
 

 

 

Incorporating End-User Feedback in the Development and 

Validation of a Smart Textile for assessing Sports Training 

and Performance 

By 

Nathan James Toon 

 

Programme of Study: 

Master of Philosophy (MPhil) 

Submitted: 

March 2023 



 
II 

  



 
i 

Declaration 

I declare that: 

a) All work described in this report has been carried out by me, and all the 

results (including survey findings, etc) given herein were first obtained 

by me, except where I may have given due acknowledgement to others. 

b) All the prose in this report has been written by me in my own words, 

except where I may have given due acknowledgement to others and 

used quotation marks, and except for also occasional brief phrases of no 

special significance which may have been taken from other people’s work 

without such acknowledgement and use of quotation marks. 

c) All the figures and diagrams in this report have been devised and 

produced by me, except where I may have due acknowledgement to 

others. 

I understand that if I have not complied with the above statement, I may be deemed 

to have failed the project assessment and/or I may have some other penalty imposed 

upon me by the Board of Examiners. 

Signed:       Date: 19/06/2023 

Name: Nathan James Toon  



 
ii 

Programme: Master of Philosophy (MPhil) 

  



 
iii 

Abstract 

Objectives: The aims of the research project were to explore the 

need and desire of a new sport wearable within applied practice by 

creating dialogue with the end-users. Furthermore, the research 

project sets out to quantify the reliability and validity a new sports 

wearable, KiTT (Knitted intelligent Textile Tracker), against the 

current gold-standard three-dimensional motion-analysis counter-

part. 

Methods: Study 1 will utilise semi-structured interviews to create 

dialogue between the researcher and end-users. This will help 

provide an image into the current use of technology within applied 

practice. Furthermore, study 2 will capture and calculate the relative 

knee angles from KiTT’s raw resistance, and compare the results to 

that of Vicon, where reliability and validity will be assessed; this is 

imperative before task-specific research. 

Results: Study 1 identified a need, and requirement for new sport 

wearables, specifically in the form of e-textiles. This would enable 

end-users to adopt technology into their work, potentially 
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enhancing their output. In addition, study 2 suggests that KiTT 

serves as a valid and reliable tool at recording relative knee angle 

across five commonly used sporting exercises, with high degrees of 

accuracy.  

Conclusion: End-users stated a need and requirement for 

technology such as KiTT to be created for adoption within their 

practice. Current systems are often inaccessible and can lead to 

performance losses. KiTT serves as a valid alternative to motion-

capture, whilst offering more benefits to the user (cost-friendly, easy 

to use, and portable). When investigating an individual’s relative 

knee angle, KiTT should be considered especially in specific testing 

conditions. 
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Chapter 1: Project Introduction 

 Smart textiles are an evolving piece of technology, which are relatively new and 

untouched by the applied practitioners (Meena et al., 2023). Smart textiles offer the 

user a new form of data collection, where the participant can wear a purpose-built 

garment that replaces a sock, a knee sleeve, an elbow sleeve, or undershirt which 

traditionally do not collect data (Adesida et al., 2019; Meena et al., 2023; Semjonova et 

al., 2022). One smart textile that has been developed to measure lower-limb kinematics 

is the Knitted intelligent Textile Tracker (KiTT), created by Footfalls and Heartbeats (UK) 

Limited (Nottingham, UK).  

 Research into KiTT has been on-going since its inception, with collaboration 

taking place at the University of Derby since 2021. The current research project serves 

as a development and continuation from the 2021 research project, where KiTT was 

assessed for validity within a resistance-trained population (Toon et al., 2022). The 

current development stage of KiTT requires additional testing to quantify the degree 

of reliability and validity, before assessing its accuracy, and ultimately entering the 

market for use.  

 Furthermore, the current research project was established to assess the current 

application of technology within applied sports practice, and what end-users and 

coaches desire and require from their technology. To understand the views of end-

users and coaches, semi-structured interviews will be conducted focussing on four key 

areas. These areas will provide an insight into how coaches currently operate, how their 

technology is utilised (if applicable), and what they would deem necessary from new 

pieces of technology to aid their work. The current research aims to aid coaches by 
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providing a technological solution that offers both reliable and valid data, as well as 

being easy-to-use, and time-efficient (Halson, 2014). Following guidance from Wilson 

et al. (2017), an interview schedule was devised to collect qualitative data from the 

sample, which would later inform future research into an evolving e-textile. KiTT, which 

will be validated within the research project has the potential to capture several lower 

limb kinematic variables. KiTT incorporates a textile strain sensor, where an electronics 

module within the sleeve measures a change in voltage which is experienced through 

motion (Brendgen et al., 2022). Through post-collection software, the kinematic 

variables from KiTT can be extracted and translated into metrics which can be 

compared directly to the gold-standard equipment. Following on from the results and 

guidance from chapter 3, KiTT’s reliability and validity will be investigated to determine 

whether the technology can be offered as a replacement to current technological 

solutions and works as intended. To assess the reliability and validity of KiTT, several 

sporting exercises will be completed amongst a sample, with a 3D motion-capture 

system acting as the gold-standard reference (Tanner et al., 2015; van der Kruk & 

