. 

 

In keeping with the theory of optimal motor control feedback was minimised to status lights 

with a message, movement timing lights and a counter. The status light messages were as 

follows. Green: Correct starting position. Ready to commence movement, Yellow: Haven’t 

held movement long enough, Red: Danger: Slowly return to standing. The aforementioned red 

light errors where flagged when the knee was lifted above the line of the hip, the leg adducted 

past the midline of the body, or when the movement was performed too fast. These warnings 

were chosen due to mitigate against injury. The traffic light colour system was chosen due to 

its commonality as well-known visual naturalising the user interface.  

To validate the bespoke software a twelve camera OptiTrack motion capture system running 

Motive software was used in conjunction with a 19 marker Helen Hayes Lower Body marker 

set and the internal sensor was set as a rigid body. Time was manually synced and the angle of 

the sensor on the software was found to closely represent the angle of the rigid body produced 

by the motion capture software.  
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5.3.4 Results 

The group with feedback made significantly less errors with an average error per programme 

of 4.4 ± 2.96 compared with the no-feedback group making 13.4 ± 5.27 errors per programme.  

The adherence to the program and the location percentage of error is graphically shown in 

Figure 36 depicts a case study of two knee raise trials one participant with feedback and without 

the feedback.  

 

 
Figure 36 (a) Summary of adherence and error location. (b) A single trial comparison of knee lifting 
trial for both groups with the dotted red line indicative of the two second minimum threshold. 

 

5.3.5 Discussion  

The biofeedback group scored 100 % adherence to the program for each of the participants. 

This result was expected as a score was visually presented on the screen to the participants and 

under trial conditions there is enhanced motivation to ensure completion. The familiarisation 

task and video instructions was aimed to mitigate against this gap affording the non-

biofeedback group equal opportunity to gain 100 % adherence however the adherence was 

recorded at 60 ± 19.1%. The average number of the errors made was also significantly different 

between the groups with the no feedback group averaging more than three times the error count. 

The timing of the errors also was of interest in showing adaptations to the software. The group 

with feedback made their errors in the 1st half of the trial averaging 87 % of the errors in the 

first half whereas the no feedback group had a much more random split of errors averaging 45 

± 10.1 % in the 1st half and 55 ± 10.0 % in the second. These results were expected as the no 

feedback group had no knowledge of results therefore no differences should be seen between 

the 1st 5 repetitions and the last 5. Additionally, it shows a learning effect from the software. 
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The largest cause of error was holding the movement for the required time. To mitigate this 

participants were asked to hold the stretch for 3 seconds however a correct repetition was set 

to be over a two second threshold. Additional aids of the video instruction and having to hold 

the position in the familiarisation test for the correct time was designed to ensure participants 

would hold the stretch for long enough, however participants significantly and continually 

underestimated the length of time during the trial. Figure 36(b) is an example of this. The 

participant with no feedback scored 0/10 for the knee lift section of the trial as the timing 

requirement was not met. Contrast this with the participant with feedback they consistently 

held the stretch in the correct position for the required amount of time meaning they scored 

10/10 for this section.  

 

5.3.6 Conclusion 

This paper substantiates that a single inertial sensor-based biofeedback system can be used to 

enhance rehabilitation outcomes. It was found that the biofeedback system can dramatically 

improve adherence and also improve technique evident in the reduction of errors. The added 

benefit with this type of system implementation means data can be assessed by appropriate 

health care professionals adding a layer of certainty to how the patient is recovering in regard 

to their exercise program and affording them greater control over recovery optimisation. 

Finally, due to the ubiquitous low-cost nature of inertial sensors a wide-reaching solution, for 

example, in the form of a mobile phone application could be adopted allowing for the 

monitoring of rehabilitation programs with little start-up costs to the client. 

 

****** End of Publication ******* 
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To ensure the IMU sensor system for monitoring lower limb exercise tasks met the SMART 

criteria framework an appraisal was performed (Table 37). 

Table 37 Rehabilitation IMU measurement system appraisal to ensure it met the SMART criteria.  

Term System design Appraisal Criteria  

Self-Monitoring The IMU based measurement system using a MATLAB based 

algorithm was automated to objectively measured each repetition. 

Analysis The measurement system was shown to be accurate through a motion 

capture pilot study, giving confidence that timing and angular measures 

were within acceptable tolerances.  

Reporting The IMU system gave real-time visual feedback which ensured 

participants who had access to the measurement system correctly 

completed all their exercises which was contrasted with low adherence 

rates in the no feedback control group.  

Technology The IMU system was easy to mount and participants did not report any 

discomfort or showed altered biomechanics from wearing the system.   
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5.4 Assessing boxing punching kinematics 
The final case study for athlete worn measurement solutions involved measuring the punch 

characteristics of boxing. Specifically, the coach wanted to understand the punch force and 

hand speed as a boxer fatigues in training. No off-the-shelf tools existed therefore, there was a 

need to create a device and the SMART framework was used to aid this process. Boxing has a 

unique measurement complexity in contrast to the rehabilitation, netball, and wheelchair 

basketball studies that have been discussed in this thesis. The complexity is a result of the 

punch impacts being both high in acceleration (typically greater than 16 g), and movements 

occurring at a high speed. This constraint of the sport necessitates the need for a high frame 

rate measurement device. To achieve this a high range IMU (400 g) was selected.  

Table 38 metrics using an IMU measurement system appraisal. System design questions that need to be 
addressed for evaluating Boxing fatigue. 

Term System design Appraisal Criteria  

Self-Monitoring The IMU based measurement system using a MATLAB based 

algorithm should automatically measure each punch (speed, force, and 

accuracy). 

Analysis The measurement system should be validated to provide confidence that 

timing, acceleration and angular estimates are accurate.   

Reporting The IMU system should quantify fatigue and highlight disparities 

between punching gloves which could be used to improve future 

training.    

Technology The IMU system should not alter the punching biomechanics and be 

quick and easy to put on and take off.    

 

 The creation and validation of this measurement system is documented below.  

 

 

 

 

 



 
 

126 
 

Publication Citation  

Shepherd, J. B., Thiel, D. V., & Espinosa, H. G. (2017). Evaluating the use of inertial-magnetic 

sensors to assess fatigue in boxing during intensive training. IEEE Sensors Letters, 1(2), 1–4. 

https://doi.org/10.1109/LSENS.2017.2689919 

Authorship Declaration 

The copyright of this paper has been assigned to IEEE however, authors have the right to use 

their article for non-commercial purposes, such as, the inclusion within a dissertation. Within 

the paper the authors had the following responsibilities; J.S. conceptualisation, literature 

review, data capture, post processing, and paper writing; H.E assisted data capture and 

processing of Vicon data; D.T project supervision and manuscript editing. 

 

(Signed) _________________________________ (Date)______________ 

Student: Jonathan B. Shepherd  

 

(Countersigned) ___________________________ (Date)______________ 

Primary Supervisor: Professor David V Thiel.  

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1109/LSENS.2017.2689919


 
 

127 
 

****** Start of Publication ******* 

5.4.1 Abstract  

Automating measures of performance can allow for heightened understanding of how an 

athlete is performing, not only during a session but over time. Physical and mental performance 

degrades in high intensity skilled sports like boxing as the athlete fatigues. Although the use of 

low cost, ubiquitous inertial sensors has been reported effective for performance classification 

in boxing, no assessment of a boxer’s efficacy has been reported under fatigue conditions. This 

letter evaluates the use of inertial sensors for automatic classification of fatigue by assessing 

the punch consistency in terms of pitch angle, punch force through acceleration, and hand speed 

using the inverse time between punches. To achieve this, bespoke software was created on 

MATLAB aided by the use of an Attitude and Heading Reference System (AHRS) orientation 

filter. Six right-handed male elite boxers from the Pacific Nations, in preparation for the 2018 

Gold Coast Commonwealth Games, Australia, consented to participate in the study. A 

noticeable decrease in performance for both hand speed (inverse time between punches) and 

force production (acceleration) was observed over time during intensive training, resulting in 

a Pearson’s correlation coefficient of r = -0.97 for the acceleration component and r = 0.89 for 

the timing component. Inertial-magnetic sensors, with bespoke software, were experimentally 

found to be an effective tool for the automatic classification of boxing fatigue performance 

metrics. This study was conducted under ethical approval (ENG/14/13/HREC). 

5.4.2 Introduction 

Performance in sports, such as boxing, requires athletes to sustain high levels of physical, 

technical, and psychological skills. Measuring aspects of performance over time can minimize 

injury risk, prevent overtraining, monitor effectiveness of training programs, and ultimately 

increase performance (Halson, 2014; Taylor et al.,2012). Fatigue is a multifaceted metric that 

describes the degradation of skilled performance over time, although it is still considered a 

controversial and problematic measure to be assessed (Taylor et al., 2012). For the purpose of 

this study, the definition of fatigue will relate to the inability to complete a task effectively, 

which was once achievable within a recent time frame (Halson, 2014). 

Fatigue level detection methods include, among others, the use of electrocardiographs, 

electromyographs, electroencephalograms and visual detection using cameras, for the 

measurement of heart rate, blood lactate, muscle activity, brain wave, oxygen consumption and 

psychomotor monitoring (Halson, 2014; Taylor et al., 2012).Within boxing, fatigue has been 
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assessed invasively. Ghosh (2010) found that the blood lactate of six elite boxers indicated 

fatigue, concluding that in boxing increased fatigue depended on the intensity and nature of the 

activity rather than the duration. The techniques described previously, however, are invasive 

or restricted to laboratory environments. The use of sensors overcome this issue and they are, 

nowadays, playing a vital role in sports applications due to their capabilities, reliability, low-

cost and reduction in size (Mukhopadhyay, 2015) With the idea of monitoring athletes in their 

natural environment, sensors have been widely used in several sports related monitoring 

applications. This includes the estimation of oxygen consumption in swimming (Nordsborg, 

Espinosa, & Thiel, 2014), movement assessment during training sessions (Ahmadi et al., 2014) 

and tracking of indoor basketball players (Kirkup, Rowlands, & Thiel, 2016). 

More specific to boxing, different types of sensors have been employed for the assessment of 

performance. This includes piezoelectric sensors and interactive fabrics embedded in the 

equipment for the automatic detection of impacts (Bruch et al., 2011; Hahn et al., 2010) , 

accelerometers for the assessment of hand speed (Kimm & Thiel, 2015) and gyroscopes to 

measure the angular velocity of the pelvis and the thorax to determine reaction and touch time, 

backing, advancing and guarding (Favre, Mass, & Aminian, 2007). To determine the efficacy 

of sensor technology, researchers have linked data from multiple sources, for example, 

collecting force from the Hybrid III 50th percentile dummy, with inertial-magnetic sensors and 

time motion analysis (Mack et al., 2010). Mack et al. (2010) concluded that straight punch 

force correlated to pre-impact hand velocity (r = 0.62), however, the inertial-magnetic sensors 

used were not suitable for impact, as they had a 5 g range with a sample rate of 25 Hz, 

suggesting that if these ranges and sampling rates were increased, the system could be greatly 

improved. This is further evidenced with the use of synchronized video with 200 g sensors 

(Kimm & Thiel, 2015), where punch impact from a typical amateur boxer jab reached close to 

25 g. 

This letter reports a quantitative assessment of fatigue in boxing using micro electromechanical 

(MEMS) inertial-magnetic sensors composed of accelerometers, gyroscopes and 

magnetometers. Our hypothesis is that fatigue will be indicated in three ways: 1. a decrease in 

acceleration, thus the punches are less forceful, 2. the time between punches will increase, thus 

hand speed will decrease, and 3. the accuracy of the punches, in terms of the angle of the 

forearm segment at impact will become more varied. In this letter, we demonstrate how inertial-

magnetic sensors can be a low-cost, efficient and automatic way of quantifying fatigue for 

individual athletes. A sensor fusion technique, Attitude and Heading Reference System 
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(AHRS), is employed to provide attitude information from the inertial-magnetic sensor (Amaro 

& Patrão, 2016; Shepherd et al., 2016). 

Madgwick’s open sourced AHRS implementation (Madgwick et al., 2011) affords an inertial 

sensor orientation filter returning roll, pitch and yaw with respect to gravity and the earth’s 

magnetic field with a dynamic RMS error of less than 1.7°  (Madgwick et al., 2011). This 

algorithm replaces a traditionally used Kalman Filter (KF), or an Extended Kalman Filter 

(EKF). In comparison, it reduces the implementation complexity, the requirement of high 

sampling rates which can exceed typical inertial-magnetic sensors, and the computational 

expenditure therefore rendering it suitable for embedded design.  The use of this algorithm has 

been recently reported effective in sports to measure wheelchair propulsion (Shepherd et al., 

2016). The pitch axis is used in this letter to auto-classify the punch angle as a metric for rating 

accuracy and consistency over the fatigue trial. The punch force (F) will be proportional to the 

acceleration (a) from the equation 𝐹𝐹 = 𝑚𝑚𝑎𝑎, where m is a constant mass. The hand speed (s) 

given by 𝑠𝑠 = 𝐼𝐼 𝑡𝑡⁄ , will be inverse to the time between the same hand punches (t) as the distance 

(d) is approximately constant given the measurement protocol.  

5.4.3 Methods 

Experimental design  

In accordance with Ghosh (2010), six right-handed male elite boxers (height 168 ± 3.1 cm, 

weight 64.4 ± 4.6 kg, reach 77.5 ± 4.4 cm, age 20 ±2 years old) consented to participate in the 

study. These athletes are from the Pacific Nations and are involved with the GAPS (Gather 

Adjust Prepare Sustain) program, in preparation for the 2018 Gold Coast Commonwealth 

Games, Australia.  The trials were conducted in accordance with the Griffith University’s ethics 

research committee (ethics approval number ENG/14/13/HREC). 

Each athlete was fitted with two high-intensity Inertial Measurement Unit (IMU) sensors. The 

sensors were positioned in each glove superior to the distal radioulnar articulation and secured 

using the VelcroTM strap of the punching glove. In anatomical position, the x-axis was positive 

down, the y-axis was positive right, and the z-axis was positive forward.  After sufficient warm 

up, participants were required to punch, starting on the left glove, a wall bag (Punch Equipment, 

Gold Coast, Australia) at a fixed height of 1.7 m for 2 minutes in 5 second bursts, with 5 

seconds rest in between. This resulted in 11 sets, with 5 seconds for each set. Boxers were 

given instructions to punch as hard and fast as possible, with external motivation in the form 

of cheering from coaches and boxers and were verbally cued when the last (11th) set of punches 
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was imminent. This methodology was designed to induce fatigue. As previously indicated by 

Ghosh (2010), high intensity training in correct performance conditions would cause fatigue.  

Each athlete was filmed at 50 Hz with a fixed video camera (HC-V750M, Panasonic) allowing 

for sensor data to be synchronized to video. Figure 37 shows a cropped image from this video 

frame, highlighting the key extracted variables to assess acceleration in the forward (x) plane, 

the time between the punch and the previous punch of that hand, thus relating to hand speed 

and the sensor angle. 

 

 
 

Figure 37 Reference image showing experimental set up. Features extracted in relation to timing 
between punch and last punch (red), the sensor pitch angle (shown blue) and acceleration into the 

bag along the x-axis shown in grey. 

 

Inertial sensor technology 

An in-house high intensity IMU sensor (SABELSense, Griffith University, Nathan, Australia 

) logged data locally to a micro SD card and was calibrated (Lai et al., 2004) before the trial. 

The sensor has dimensions 55 mm × 30 mm × 13 mm (L×W×H) and a weight of approximately 

23 g. It includes a ±7 Gauss 3 DOF magnetometer, a ±4000 °/s 3 DOF gyroscope, a ±400 g 3 

DOF accelerometer and was set to sample at 250 Hz, meeting the requirements of assessing a 

punching impact(Kimm & Thiel, 2015; Mack et al., 2010). The sensor includes a red LED 

which can be pulsed by the user allowing for the sensor timing data to be matched to video, 

and wireless connectivity (2.4 GHz) for real-time data streaming.  

Algorithmic implementation  

The inertial sensor was post processed by wirelessly downloading the data onto a PC. Bespoke 

software, Boxing Punch Analyzer, was created utilizing MATLAB (MathWorks, 
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Massachusetts, USA) to determine the acceleration, the times between punches and the pitch 

of the forearm segment for each punching instance. The video data and synchronized sensor 

data was reviewed utilizing SABEL Data Analysis (Espinosa, Lee, & James, 2015) to 

determine a punch signature that could be automatically detected. Visual inspection deduced 

that a significant peak in the acceleration in the x-axis plane correlated to the punch impact. 

The software utilized a 9DOF orientation filter (Madgwick et al., 2011) to transform the sensor 

position into a global reference system, with respect to the earth’s magnetic frame of reference. 

This system uses a tuning gain value, β, which represents all the mean sensor errors inclusive 

of sensor noise, quantization errors, sensor axis non-orthogonality, and frequency response 

characteristics (Madgwick et al., 2011). A beta value of β = 0.041 was calculated and used for 

the software. Using dynamic thresholding and peak detection, the software automatically 

detected punches, grouping them in sets by finding the large breaks between the punch timing 

information. 

At each punch the time between the last punch on the same hand, the acceleration in the forward 

x-axis plane and the pitch of the arm at that instance, were extracted and exported for cross 

analysis between sets, between hand and between participants.  

5.4.4 Results 

A total of n = 1848 punches was automatically detected and analyzed (n = 922 for right glove, 

n = 926 left glove, mean of 308 ± 22.9 punches per participant per the 11 sets). Figure 38 (top) 

shows the mean acceleration and Root Mean Square (RMS) error indication of all punches 

from each one of the 11 sets and from each boxer (both hands). Figure 38  (bottom) shows the 

time between punches and RMS error indication for each set. The RMS error bars are larger 

because of the slight under-sampling speed of the accelerometer unit and the associated timing 

uncertainty. 
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Figure 38 Mean acceleration (top) and time between punches (bottom) for all punches by both hands 

and all boxers (n = 1848) divided into each set. Curve fitted with a linear trend line. 