Reijne, 2018). With all new sport technology, there needs to be a period of reliability 

and validity assessment to ensure the results are as expected (Tanner et al., 2015). 
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Chapter 2: Literature Review 

2.1 Technology in Sport 

2.1.1 Origins and Current Application of Technology 

Sport has been played for hundreds of years across the world, where until the 

20th century, participants relied on just skill, passion, and desire to excel. However, in 

the late 19th, and 20th century, there were some early forms of technology in use, such 

as the photo finish (1888), physiological testing equipment (1920’s), a screen to display 

instant replays (1955), and electronic timing pads that were used within swimming 

(1957) (Omoregie, 2016). Towards the late 20th century, technology in sport became 

more common, with paralympic athletes making use of lower limb prosthesis’ in 1988, 

and serve-speed becoming more available in tennis, in 1991 (Dyer, 2015).  

The adoption of technology within sport has increased drastically since the turn 

of the 21st century (Mali & Kumar Dey, 2020). Utilising technology can be defined within 

six distinct categories: self-technology, landscape, implement, rehabilitative, 

movement, and database; emphasising the wide-range of applications possible 

(Omoregie, 2016). Self-technology is concerned with improving the individual, which 

contains performance enhancing drugs and supplements, as well as prosthesis/bionic 

limbs, and psychological interventions (Marks & Michael, 2001; Omoregie, 2016; 

Reyes-Bossio et al., 2022). Landscape technology is concerned with utilising the 

environment around the sport, to either benefit performance or the spectator’s view 

on the event (Omoregie, 2016). Examples of landscape technology are ‘JumboTron’ 

screens, and global position system (GPS), where satellites are used to triangulate an 
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individual’s position on the field, and collect multiple variables related to performance 

(Omoregie, 2016; Theodoropoulos et al., 2020; Yunwei & Shiwei, 2019). Implement 

technology is integrated directly into performance, and is there to aid competition, in 

the form of shark suits (swimming), high-tech running shoes, and advances tennis 

rackets and golf clubs (Bermon et al., 2021; Lees, 2019; Morales et al., 2019; Omoregie, 

2016). Rehabilitative technologies are concerned with the overall health and well-being 

of the participant. These technologies aim to either resolve an on-going injury, 

regardless of the severity, or to help avoid an injury through preventative measures 

(Omoregie, 2016; Patterson et al., 2008). Whirlpools, electronic muscle stimulation 

(EMS), and clinical diagnostic equipment, are all examples of rehabilitative technologies 

with the same objective of bringing the user back to full health (Finnoff et al., 2016; 

Patterson et al., 2008; Pinar et al., 2012). Movement analysis is another term for 

performance analysis, where the performance is recorded in either training or 

competition, and later reviewed to better understand and learn how to beat an 

opponent or improve a personal performance (Gomez-Ruano et al., 2020; Mackenzie 

& Cushion, 2012; Omoregie, 2016). Finally, database technologies are largely 

concerned with the analysis and storage of data collected (Omoregie, 2016).  

Within sport and exercise, technology is widely used to collect data, monitor 

individual’s progressions (e.g., jump height, power, speed), workloads, and 

performance, as well as to ensure correct decisions are given within game situations 

(Gathercole et al., 2015; Muniz-Pardos et al., 2019; Singh Bal & Dureja, 2012). 