 
Figure 39 shows the mean pitch angle (left axis) and the standard deviation (right axis) of all 

punches from each one of the 11 sets and from each boxer (both hands).  

 

Figure 39 Mean pitch angle (left axis) relative to the vertical direction and standard deviation (right 
axis) for all punches (n = 1848) divided into each set, curve fitted with a linear trend line. 

 

To compare fatigue, the first 5 punch sets for each boxer were compared with sets 6-10. Set 11 

was ignored due to the verbal cue as this was the final set which increased motivation. The 

comparison is shown in Table 38 for acceleration fatigue metrics and in Table 40 for timing 

fatigue metrics. In both tables, LH and RH correspond to the left and right hands, respectively, 

Diff % indicates the percentage difference between hands. The rating, 1 best and 6 worst, of 
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the percentage difference (Diff %) is defined by Rankdiff, Mean is the average % of both hands, 

and Rankmean correspond to the rating, 1 best and 6 worst, of the average % of both hands. 

 

Table 40 Timing fatigue metrics comparing the first sets 1:5 with the second sets 6:10 for left and right 
hands. 

ID LH % RH % Diff % Rankdiff Mean Rankmean 

1 93.70 94.87 1.17 4 94.29 3 

2 93.08 93.42 0.34 2 93.25 4 

3 93.72 91.52 2.19 6 92.62 5 

4 94.51 94.48 0.07 1 94.55 2 

5 86.20 85.01 1.19 5 85.60 6 

6 101.54 101.11 0.43 3 101.33 1 

 

5.4.5 Discussion  

The IMU sensors, with custom software, automatically detected 1848 punches outputting 

acceleration and time between punches for each instance (Figure 38) as well as the sensor pitch 

(Figure 39). As the athletes were verbally instructed to punch as hard and fast as possible 

without fatigue, no changes in punch speed or force would be exhibited. From Figure 38, it is 

clear that a noticeable decrease in performance is common for both hand speed (inverse time 

between punches) and force production (acceleration). It can be subsequently inferred that 

fatigue is occurring. From linear regression analysis, it can be stated that fatigue for both 

acceleration and timing components is reasonably linear amongst this cohort of elite athletes, 

with a Pearson’s correlation coefficient of r = -0.97 and r = 0.89, respectively. 

Table 39 Acceleration fatigue metrics comparing the first sets 1:5 with the second sets 6:10 for left 
and right hands. 

ID LH % RH % Diff % Rankdiff Mean Rankmean 

1 65.69 67.85 2.15 2 66.77 5 

2 94.28 106.00 11.72 5 100.14 1 

3 78.84 80.63 1.79 1 79.73 3 

4 83.12 95.53 12.41 6 89.32 2 

5 53.13 55.29 2.16 3 54.21 6 

6 82.50 70.93 11.57 4 76.72 4 
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As each boxer has differing ability due to their level of skill and anthropometrics, large standard 

deviations are observed when clustering all boxers (Figure 38), although the general trend 

clearly shows diminished performance. 

From Figure 39, it is evident that the pitch angle of impact is relatively unchanged. The large 

standard deviation shown is explained, in part, by the physiological differences between the 

boxers, however, it is of interest that this does not change with respect to time. Subsequently it 

can be inferred that as the sensor pitch angle is constant, the athletes are consistently and 

accurately hitting the same mark on the punching bag, irrespective of the fatigue exhibited in 

Figure 38. To more closely understand fatigue, information from punch sets 1-5 and 6-10 were 

compared in Table 38 (acceleration) and Table 40 (timing). If no fatigue was exhibited, the 

mean from both groups would be equal, thus percentages would be equal to 100%. This was 

true for one athlete in terms of acceleration (ID 2) and in terms of timing (ID 6). The worst 

fatiguing athlete in terms of acceleration (ID 5) had almost half (54.21 %) the force production 

in punches from set 6-10 suggesting a high level of fatigue. In relation to having a dominant 

hand, athletes ID 2 and ID 4 show large force differences between hands, and athlete ID 3 had 

the most uneven hand speed.  

From a coaching perspective, this automated sensor approach provides a novel information 

regarding fatigue, allowing the identification of strengths and weaknesses between athletes to 

be assessed and corrective measured implemented. One example would be to implement a 

fatigue-based strength and conditioning program to reduce the hand dominance for athletes ID 

2 and ID 4. Furthermore, performance differences over time can be assessed, allowing for 

quantification of an athlete’s progression.  

5.4.6 Conclusion 

The paper presents that IMU sensors with the documented algorithmic implementation can 

automatically determine punches; extracting angle, acceleration and time between punches. It 

was found experimentally that fatigue reduced performance in terms of force per punch and 

the hand speed per punch. The consistency of the sensor pitch angle at impact suggested that 

the boxers were hitting the same spot on the bag. Using high rate IMUs with bespoke software 

to automatically detect punches, performance metrics were extracted and shown to degrade 

over the duration of the exercise. This gives a non-invasive metric of assessing fatigue in the 

boxer’s natural training environment. Furthermore, as accelerometers are low cost and 

ubiquitous by nature, there is potential to include them as a part of regular training assessment. 
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For future development, algorithms could be embedded, allowing for real time feedback to 

boxers and coaches.  

****** End of Publication ******* 

To ensure the IMU sensor system met the requirement of effectively measuring boxing 

punching the SMART framework appraisal was performed (Table 41). 

Table 41 Boxing fatigue metrics using an IMU measurement system appraisal.  

Term System design Appraisal Criteria  

Self-Monitoring The IMU based measurement system using a MATLAB based 

algorithm was automated to objectively measured each repetition. 

Analysis The measurement system was validated against the video providing 

confidence that timing, acceleration and angular estimates were 

accurate.   

Reporting The IMU system graphically showed fatigue and gave evidence to 

disparities between punching gloves which could be used to improve 

future training.    

Technology The IMU system was easy to mount and participants did not report any 

discomfort or show any alteration in biomechanics whilst wearing the 

system.   
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5.5. Instrumenting the athlete review  
Chapter 5 aimed to provide evidence for the efficacy of using the SMART framework to aid 

technology selection for the context of instrumenting the athlete on their person. Wearable 

sensors are becoming a commonplace mechanism to enable understanding of athletic 

performance with a common example of analysing running gait features using IMU’s for 

example Thiel et al. (2018).  Chapter 5 focuses on three separate measurement questions 

previously outlined in Table 31.  

• Does the variation of forearm angle when shooting in netball affect the outcome of the 

shot?  

• Can lower limb rehabilitation program adherence (repetitions) and performance 

(segment position and timing) be measured? 

• Can fatigue be quantified in boxing (acceleration, speed and consistency)? 

For each question an off-the-shelf solution was not available therefore there was a requirement 

to design a novel solution. The technology selection process was used to aid the design process 

and ensure the created technology met the requirements. For each process IMU sensors formed 

the basis of the implemented solution however, different hardware (high rate sensors in the 

case of boxing) and different software was created to extract meaning from the data. Through 

a reflective audit process  each implementation case study was shown to meet the smart criteria 

(Table 35, Table 37, Table 41).  The success of the creation of the measurement devices 

indicate the effectiveness of the measurement technology framework for wearable based 

technology solutions. The next chapter will examine the last context for implementing 

technology; instrumentation of the environment. Providing two case studies to establish 

whether the framework is effective in measuring the performance environment of the athlete.  
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Chapter 6: Instrumenting the environment 

6.1 Introduction 
Instrumented environments involve using technology to measure the performance space that 

the athlete occupies or to both create and measure the environment that the athlete is interacting 

in. A large proponent of this technology has been through television broadcasting companies. 

Many sports now present this extra information about the sport during the telecast and in some 

case in near real time. An example in the sport of golf, is the use of doppler radar based 

launched monitors to show the ball flight and impact characteristics (launch angle, spin rates 

etc). Other examples include; video related technologies used for player tracking, cameras 

which aid refereeing decisions for example measuring the offside line or whether a goal has 

been scored in Football, and auditory sensors and thermal imaging cameras for assisting cricket 

umpiring decisions. 

An emerging technology area for assessing performance is to use computer-generated graphics 

to create either simulated environments, as in the case of virtual reality (VR), or to overlay 

virtual elements into the real-world environment, as in the case of augmented reality (AR). 

These simulated or added environmental elements create a unique opportunity for the 

assessment of skilled performance. With the proliferation and availability of VR and AR 

technology, there has been growing trend for sports to use these types of technologies to 

measure skilled performance.  

This chapter answers two measurement questions (Table 42) which relate to how athletes 

visually explore their performance environments and their coupled actions. 

Table 42 Instrumented environments measurement questions and the corresponding sections.  

Sport Measurement question  Section 

Track Cycling 

(sprint) 

In a track cycling match sprint race, does how often and where 

an athlete looks at their opponent effect their performance 

outcome? 

6.2. 

Rowing  

(2000m) 

When a rower looks at their opponents during a race does this 

significantly alter the rowing power stoke cycle? 

6.3 

 

Both these measurements are difficult technically to measure in the field. For example, using 

wearable eye tracking technology with computer vision software would enable the practitioner 



 
 

140 
 

to assess how many times the subject looked at the competitor, however high-speed 

movements, the risk of crashing (cycling), and the risk of water damage (rowing) complicates 

the technology selection. Furthermore, precisely controlling the perceptual affordances 

experienced by the athletes in the real environment is extremely difficult. To measure both 

questions raised in Table 42, instrumentation of the environment was deemed an appropriate 

solution, giving evidence to assess the efficacy of using the SMART framework for selecting 

and implementing the novel technology for measuring performance.   

 

6.2 Track cycling sprint visual search behaviours 
In track cycling an elite coach wanted to ascertain if riders who ‘looked’ (i.e. more visual 

explorations) at their competing athletes during the race had an increased chance of winning. 

Trackside notational analysis through visual inspection is not feasible as velodromes are 250 

m in circumference, and visual glances can be fleeting in time, due to the speed the athletes are 

moving. Other technologies, such as portable eye trackers, could measure the perception 

(Mantuano, Bernardi, & Rupi 2017), however linking these off-the-shelf with other technology 

to measure the action was not feasible. Further complicating the measurement task, athletes 

would require somebody of a similar ability to compete against and access to velodrome (which 

can be limited). Using the framework for measuring performance, it was surmised a virtual 

reality system with a cycling ergometer would negate these limitations enabling the 

measurement of visual search characteristics. As no on-the-market simulators existed to 

measure this, one was designed and created using the SMART framework.  
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Table 43 System design questions that need to be addressed for the VR cycling simulator-based 
measurement solution for evaluating exploratory and cycling characteristics to fulfil the SMART 
compliance criterion. 

Term System design Questions  

Self-Monitoring Is the proposed VR cycling simulator automated to objectively measure 

key bike information (speed, power etc) with synchronised 

measurement of visual exploration? 

Analysis Is the measurement system of an acceptable accuracy and precision to  

evaluate where the rider is looking?  

Reporting Can the VR track simulator system create an output which an actionable 

insight can be inferred to improve future performance? 

Technology Does the simulator accurately reflect the biomechanics of track cycling 

maintaining natural perception / action couplings of the performance? 

 

The creation of this system and its experimental validation are documented below in Section 

6.2.1.  
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****** Start of Publication ****** 

6.2.1 Abstract:  

With the advent of commercially available virtual reality (VR) hardware, immersive 

experiences can be created to simulate competition performance environments. Simulators can 

provide novel ways for fans to engage with otherwise unattainable performance situations. 

Furthermore, simulators can also have clear advantages for elite athletic training by controlling 

the perceptual inputs, measuring the kinematic based outputs, and providing concurrent audio-

visual-haptic feedback. When engineering a virtual simulation system design considerations 

including; hardware selection, software design, user safety, and the provision of performance 

factors, are fundamental. This paper provides a case study into the design considerations of 

engineering a track cycling simulator for the 2018 Commonwealth Games Velodrome. The 

simulator utilises a stationary exercise bike (Wattbike, 2016 Pro) transmitting performance data 

wirelessly, via the ANT+ protocol, to a PC connected to an Oculus Rift VR projecting the 

audio-visual simulated environment. The simulator has been tested on a large reference group 

to evidence the design decisions. The design processes have been generalized to create an 

operational framework to aid the creation of future VR sports simulators.  

6.2.2 Introduction  

Emerging technology is rapidly being adopted in sport to improve performance and gain a 

competitive advantage over rivals. Performance enhancement requires an understanding of the 

perception-action cycle (Bideau et al., 2010). One technology medium that is disrupting the 

sports training space is virtual reality (VR). VR is a global term for visual-based computer 

simulation of a real or imaginary environment with technology being used to both display and 

interact with the environment (Craig, 2013). VR experiences allow users to intuitively interact 

with 3D computer generated models in real time, designed to either entertain, explain, or to 

train (Miles et al. 2012). There is a desire to improve sensorimotor skills through using VR as 

a training mechanism, rather than using VR to purely explain (for example for tactical or 

decision making optimization) or to entertain (Miles et al., 2012). 

VR systems have several potential advantages for athletic training; environments can be 

precisely controlled and scenarios standardized, augmented information can be incorporated to 

guide performance, and the environment can be dynamically altered to create different 

competitive situations (Miles et al., 2012). The advent of high frame rate head-mounted 

displays (HMDs), such as the Oculus Rift (Oculus, California, USA), has allowed bespoke 
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sports training software to be developed. Current HMD VR sports training systems that are on 

the consumer market are primarily based on video training, for example the American Football 

focused STRIVR product (STRIVR Labs Inc, 2017). This software allows users to watch pre-

recorded plays from an egocentric viewpoint, giving athletes immersive familiarization without 

the dependency of being at training. In this context, VR has benefits over 2D video playback, 

associated with the stereoscopic 360° field of view (Bideau et al., 2010). These benefits may 

be focused on either educating athletes about the plays, hence, adding confidence, or through 

entertainment factors (Craig, 2013) 

It could be reasoned that for the VR environment to create a strong positive transfer, realistic 

opportunities for action, with appropriate sensory information, must be coupled with natural 

functional movement fidelity. VR has been used as a training simulator across a range of sports 

including; basketball free-throw shooting (Covaci, Postelnicu, Panfir, & Talaba, 2012), rugby 

side-stepping (Bideau et al., 2010; Craig, 2013), handball goal-keeping (Bideau et al., 2010), 

soccer goal keeping (Craig, 2013), and fly ball catching (Zaal & Bootsma, 2011) to varying 

degrees of success. Covaci et al (2012) used a basketball free-throw shooting task. Experienced 

athletes shot firstly on a virtual simulator, achieving an average accuracy of 47±1% with 

terminal feedback after each shot, followed by real court transfer test in which they achieved 

53±1%. These numbers do not provide evidence of a transfer of training, or success in the VR 

environment, which could be due to shooting a virtual ball without haptic feedback. The de-

coupling of perception and action by eliminating the natural haptic inputs, when used for 

training situations, could cause maladaptive training adaptions (Kulpa, Multon, & Argelaguet, 

2016). 

Miles et al. (2012) developed a criterion for evaluating the efficacy of sports virtual 

environments for training sports skills which included being, having high functionally fidelity, 

affordability and to be validated to work as intended. One marker of functional fidelity is 

presence, the subjective feeling of “being there”(Held & Durlach, 1992), in this case the athlete 

feeling that they are physically located at the virtual sporting environment (Craig, 2013). This 

is made possible through both the perceptual and functional realism of the system. Perceptual 

fidelity, defined as the audio-visual appearance of the real-environment the system is not nearly 

as important as functional fidelity for skill acquisition, defined as the elicitation of realistic 

movement behaviours (Miles et al., 2012; Craig, 2013). The assessment of validity can be 

achieved through capturing the behaviour in the virtual environment and correlating this with 

the real world, ensuring results and learnings are transferable (Zaal & Bootsma, 2011). As VR 
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technology has become more widely adopted, the affordability problem has become less of an 

issue, with one of the most popular HMDs, the Oculus Rift, available for under $500 USD. 

Furthermore, rapid technological advances have negated Miles et al. (2012) concern with HMD 

being too cumbersome to wear and now users can with relative comfort wear these devices 

whilst performing active movement tasks.  

Bideau et al. (2010) created a three step framework for creating VR sports simulators utilizing 

a perception action coupled task (handball goalkeeping) and a de-coupled perception task 

(rugby side-stepping). The framework encompasses an initial capture of the athlete’s actions 

(using motion capture), computer-based animation of the virtual humanoids and, finally, the 

virtual environment presentation, an application specific process. The design framework is 

useful for the applications discussed, however is not generalizable to other sports, such as track 

cycling where motion capture is complicated due to the capture volume.  

The aim of this paper was to extrapolate the Bideau et al. (2010) concept to create a more 

generalizable VR sports training simulator technological design framework, which includes an 

additional step allowing incremental modification, shown in Figure 40(a). The stepwise 

process includes;  

1. Capturing Reference Data 

2. Software Development 

3. Hardware Development 

4. Analysis, and Iteration.  

The fourth step uses an adapted two step criteria from Miles et al. (2012), in which the 

following is asked: is the simulator realistic (in terms of functional and perpetual fidelity)?; 

and are the behaviors represented in the real environment?  

 
6.2.3. Materials and methods 

The simulator was designed to replicate the experience of competing in a track cycling event 

in the 2018 Commonwealth Games stadium in Chandler, Queensland. To achieve this a 

stepwise design process was implemented, as illustrated in Figure 40.   
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Figure 40 Implementation guideline for the creation and iteration of a VR sports simulator. (a) 
Generalized guidelines (b) the detailed implementation for the creation of this simulator. 