Conventional technological systems such as motion-capture and force plates allow the 

user to collect accurate and valid data, with high levels of accuracy (Beckham et al., 

2014; Gathercole et al., 2015). Although these methods have a high level of sensitivity 
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and accuracy, they are hindered by a lack of practicality in sporting situations, with 

athletes and coaches requiring access to testing, and objective data in a timely and 

efficient manner. As a result, technological advancements are being developed to aid 

coaches and practitioners within sports settings, to address their specific needs and 

demands (Adesida et al., 2019; Luczak et al., 2019). Contemporary methods, including 

sport wearables, often relay data to coaches and practitioners instantaneously in real-

time, providing numerous benefits such as the live monitoring of an individual’s 

workload and intensity, which can positively impact a team performance, as well as 

reducing injury risk of the user (Luczak et al., 2019). Access to real-time data allows 

coaches and practitioners to instantly tailor training plans for their athletes, depending 

on their level of exertion and their response to a stimulus. This can be useful as the risk 

of injury and effects of fatigue may increase if an athlete is working too hard, whilst 

ensuring athletes are not coasting through sessions, and not working as hard as they 

could (Adesida et al., 2019; Seshadri et al., 2019; Seshadri et al., 2021). 

2.1.2 Current Use of Technology 

The increase in technological adoption is giving coaches and practitioners more 

data than ever before (Cabarkapa et al., 2022; Nguyen et al., 2015; Svilar et al., 2019). 

The vast amount of data available to coaches can aid the formulation and deployment 

of relevant, individualised specific training plans to their athletes, based on data (Svilar 

et al., 2019). Certain technological systems require the athlete to remain in one specific 

area when performing motion, which does not necessarily translate to how an 

individual moves during sporting performance (Cabarkapa et al., 2022). These methods 

are often set as the gold-standard, and provide the user with accurate valid data, 

however, are not regarded as the most optimal method when collecting 
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dynamic/sport-specific data (Nguyen et al., 2015; van der Kruk & Reijne, 2018). More 

portable and accessible devices such as inertial measurement units (IMU’s), provide 

coaches with accurate data following an appropriate calibration process (Roell et al., 

2019). However, as a result of technological advancements within IMU’s, the calibration 

process is not necessary in all cases, due to the calibration process occurring during 

the manufacturing steps (Zhou et al., 2020). Eliminating the calibration process allows 

end-users to collect data at a faster rate, allowing for a greater amount of data to be 

collected. 

 Within sport, referee’s and officials are largely responsible for ensuring a fair 

game is carried out, and the rules are properly adhered to, however this is not always 

possible (Firek et al., 2020). To help relieve some of the pressure from the officials, 

systems have been developed to increase accuracy of decisions, and reduce the 

likelihood of errors within the game (Collins & Evans, 2012; Firek et al., 2020). Within 

tennis and cricket, hawk-eye has been developed and implemented to aid the umpire 

with close decisions, as to whether the tennis ball has landed within the court 

boundaries, or if the cricket ball would be hitting the wicket had it not hit the batter’s 

leg (Bal & Dureja, 2012; Collins & Evans, 2012; Omoregie, 2016). These systems have 

been in-place for numerous years and have gone through rigorous testing procedures 

to allow for maximum accuracy (Bal & Dureja, 2012; Omoregie, 2016). More recently in 

football, the video assistant referee (VAR) has been implemented to give referee’s more 

time and viewpoints of situations within competition (Holder et al., 2022). VAR helps 

with decisions such as awarding penalties, offside calls, and red-card situations (Holder 

et al., 2022; Samuel et al., 2020). However, VAR, unlike hawk-eye, requires human input 

and judgement in certain stations (i.e., penalty, and red card decisions), and therefore 
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often comes under mass amounts of scrutiny (Holder et al., 2022; Lago-Peñas et al., 

2020; Samuel et al., 2020). 

 Another significant use of technology is to increase performance, which can be 

achieved through a wide variety of means (Adesida et al., 2019). Technology can be in 

the form of prosthesis, swimming costumes, running shoes, training aids and 

equipment, to increase efficiency, reaction time, endurance, strength, and flexibility as 

well as much more (Dyer, 2015; Hébert-Losier & Pamment, 2023; Hutchinson, 2008; 

Politopoulos et al., 2015). For a paralympic athlete, a lower-limb prosthesis may allow 

them to participate within running events. These prosthesis’ will be created and tailored 

to the individual and the event, to ensure performance is maximised (Bragaru et al., 

2012; Dyer, 2015). For example, if an individual is competing in a short distance event 

(i.e., 100/200 metres), the prosthesis will be designed to provide more spring and re-

coil to allow the user to achieve higher speeds (Bragaru et al., 2012; Dyer, 2015; Tacca 

et al., 2022). In swimming, shark suits were developed to allow the individual to move 

through the water faster, by reducing the surface area that is in contact with the water 