Reference data 

One elite male cyclist, who was a previous gold medallist at the Commonwealth Games track 

cycling in the men’s sprint, gave informed consent to participate in the research study (Ethics 

Number: GU2016/746). The athlete was instrumented with three 9 DOF inertial sensors 

(SABEL Sense, Brisbane, Australia) mounted using Velcro straps on the right shank, the right 

wrist, and between the shoulder blades (250 Hz, ±16 g accel., ±2000 °/s gyro., ± 7 Gauss mag., 

weight = 23 g). These sensors (Leadbetter & James, 2016) logged data on a SD card and were 

calibrated before the trial (Lai, James, Hayes, & Harvey, 2004). A helmet mounted 360-degree 

camera (360Fly, Pittsburgh, USA) collected video at 60 Hz, along with additional video from 

a fixed sports action camera (GoPro Hero 3+ Black, California, USA) also sampling at 60 Hz. 

The athlete used a bike computer (Garmin Edge 520, Kansas, USA), wore a GPS sports watch 

(Polar, M400) and a chest strap mounted heart rate monitor (PolarH10, Kempele, Finland). The 

athlete was instructed to perform ten slow laps on the race line, followed by three flying two 

hundred-meter efforts at maximal intensity, then finally a shadow 3 lap race, where he was 

asked to visualize that he was ‘off the front’ match racing an invisible opponent. The placement 

of these sensors and other equipment is shown in Figure 41. A fixed camera (Panasonic HC-

V750M, Osaka, Japan) was also used for reference data recording at 50 Hz and a microphone 

(Rode NT, Sydney, Australia) was placed next to the track to gather ambient track sound data. 
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Figure 41. Data capture devices and their located positions on the athlete’s person and on the bike. 

Additional documentation including UCI track dimension regulations and stadium layout was 

also attained to complete the reference files. 

Software Development 

The reference data points captured in the methods of 6.2.3 were used to create high-fidelity 

models in 3DSMAX (Autodesk, Montreal, Quebec) and Photoshop (Adobe, USA). The VR 

software was then animated in Unity (Unity, San Fransicso, USA) optimised for the Oculus 

Rift HMD. The software uses gaze input for menu selection. Generically sourced crowd noises 

as well as ambient sounds from the bike were implemented to increase the fidelity and to aid 

presence.  

Simulator Implementation 

The simulation experiences uses a stationary exercise bike (Wattbike, 2016 Pro) which 

transmits real time performance data wirelessly, via the ANT+ protocol, to a connected PC 

with an Oculus Rift HMD projecting the audio-visual simulated environment. Sprint 

performance on this cycling ergometer has shown to be highly related and reproducible to track 

cycling performance (Driller, Argus, & Shing, 2013). The experience is an egocentric 

viewpoint of a cyclist on the Pursuiter’s Line. The race included a competitor situated in the 

Sprinters Line, simulating a match race. For competition scalability, the virtual opponent 

matches the riders speed for the first three quarters of the lap. 
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Figure 42 (a) VR simulator implementation: Wattbike Pro connected to a PC with Oculus Rift HMD 
connected. A LCD monitor projects what the rider is seeing. (b) A schematic of the track used with the 
riders riding anticlockwise. The avatar maintained the average lap speed from the first three quarters 
of the lap (red-line to red-line) for the last quarter. 

User testing 

210 non-elite riders with ranging cycling experience gave informed consent to participate in the 

research study (Ethics Number GU 2016/746). Riders were given two laps, a warm up lap and 

the final sprint lap. They were instructed to try to beat the competitor but did not know that the 

competitors speed was dependent on theirs. Data was captured at 15 Hz including track 

positioning of them and the opponent, speed, power, cadence, lap times, and the position and 

rotation of the head in x,y,z. Functional fidelity was assessed by; the riders completing the two 

laps, whether the rider beat the avatar, and the number of times the rider looked directly at the 

avatar for a period over 0.5 seconds, which was termed unique gazes (Ug).  

6.2.4. Results 

Through visual comparison of the real and simulated environment, shown in Figure 43, an 

estimation of perpetual fidelity could be made.  

 
Figure 43 Visual comparison of virtual environment (a) contrasted with the footage collected from the 

reference testing from the handlebar mounted action camera (b) taken from a similar aspect. 

Behavioural fidelity was assessed through the final lap times, with all 210 participants 

completing the race, shown in Figure 44. 
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Figure 44 Final lap (lap 2) times for the 210 participants. 

Another marker of behavioural fidelity was the outcomes against the avatar opponent in terms 

of win/loss percentages and the number of times the riders looked at the opponent.  

 

Table 44 Combined outputs from the 210 riders. Showing the percentage of overall wins against the 
avatar (% win), number of unique gazes at the avatar (Ug), unique gazes average if the rider lost (n= 
119), unique gazes if a loss was recorded (n= 91). 

Factor %Win Ug Ug (Lose) Ug (win) Last Lap(%) Lap time (s) 
Mean 43.33±0.5 3.2±3.2 3.05±2.6 3.4±3.9 137.31±38.7 23.11±4 

 

6.2.5 Discussion 

Assessing Miles et al. (2012) adapted criteria the visual fidelity, evidenced in Figure 43 

although not photo-realistic is comparable, suggesting the visual fidelity is adequate. The level 

of visual fidelity could be improved by laser scanning the environment, to ensure accurate 

visual cues. However, improving the visual fidelity of the simulated environment may not be 

imperative for a transfer of training if immersion is maintained (Craig, 2013). Behavioural 

fidelity could be inferred in Table 44 by the high win percentage 43.33 ± 0.5%. Without the 

visual cues of the competing avatar it would be expected that a higher percentage of riders 

would fatigue, and therefore, lose in the last quarter of the sprint lap. Furthering this, a higher 

number of unique gazes at the competing avatar for winning races contrasted to losing races 

suggests knowing the avatar position is important for winning. Although the validity of the 
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haptic input of the Wattbike has been shown in different studies (Driller, Argus, & Shing, 2013) 

future investigation will use the IMU data capture data protocol with a large sample of elite 

athletes, to perform a thorough biomechanical analysis for track cycling, Wattbike riding and 

VR aided Wattbike riding. This will allow for a more complete determination whether the 

virtual environment improves the biomechanical validity of ergometer training.  

6.2.6 Conclusion 

Virtual reality has the potential to be a powerful technology in training athletes. Using a four-

step method, we demonstrate a possible method for creating a simulator with the example of a 

track cycling simulator designed to replicate the environment the 2018 Gold Coast 

Commonwealth Games velodrome.   

 

****** End of Publication ****** 

To ensure the documented VR track cycling simulator met the SMART criteria framework an 

appraisal was performed (Table 45). 

 

Table 45 VR track cycling measurement system appraisal to ensure the compliance with the SMART 
criteria. 

Term System design Appraisal Criteria  

Self-Monitoring The VR track cycling simulator streamed data in from a previously 

validated Wattbike synchronised with the visual exploration data from 

the Oculus Rift HMD. A MATLAB script was written to automate and 

objectively measure each exploratory action with synchronised bike 

data. 

Analysis Both the Wattbike and the Rift system have previously been reported in 

the literature to be both valid and accurate as a measurement system. 

Software distances and timings were crossed referenced to ensure the 

simulator and Wattbike were both giving the same readings.  

Reporting The system gave feedback about the number of times the participant 

looked at the opponents, the race result, and key cycling data metrics. 

Technology The VR simulator allowed riders to experience riding in the velodrome 

with a high level of visual and action fidelity.   
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6.3 Rowing visual search behaviours 
Similarly, to the cycling case study, the rowing coach wanted to assess how visual exploration 

effected the outcome of single skull rowing. Being a water-based sport, technology selection 

is challenging in-situ as multiple technologies would need to be synchronised to get both 

exploration measures as well as rowing performance data. At this time, there was no off-the-

shelf devices to complete this task therefore an engineering solution needed to be created. For 

this process a virtual environment was selected to ensure the tight control of affordances. The 

SMART criteria was used to aid the design of this simulator (Table 46).    

Table 46 System design questions that need to be addressed for the VR rowing measurement solution 
for evaluating rowing behaviour to fulfil the SMART compliance criterion. 

Term System design Questions  

Self-Monitoring Is the proposed VR rowing simulator automated to objectively 

measure key rowing information (speed, power, strokes, cadence etc) 

with synchronised measurement of visual exploration without the need 

for manual human intervention? 

Analysis Is the measurement accurate and precise and allows an evaluation of 

where the rower is looking?  

Reporting Can the VR rowing simulator system create an output which an 

actionable insight can be inferred to improve future performance? 

Technology Does the simulator accurately reflect the biomechanics of rowing 

maintaining natural perception / action couplings expected in the 

performance? 

 

The creation of this system and experimental validation are documented in section 6.3.1.  

 

6.3.1 Introduction   

Rowing is a sport that encompasses regular ergometer-based training. This is due to the 

inability to practice ‘on water’ regularly due to time and condition constraints.  Furthermore, 

ergometers can be instrumented to monitor performance parameters like power, however 

ergometer rowing has been showed to require a different technique than ‘on water’ rowing 

(Millar et al.2017). Due to these limitations there have been questions pertaining to the current 

use of ergometer systems as a substitute for ‘on water’ training (Millar et al., 2017).  
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One way of increasing the fidelity of rowing ergometer training would be to incorporate a 

virtual environment. This allows for perceptual information to be overlayed for example 

competitor crews or location markers but also to give the possibility to increase the action 

fidelity. For example, poor timing of the stroke could slow the boat down as it would in ‘on 

water’ rowing. The simulated environment additionally affords the ability to measure the 

perceptual cues rowers are experiencing during a race and the subsequent action responses to 

these cues.  