(Morales et al., 2019). This design was adapted and developed from previous swimsuits, 

which all aimed to make swimsuits tighter and more compressive without restricting 

the range of motion (Hutchinson, 2008; Morales et al., 2019). Another significant 

technological advancement is the development of running shoes, with manufacturers 

often patenting their inventions along with claims of increasing performance (Sun et 

al., 2020). Research supports the notion that specific running events require specific 

running shoes, with longer distance events requiring more cushioning and less 

responsive footwear, to that of shorter distance events (Bermon et al., 2021; Lin et al., 

2022; Sun et al., 2020). As well as garments that can increase the individual’s 
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performance, there are a vast amount of training equipment which can also aid 

performance. Badminton players require fast reaction time, and devices such as the 

Batak wall and light pods can help improve this component of fitness (Ellison et al., 

2017; Gierczuk & Bujak, 2014). To assess physiological variables such as heart rate (HR) 

and aerobic capacity (VO2 max), there are devices that can measure these variables as 

well as many more, which can help prescribe and inform an individual’s training (Liu et 

al., 2019; Scribbans et al., 2016). 

 Technology can also be adopted to monitor, diagnose, and help treat an injury, 

as well as be used for recovery (Chen, 2022; Mayne et al., 2021; Vellios et al., 2020; 

Zhang & Tian, 2022). X-rays can display fractures and breaks in thick, dense objects 

such as bones, whilst a magnetic resonance imaging (MRI) system can detect changes 

and abnormalities in soft-tissue, such as muscles, ligaments, and tendons (Chen et al., 

2012; Crema et al., 2015). Often, once an injury is identified and properly diagnosed, 

treatment plans will be established and followed on the journey to recovery. If the 

injury is muscular, one form of treatment is EMS (Pinar et al., 2012). EMS helps increase 

the blood flow to the desired area, which in turn delivers more oxygen rich blood to 

the site whilst removing toxins and debris (Hedt et al., 2022; Pinar et al., 2012). In a 

schedule where there are a lot of fixtures/events in a short-time frame, recovery is key, 

especially in helping reduce the risk of injury (Kraemer et al., 2009). A form of 

technological recovery is cryotherapy. This is where individuals enter a chamber that is 

extremely cold for a period, exposing themselves to temperature lower than -110 

(Lombardi et al., 2017). These chambers aid recovery by reducing the amount of 

inflammation present and any accumulation, as well as enhancing overall recovery 

(Bouzigon et al., 2021; Lombardi et al., 2017). 
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An important tool in monitoring workload of athletes is technology that relays 

information, which can either be viewed retrospectively, or through developments, in 

real-time (Seshadri et al., 2021; Van Hooren et al., 2020). More recently, coaches can 

instantly tailor an individual’s workload depending on the data produced by the user, 

which can ultimately help reduce injury prevalence of an athlete (Seshadri et al., 2019; 

Seshadri et al., 2021). Traditional data collection systems often require the user to 

collect the data, and analyse the results at a later point, whether that be immediately 

after collection, or hours after (van der Kruk & Reijne, 2018). The new developments in 

access to real-time technology often provides practitioners and coaches with 

additional benefits. These devices are often portable and allow for data collection to 

occur in a non-laboratory/controlled environment, where game settings and 

environments can be replicated (Woods et al., 2020). This allows athletes to move in a 

way that they typically would within a game situation, which increases the validity of 

the data that is gathered (Woods et al., 2020). Depending on the session/sport, these 

devices are often able to capture data in an outdoor setting, where traditional systems 

such as optoelectronic camera systems are unable to due to negative influence from 

direct sunlight affecting the sensors (Ometov et al., 2021; Seshadri et al., 2019; van der 

Kruk & Reijne, 2018). 

2.1.3 Understanding the Use of Technology within Practice 

To combat some of the issues coaches and practitioners face with current sport 

technology, new wearable devices have been developed (Adesida et al., 2019). Sport 

wearables is a rapidly growing sector with the market currently estimated at $24.57 

billion, with the growth expected to continue at 24.7% annually until 2026 

(Chandrasekaran et al., 2020). Wearables devices have multiple uses, with two broad 
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and distinct categories including physiological sensors, and movement sensors (Li et 

al., 2016). Physiological sensors have the capacity to measure HR and temperature, as 

well as a combination of physiological variables and movement, whilst movement 

sensors have the capacity to measure step frequency, acceleration, and distance 

(Adesida et al., 2019; Chandrasekaran et al., 2020; Li et al., 2016). In addition to 

collecting data, wearables often have the capacity to store and analyse data in real-

time providing the user with an all-round experience of data collection 

(Chandrasekaran et al., 2020; Finkelstein et al., 2016). 

To collect physiological measurements, wearables such as smart watches, chest 

and shoulder straps, and capsules have been developed (Adesida et al., 2019; Li et al., 

2016; McKenzie & Osgood, 2004; Terbizan et al., 2002). Heart rate is recorded 

commonly via a smart watch, with the Apple Watch Series 3 and Fitbit Charge 2 having 

the highest levels of agreement compared to a gold-standard reference 

electrocardiogram (ECG) (Auepanwiriyakul et al., 2020; Nelson & Allen, 2019). The 

Apple Watch Series 3 had a mean agreement of 95%, with a deviation of 1.8 beats per 

minute, with the Fitbit Charge 2 having a mean agreement of 91%: a deviation of 3.5 

beats per minute (Nelson & Allen, 2019). Watches are more common amongst users 

who are operating on a budget, or are just getting into fitness, with more advanced 

users usually opting for chest straps to measure HR. According to research conducted 

by Pasadyn et al. (2019), the Polar H7 chest strap has the greatest degree of agreement 

compared to an ECG; 98%. 

To measure core temperature, an ingestible capsule was designed by Mini 

Mitter Co, and reported by McKenzie and Osgood (2004). This capsule works wirelessly 
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and transmits to an external receiver where the data can be monitored by the user. The 

capsule remained within the user for around 48 hours before passing, and the results 

display high degrees of accuracy, with a mean difference of 0.04 Celsius (McKenzie & 

Osgood, 2004). However, the accuracy of capsules can be comprised if the user was to 

ingest a cold liquid (Sparling et al., 1993). Another method of monitoring temperature 

is via an armband, which records peripheral temperature rather than core. Although a 

good indication of peripheral temperature is given through an arm band, they are often 

uncomfortable for the user and can cause irritation to the skin (Drenowatz & 

Eisenmann, 2011; Li et al., 2016).  

Within sport, wearables are becoming increasingly popular due to their benefits 

of providing real-time data, being relatively small and portable compared to current 

systems, and being more accessible to a greater range of users (Adesida et al., 2019; 

Cosoli et al., 2022). Many sport coaches adopt GPS vests for their athletes, to monitor 

distance covered, energy expenditure, and HR (Theodoropoulos et al., 2020). These 

variables can be monitored live during training and/or performance, which allow the 

coaches to monitor workload and intensity, and make informed decisions (Ravé et al., 

2020; Theodoropoulos et al., 2020). As well as GPS vests, motion sensors can be used 

to record the motion of an individual, replicating the data produced by more complex 

and inaccessible optoelectronic camera systems (Adesida et al., 2019; van der Kruk & 

Reijne, 2018). These sensors are relatively small and can either be applied to the user 

directly or be integrated into a bodysuit that the user would wear (Adesida et al., 2019; 

Dobkin, 2013). These sensors are more affordable to the user compared to the gold-

standard optoelectronic systems, with the data gathered similar in accuracy and 

reliability (Auepanwiriyakul et al., 2020). However, as with all technology, the wearable 
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sensors require a calibration process, which if performed inadequately, the data can be 

significantly worse to that of the gold standard (Adesida et al., 2019; Auepanwiriyakul 

et al., 2020). 

2.2 The Development and Implementation of E-Textiles within 

Sport 

2.2.1 Introduction to E-Textiles  

E-textiles are a new form of smart wearables, where the sensor is integrated 

and often knitted directly into a fabric/garment (Ruckdashel et al., 2022; Zhang et al., 

2021). E-textiles have almost limitless uses once fully developed, with a large sector 

being health monitoring (Zhang et al., 2021). E-textiles work by having 

electronic/conductive yarn amongst regular yarn, which transmits a signal throughout 

the garment (Ruckdashel et al., 2022). Along with the material, there is an electronic 

component to pair with the electronic yarn, which is responsible for transmitting the 

signal, whilst sending the signal to either a base-station, or a mobile/computer device 

(Gonçalves et al., 2018). Once the signal has been received, the data can either be 

viewed in real-time if this feature is available, or after the collection process. 