6.3.2 Methods 

To create the virtual simulator the operational sports VR framework was used (Shepherd et al., 

2018, see Figure 40) which was adapted to create the rowing simulator. 

 

Figure 45 Rowing simulator showing the reference technology used, the tools used to build the 
software, the implementation, and the analysis and iteration processes. 

Reference Data 

To capture accurate perceptual data a reference session was conducted at Penrith’s 

International Regatta Centre. This was broken into two phases. Phase one utilised a motorised 

boat using a customised aluminium boom rig which captured footage using a 360-degree high 

definition camera (4K 360Fly Inc, Florida, USA) filming at 30 Hz. The experimental setup is 

shown (Figure 46). 
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Figure 46 Experimental set up for video data acquisition process. Aluminium boom rig referred to as 
an AL Pole.  

The boat maintained a constant slow speed of 2 Knots (3.7 Kph) with this measure verified 

from the boat’s instrumentation, as well as using a GPS logger (OARS, logging at 1 Hz) on a 

mobile device. This protocol was repeated twice. To ensure visual likeness, reference images 

were taken of a single skull rowing boat with the craft dimensions recorded using a tape 

measure (Figure 47).  

 

Figure 47 Reference skull used for measurements and used for the ‘on water’ rowing test  

For action fidelity reference, an international standard female rower, rowed the Penrith 2000 

m course (on the boat pictured above) which formed the second phase of reference testing. To 

capture this data, three inertial measurement units (250 Hz, ±16 g three-axis accelerometer, 

±2000 °/s three-axis gyroscope, ±7 Gauss three-axis magnetometer, mass = 23 grams) were 

attached (one placed on each oar, and one on the hull on the boat pictured above in Figure 47). 

These sensors (Leadbetter & James, 2016) logged data on a SD card and were calibrated before 

the trial (Lai et al., 2004). A chest mounted action camera (GoPro Hero 5 Black, filming at 60 

Hz) was also used for visual reference and a LED light from the IMU’s synchronised the video 

to the IMU data.  
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Software development  

To create the software, the video footage captured in phase one was imported into Unity (Unity, 

San Francisco, USA) meaning the visual virtual environment would be the same as the real 

performance environment. Using the boat references a high-fidelity model was created in 

3DSMAX (Autodesk, Montreal, Quebec) and Photoshop (Adobe, USA). The soundbite from 

the GoPro recording of the oars entering the water, was used to increase the fidelity and to aid 

presence. From user testing, the real water looked ‘fake’, so the water was digitally created. 

Model buoys as well as animation of a splash as the oars entered the water were also 

implemented.  

 

VR Simulator Implementation 

The hardware was then linked with input data that was gathered from a Concept II Dynamic 

Rower, with the PM5 performance module which was connected to a PC via wired cable which 

determined power, speed, cadence at 100Hz.  The VR was outputted using a virtual reality 

headset, the HTC Vive. The Vive Controllers were additionally mounted to the ergometer 

handles to drive the oar position.  

A competing avatar was added into the simulation. This competitor was set to row at a 

preselected pace. The VR simulation at a preselected time was also incorporated into the 

simulator with the rower receiving additional information pertaining to boat speed through a 

heads-up display (HUD). If the rower wished to preselect a designated speed range for the 

session, the speed output would be green if in the target range, or red if not. Data was stored as 

a comma separated value (CSV) file at 100Hz from both the rower (power, cadence, time, 

distance) as well as positioning information from the HTC Vive headset.  

Results 

One rower (professional, male 27) was asked to row the 2000 m course. Before testing the 

subject gave informed consent (GU Ref No:2017/587) and was instructed by the overseeing 

trial supervisor try to get their best time. The software saved data to a database with a post-

processing script created in MATLAB to automatically track when the user looked at their 

competitor, where this happened, the position of the rower, the position of the competing 

avatar, the power, speed, distance covered, checkpoint times, overall time taken to complete 

the course and whether the athlete won the race.  
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Discussion  

The video of what the user was seeing was saved, as was the data from the Concept 2 dynamic 

rower to allow for a validation to be performed. This validation compared the time and 

distances from those covered in the game. It was found these matched. The number of direct 

visual glances (for over 0.5 seconds in length) at the competing avatar was also correlated to 

the automated metric, again showing an exact match. Figure 48 (Left) gives an example of 

when the user has intentionally looked at the competing avatar in the game play. As shown in 

Figure 48 (Right), even though the avatar can be seen in the periphery, the central vision is not 

focused on the avatar. The virtual mirrored water as well as other game features like the heads-

up display (HUD), animated boats, animated buoys, splash from the exiting oar can be seen, 

exemplifying the perceptual fidelity of the simulator (Figure 48).  

 

 

Figure 48 Virtual reality rowing simulator in game images. Left: Shows an instance where a glance at 
the competing avatar nearing the end of the Penrith course is detected. Right: Shows a frame where a 
glance is not detected.   

 

6.3.3 Conclusion.  

The VR simulator proposed allows a coach to assess the measurement question of how visual 

exploration effected the outcome of single skull rowing. The simulator received anecdotal 

praise from the elite athlete expressing an eagerness to incorporate the simulator into his regular 

training practices and said he felt like he was “really there”. This marker of presence is 

important, and the simulator could have a gamification effect on training, making it more 

enjoyable. Further research would be required in order to prove these hypotheses and would 

also be required to answer the coaches’ specific question of how visual scanning effects elite 

performance. This data could be studied in comparison to ‘on water’ IMU measurements to 

derive instances of head exploration similar to McGuckian et al. (2018). To ensure the created 
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VR rowing simulated system met the measurement requirements a compliance appraisal was 

performed (Table 47).   

Table 47 VR Rower ergometer measurement system appraisal to ensure the compliance with the SMART 
criteria. 

Term System design Appraisal Criteria  

Self-Monitoring The rowing simulator streamed data in from a previously validated 

Concept2 with PM5 and this was synchronised with the visual 

exploration data from the HTC Vive HMD. A MATLAB script was 

written to automate and objectively measure each exploratory action 

with synchronised rower data. 

Analysis Both the Concept2 ergometer and the HTC Vive system have 

previously been reported in the literature to be both valid and accurate 

as a measurement system. Software distances and timings were cross-

referenced to ensure the simulator and Vive were both giving the same 

readings.  

Reporting The system gave feedback about the number of times the participant 

looked at the opponents, the race result, and key rowing data metrics. 

Technology The VR simulator allowed rowers to experience rowing in the Penrith 

regatta centre with a high level of visual and action fidelity.   

 

6.4 Instrumenting the environment review  
Chapter 6 aimed to provide evidence that the environment could be instrumented through two 

separate examples of both creating and then measuring the environment and the athlete’s 

interaction with this performance space. The measurement question which was required to be 

answered, answered the questions outlined in Table 43. 

• In a track cycling match sprint race, does how often and at what part of the track an 

athlete looks at their opponent affect their performance? 

• When a rower looks at their opponents during a race does this significantly alter the 

rowing power stoke cycle? 

At the time of this study, there were no off-the-shelf measurement solutions available to address 

these questions. Therefore, there was a need to design a novel solution. High frame rate HMD 

VR simulators were selected as the base technology for measuring both the cycling and rowing 
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questions. The hardware used for both simulators were different (cycling: Wattbike & Oculus 

Rift; rowing: Concept2 Dynamic & HTC Vive HMD), and a different software approach was 

taken (for example overlaying real footage in rowing in contrast to a purely digital created 

model). Both simulators were appraised to ensure a satisfactory meeting of the proposed 

SMART criteria. From this SMART appraisal, it was evident that both implemented 

technologies successfully answered the measurement question. Providing evidence, that the 

overall framework for measurement selection is beneficial for cases where the environment is 

instrumented.  
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Chapter 7: Conclusions and recommendations for future work 

7.1  Thesis summary  
Technology has been used to measure performance throughout sporting history. Its use though, 

has been reported as ad-hoc with a core focus on providing outcome measures or explaining 

the process of the performance. The current sports measurement landscape has a level of debate 

which both advocates for, and against the use of technology for measuring sports performance. 

Collins et al. (2015) highlighted that there is an issue with technology selection and 

implementation. 

 “…We encourage coaches and academics to think carefully about what technology is 

employed, how and why, and then the means by which these decisions are discussed with and, 

preferably, sold to players.” (Collins et al., 2015, p 1088).  

To address Collins et al. (2015) concerns, an investigation was performed to understand the 

landscape of sports metrology, separated into four primary research questions (Table 48). 

Table 48 Core research questions and the outcomes uncovered in response to them.  

Index Research Question Outcome 

RQ1 What past and current technology is 

used to measure sporting performance? 

Section 2.1 outlined that a wide array of 

sports measuring technologies are being 

used for the measurement of performance 

both in the current landscape, and 

throughout history. These devices either 

measure the performance outcome and/or 

the process behind the outcome.  

RQ2 How is this technology applied to 

measure performance? 

Section 2.2 provided evidence that 

expertise is difficult to quantify but can be 

explained by the way experts coordinate 

movement. Technology to measure this is 

currently not prescriptive, and there is no 

framework to select or create the right 

technology to give this outcome.   
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RQ3 Why (and in what context) are these 

sporting technologies being 

implemented? 

Section 2.3 identified that there are three 

primary methods for implementing 

technology; either on the athlete’s person, 

in equipment they interact with, or 

instrumenting the environment. These 

implementations appeared ad-hoc with no 

clear generalisable inferences to enable a 

practitioner to select technology that was 

adequate.  

RQ4 RQ4. From evaluation of RQ1, RQ2, 

and RQ3, can the use of sporting 

technologies in sport be optimised? 

Section 2.4 concluded that there is an 

abundance of possible measurement 

technology, however there is not a 

framework for the selection, creation, or 

implementation of sports metrology 

technology to measure performance. It was 

hypothesised that if created, this 

framework could enable a clearer 

understanding for both players and coaches 

of why measurement was occurring.  

 

From the findings outlined in research question four (RQ4), it was clear that the creation of a 

framework to direct the selection, creation, and implementation of sports measurement 

technology would enable accurate performance measurement. This framework was developed 

in Chapter 3, with the creation of the measurement technology framework, encompassing the 

technology selection protocol, and the SMART criterion. This design process was applied to 

the three identified contexts where measurement technology could be embedded. 

- Instrumenting the equipment (Chapter 4) 

- Instrumenting the individual (Chapter 5) 

- Instrumenting the environment (Chapter 6) 

The framework was tested across several different sports with differing measurement 

requirements, shown in Table 49. 
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Table 49 Different measurement technology and the context where it was used.  

Sport Mounting Technology Context 

Wheelchair basketball On the Wheel IMU Equipment 

Netball Forearm  IMU Individual 

Boxing Wrist High rate IMU Individual 

Rehabilitation Quadricep  IMU with real-time 

feedback. 

Individual 

Rowing HMD + ergometer HTC Vive, Concept2 

Dynamic rower 

Environment 

Track Cycling HMD + ergometer Oculus Rift, Wattbike  Environment 

 

The framework was tested for both males and females, in team sports (wheelchair basketball, 

netball) and individual sports (boxing, rowing, track cycling), with athletes with a disability, in 

training contexts, game environments and in rehabilitation settings. For all cases the framework 

proved a useful tool for creating and appraising the appropriateness of a custom engineered 

measurement technology. Overall, this indicated that the SMART methodology was 

generalisable for application across many different sports with differing measurement 

requirements. The framework should also be useful for selecting technology, with a suggested 

proforma to achieve this outlined in Appendix 8.2 and a case study example shown in Appendix 

8.3.  
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7.2  Thesis limitations and future work 
This thesis presented a framework for the creation, selection, and implementation of 

technology to measure sports performance. Although several case studies were examined, this 

is only a mere segment of the possible total proportion of sports technology. Implementation 

by different individuals across a wide range of sports will be important to ensure the validity 

and usefulness of the framework.  

The thesis addressed the implementation of technology for measuring performance through the 

vessel of the SMART framework. It would be useful to see how the athletes improved through 

this feedback and assess if the framework can enhance skill acquisition. Future work should 

assess the impact of having a SMART compliant technology on motor skill acquisition, 

evaluating if technologies compliant to this framework improve learning outcomes. It would 

also be useful for sports teams and institutes to adopt or adapt the suggested request for 

measurement technologies and technology selection protocols, documented in Appendix 8.2. 

These forms could be embedded within a monitoring system application (phone or web-based) 

or filled in as a paper-based form. An examination on the practicality of these forms, from a 

sporting body level, would be advantageous as there is potential that the purposeful selection 

of technology could have economic benefits through reducing redundant spending on non-

suitable technology.  
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Chapter 8: Appendices 

8.1 Appendix I: Operational guidelines for using the SMART framework for 

high performance sport 
It is a common occurrence that coaches, athletes, and high-performance institutes are inundated 

with new measurement technologies which purport to give a competitive advantage to players. 

The following documents aims to aid the technology selection and implementation process.  

The following forms (8.1.1 & 8.1.2) are designed to be completed digitally. The request for 

measurement technology (RMT) proforma should be completed first with the data stored. In 

the instance where the selector of technology is assigned to someone other than the person who 

requested the technology (e.g. analyst / sports scientist / coach etc) they should read the RMT 

first. The computer program logic for the technology selection protocol (TSP) is shown in 

8.1.3.  

8.1.1 Request for measurement technology 

1. What are you trying to measure? 

___________________________________________________________________________

___________________________________________________________________________

___________________________________________________________________________ 

2. Why is measuring this variable important and what value does this have?  

___________________________________________________________________________

___________________________________________________________________________

___________________________________________________________________________ 

3. What do you think/want the data to tell you? 

___________________________________________________________________________

___________________________________________________________________________

___________________________________________________________________________ 

4. If you are not the athlete, will the athlete know what is being measured and why this is 

being measured? If not, please outline why this will not be discussed with them.  
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___________________________________________________________________________

___________________________________________________________________________

___________________________________________________________________________ 

5. Are you aware of any technology/technologies that measures the key performance 

indicators listed in Question 1?  

___________________________________________________________________________

___________________________________________________________________________

___________________________________________________________________________ 

6. What is your budget for this technology? 

___________________________________________________________________________

___________________________________________________________________________

___________________________________________________________________________ 

 

8.1.2 Technology selection protocol (TSP) 

1. Identify a specific type of technology that could be used to address the measurement 

query in RMT Q1 (for ideas see RMT Q6).  

___________________________________________________________________________ 

2. After initial setup, is this technology automated in finding the result? (hint: a stopwatch 

requires somebody to start and stop the device, therefore would not be automated)  

Y / N 

3. Has the technology been validated? 

Y / N 

a. If no  

i. Can a validation be performed using a known output?  

b. If yes: 

i. Is the reported error of the measurement system acceptable?  

4. Does the technology report data in an intuitive manner allowing the interpretation of 

performance to allow for actionable insights to be inferred for future performance? 
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Y / N 

a. If no:  

i. Can a third-party tool be created to provide data dissemination and 

visualisation?  

 

5. Does the technology allow normal biomechanical movements, and can the technology 

test the athlete in an environment where key information cues are present?  

Y / N 

6. Is the technology available or can it be created? Does this fall within budget? 

Y / N 
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8.1.3 Computer logic for the technology selection protocol 

 

Figure 49 Computer program logic for technology selection protocol  

 



 
 

166 
 

8.2 Appendix II: Implementing RMT & TSP a case study 

8.2.1 Recording shooting percentages in netball training 

Shooting and the accuracy of this activity in netball is inherently important as the game is won 

by the team with the most goals. In this case study a coach wanted to assess the volume of shots 

in training and the accuracy of these shots. The coach filled out the RMT form and the 

researcher  ensured it met the SMART criteria through the TSP. Below are the outcomes as a 

case study.   

8.2.2 RMT & TSP outcomes  

1. What are you trying to measure? 

Measure how many goals a shooter made.       

              

2. Why is measuring this variable important and what value does this have?  

I want to ensure that the shooters are meeting my specified volume of shots, and I want to know 

general accuracy trends.            

3. What do you think/want the data will tell you? 

I will know if the shooter is achieving the specified shooting volume targets and at what 

accuracy they’re shooting at. From this I can monitor the external load on that athlete and look 

at overall trends (e.g. are they shooting better in training then the game and if so why). 

4. If you are not the athlete, will the athlete know what is being measured and why this is 

being measured? If not, please outline why this will not be discussed with them.  

Yes, the athlete will be aware that they are being monitored and why. I believe through being 

monitored they will improve adherence to the volume specified and focus more on shooting in 

practice.                    

5. Are you aware of any technology/technologies that measures the KPI indicated in 

Question 1?  

In basketballer there is a technology called shot-tracker which records the amount of shots and 

whether a goal has been scored.          

6. What is your budget for this technology? 
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Less than $1000 for this technology.          

Following the coach’s recommendations an evaluation of the technology selection protocol 

was performed.  

Table 50 Technology selection protocol output for the Shottracker device to measure a netballer’s 
shooting accuracy.  

Technology 

name 

Q1 Q2 Q3 Q3a Q3b Q4 Q5 Q6 

ShotTracker Yes Yes No Yes Yes Yes Yes  Yes 

 

From this appraisal it was evident that the ShotTracker (following a validation) was one 

possible technology that could be implemented. This validation and implementation was 

performed and reported below to ensure it was SMART compliant (Q3).   

 

Paper Citation  

Shepherd, J., Voge, C., Rowlands, D., & James, D. (2016). Assessing the impact of integrating 

IMU wearable technology in an elite netball training environment for performance analysis. 

Human Technologies: Proceedings of the Engineering Theme 3 Retreat, 1(1), 19–20.  

****** Start of Publication ******* 

8.2.3 Introduction 

Since its codification in 1901 (Treagus, 2005), netball has become increasingly popular with a 

current playing population in excess of 20 million players (Delextrat & Goss-Sampson, 2010).  

The core aim of netball is for the goal shooters to shoot the ball through a 3.05 m high pole, 

with the team who scores the most goals at the end of four 15-minute quarters winning the 

game. Subsequently, scoring has been deemed the most important facet for competitive success 

of a netball team (Delextrat & Goss-Sampson, 2010) with an impetus tracking shooting 

percentage both in training and match environments. In high performance environments shot 

tracking is generally manually recorded, a resource intensive process occurring both in training 

and game environments. Recent advancements in technology, paralleled with an increased 

professionalism within netball has led to new methods of performance analysis. Video analysis 

(Jenkins, Morgan, & O’Donoghue, 2007), inertial sensor for workload intensity-based 

classification (Cormack et al, 2014), and GPS for load monitoring (Higgins, Naughton, & 
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Burgess, 2009) have been reported in literature as novel methods for performance analysis. The 

advent and increase in popularity of crowd funding has led to a plethora of wearables based on 

inertial measurement units (IMUs) being taken to market. One such device is the ShotTracker 

(ShotTracker, Kansas City, United States of America), an IMU based basketball shooting unit, 

designed to automate the tracking of basketball shooting percentages (“Shottracker, Inc. 

‘Basketball Net Which Detects Shots That Have Been Made Successfully’ in Patent 

Application Approval Process (USPTO 20160096067,” 2016).  ShotTracker gives concurrent 

knowledge of results in terms of shooting percentages, however there is no evidence in netball 

literature confirming the effectiveness of this feedback in netball shooting.  

 

8.2.4 Methods 

Two elite female shooters (20 years old, right handed) from an elite grade netball team were 

chosen to participate in the study. The participants were the primary shooters for the same 

national representative team, playing at an international netball competition which consisted of 

6 games. One player as the primary Goal Shooter (GS) and the other as the primary Goal Attack 

(GA). The study was to assess whether utilising automated shot tracking in training would 

improve accuracy in game. Three periods were examined, a control period of five weeks of 

state-level based games with no technology, an intervention period where shot tracking was 

used for five weeks, and finally the international match period, consisting of 6 international 

matches. The intervention encompassed the coaching staff using the ShotTracker system 

during specific shooting sessions. The coach, utilising the iPhone application, had access to 

constant knowledge of shooting percentages during the shooting session and delivering verbal 

cuing to the player when they deemed appropriate. Prior to this study neither of the players or 

the teams coaching staff had used technology to automate shot tracking. The ShotTracker 

system was set up as per the manufacturer’s instructions with the wrist sensor, encased in a 

sweat band, mounted proximal to the distal radioulnar joint and a second, net mounted sensor, 

clipped onto the net (USPTO 20160096067,2016). The beginning of the intervention period 

included a baseline shooting test to validate the technology. This test encompassed a 10-minute 

shooting warm up followed by 10 shots from a mid-range distance (2.45 m from the goal post) 

at three locations, directly in front of the post (0 °), 69.7 ° to the left of centre, and 69.7 ° to the 

right of centre. On the 7th shot of each block, the coach put defensive pressure on the shooter 

with a pool noodle shown in Figure 50. As an independent validation, the thirty shots for each 
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shooter were filmed and the result of the shot was recorded by a researcher blinded to the 

ShotTracker outputs. The research was conducted under Griffith University Ethics 

(GU:2016/294).  

 

8.2.5 Results 

The validation test showed consensus between the manually recorded and automated shooting 

outcomes, with both indicating that 54/60 shots were made.  During the intervention period 7 

sessions were tracked, with the ShotTracker automatically tracking 686 goals from 906 

attempts at a mean shooting percentage of 75.72 %. The shooting percentages for the state 

league and international games are shown below. 

 

 

Figure 50 (left) Tabulated field goal percentages over the three periods with the arithmetic mean 
reported as a percentage, Av. (Right) Image showing the 7th shot from the centre position. 

 

8.2.6 Discussion 

Although the technology was validated without error, the coaching staff reported an error if 

there was a goal post collision, where the vibrations were sufficient enough to shake the net 

mounted device. When this occurred the coaching staff manually adjusted the ShotTracker 

attempts and goals. Shooting percentages, as shown in Figure 50, improved after the 

ShotTracker was used. Interestingly this improvement happened irrespective to the elevation 

in competitive defensive pressure inherent with the increased competitive standard of the 

international competition. It should be noted that the authors don’t feel the improvements 

should be entirely attributed to the knowledge of results provided by the automated tracking 

system. The nature of being tracked will invariability increase practice pressure, increasing 

athlete accountability and ensuring shooting targets are adhered to. Furthermore, both the 

athletes and the coach reported the enjoyment of utilising technology, essentially gamifying 

the training environment. With higher practice it could be reasoned that shooters will more 
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likely engage in a higher frequency and duration of deliberate practice, potentially enhancing 

skill gains. Furthermore, this study is limited by a small sample size an inherent issue when 

there are only two primary shooters in an elite team.  

 

8.2.7 Conclusion 

The results indicate that the accurate automation of shot tracking in netball training is possible 

using wearable IMU technology. Marginal performance gains, in relation to shooting 

percentages, were noted however a direct correlation between this and automated shot tracking 

cannot be made solely from this study. 
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8.3 Appendix III: Other publications that were not reported in the thesis 
 

During the candidature there were more publications that spawned from this thesis. Below the 

additional projects / publications are listed as well as the link to the thesis and the rationale of 

why this work was not presented within the thesis body.  

8.3.1 Head exploration in football (soccer) 

A researcher (T. McGuckian) wanted to investigate the importance of exploratory head 

behaviours in football. The author of this thesis role in this process was to facilitate the selection 

and creation of the measurement technology. It was deduced (using the framework outlined in 

chapter 3) that due to the high-speed nature of head movements that a head mounted wearable 

IMU sensor would be suitable to measure the desired variable (head exploration). As no off-

the-shelf solution existed it was decided that a solution was required to be engineered. To 

ensure it was SMART compliant a validation was performed and published.  

 Chalkley, D., Shepherd, J. B., McGuckian, T. B., & Pepping, G. J. (2018). Development and 
validation of a sensor-based algorithm for detecting visual exploratory actions. IEEE Sensors 
Letters, 1–1. https://doi.org/10.1109/LSENS.2018.2839703  

 

The research team implemented the technology in a football specific context which was 

published (see below), and currently this measurement technology has just been implemented 

in match play.  

 
 McGuckian, T. B., Chalkley, D., Shepherd, J., & Pepping, G.-J. (2018). Giving Inertial 

Sensor Data Context for Communication in Applied Settings: An Example of Visual 
Exploration in Football. Proceedings, 2(6), 234. https://doi.org/10.3390/proceedings2060234 

 

8.3.2 In-situ ground reaction forces  

Ground reaction forces from running are usually performed in the laboratory using load-cell 

based force plates. Whilst accurate, these force-plates are not portable and are expensive. A 

IMU based solution was created and a validation study was performed to ensure that the 

technology would meet the SMART criteria as a possible measurement device.  

 
 Thiel, D. V., Shepherd, J., Espinosa, H. G., Kenny, M., Fischer, K., Worsey, M., … Wada, T. 

(2018). Predicting Ground Reaction Forces in Sprint Running Using a Shank Mounted Inertial 
Measurement Unit. Proceedings, 2(6), 199. https://doi.org/10.3390/proceedings2060199  

https://doi.org/10.1109/LSENS.2018.2839703
https://doi.org/10.3390/proceedings2060234
https://doi.org/10.3390/proceedings2060199
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8.3.3 Wheelchair drill classification 

 
As documented in chapter 4 wheelchair basketball is one example were the equipment can be 

instrumented. A visiting Japanese researcher (Wada) utilised the algorithm to classify a small 

battery of typical training drills. This paper was published in Japanese so was not included in 

the main text document.   

 
 Wada, T., Shepherd, J. B., Rowlands, D. D., & James, D. A. (2016). A measurement of sport 

wheelchair propulsion based on AHRS. Symposium of the Japan Society of Mechanical 
Engineers: Sports Engineering Human Dynamics 2016, シンポジウム：スポーツ工学・ヒ

ューマンダイナミクス 2016(16–40). https://doi.org/10.1299/jsmeshd.2016.A-16 
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8.4 Appendix IV: Ethics Approvals 
Below the Griffith University ethics approval numbers used for the experiments are listed 

(Table 51).  

Table 51 Ethics approval numbers from Griffith University.  

Title Approval Number 

Wearable Sensor technologies for Improved Motor 

Learning. 

GU Ref No: ENG/07/15/HRE 

Utilising technology to assess the effectiveness skill 

acquisition interventions for elite athletes. 

GU Ref No: 2016/294 

Efficacy of virtual reality to create immersive and realistic 

track cycling experience of the 2018 Commonwealth Games 

Velodrome. 

GU Ref No:2016/746 

Wearable Sensor technologies for exercise and sport activity 

monitoring. 

GU Ref No:2017/587 
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