E-textiles are constantly being developed and improved, with the hope of 

integrating technology seamlessly into the user's lifestyle (Zhang et al., 2021). Smart 

socks, t-shirts, base-layers, shoes, and many more have already been created, with the 

attempt of true integration (Amitrano et al., 2020; Ghaida et al., 2014; Stoppa & 

Chiolerio, 2014; Zhang et al., 2021). Smart shoes and socks have been developed to 

provide the user with gait analysis, as well as a measure of postural control (Amitrano 

et al., 2020; Ghaida et al., 2014). Through a combination of sensors on the sole of the 
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foot, heel-strike, toe-off, and weight distribution can all be recorded, allowing for stride 

length, contact time, and many gait parameters to be captured (Amitrano et al., 2020; 

Ghaida et al., 2014). To ensure the sensors are in the most adequate position and the 

objectives of data collection can be met, there is usually a length testing process 

(Ruckdashel et al., 2022). T-shirts and base-layers can capture a wider range of 

physiological variables, including respiration rate, heart and palpitation rates, 

peripheral temperature, and muscle activity (Ruckdashel et al., 2022; Singha et al., 

2019). As well as performing data collection, some e-textiles have been designed to 

provide the user with a greater user experience when wearing the garment. Several t-

shirts and base-layers have been developed to heat the user when worn, by integrating 

heating elements within the fabric (Repon & Mikučionienė, 2021) 

2.2.2 Comparison of E-Textiles to Current Gold-Standard 

Methods  

 As e-textiles are a relatively new form of technology, there is limited research 

in the area that explores the accuracy, validity, and/or reliability when compared to 

their gold-standard counterparts. Edmison et al. (2004) compared the results of an e-

textile shoe that records an individual’s gait, to the current gold-standard within that 

sector, which is an optoelectronic camera system and moveable force plates. The 

results demonstrate high levels of accuracy within the e-textile, however identified that 

additional research should be conducted before commercial use (Edmison et al., 2004). 

The study highlighted the fact that the sample were all healthy with no known 

abnormal gait issues, however, the larger population will not always fit within this 

sample and would therefore not be available to those individuals immediately 

(Edmison et al., 2004). Instead of textile strains sensors, some e-textile incorporate 
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fibre-optics as the electronic portion of the device (Gong et al., 2019; Issatayeva et al., 

2020). Issatayeva et al. (2020) assessed the accuracy of multiple e-textiles that measure 

respiration rate, with results not clearly identifying whether the garments were 

successful or not. Results identified that some breaths were easily identifiable and were 

extracted correctly, with other sensors not working as properly intended (Issatayeva et 

al., 2020). 

 To record the motion of an individual, the most common form of sensor within 

the e-textile would be a textile strain sensor (Amitrano et al., 2020; Totaro et al., 2017; 

Zhang et al., 2021). An e-textile developed by Totaro et al. (2017), incorporated three 

textile strains sensors on the anterior surface of the patella, with the objective of 

recording relative knee angle (RKA). When compared to the three-dimensional (3D) 

motion-capture system, one of the three textile strain sensors records RKA with high 

degrees of accuracy (RMSE [root mean square error] = <4), with the remaining two 

sensors not as sensitive to detect the change in RKA. Furthermore, Totaro et al. (2017), 

developed an e-textile that is worn on the ankle, with the premise of capturing 

dorsi/plantarflexion, rotations, and adduction/abduction. Likewise with the knee 

garment, the ankle garment shows high levels of accuracy when compared to the 3D 

motion-capture system (RMSE = <4). Li et al. (2020), also devised two e-textile 

garments, one for the elbow and one for the knee. Both garments were created to 

measure joint angle, whilst the knee garment was designed to also measure step count. 

The results demonstrate high levels of accuracy and agreement between their purpose-

built goniometer and the elbow garment, with relatively small mean differences 

observed (0.31-0.54) (Li et al., 2020). Furthermore, the knee garment was able to 
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successfully identify and count the steps of the participant whilst walking, running, and 

climbing stairs.   

2.2.3 Current Limitations to E-Textile Adoption 

 As of 2023, there is yet to be a break-through e-textile that is used within the 

sport and exercise environment. A large factor to this is the drawbacks and negative 

connotations that are associated with e-textiles. When creating a new piece of 

technology, there must be a period of reliability and validity testing before the product 

can go to market (Luczak et al., 2019). This period can be lengthy and when major 

issues within the technology can arise unexpectedly, which can further delay the release 

and adoption of e-textiles (Cesarelli et al., 2021). To conduct the reliability and validity 

testing, the equivalent gold-standard should be adopted within the research as this will 

be essentially what the e-textile is seeking to replace (Adesida et al., 2019; Luczak et al., 

2019). However, these systems are often inaccessible due to a wide array of reasons 

(for example, complexity to operate, cost, location) and can make quantifying the 

reliability and validity not possible (van der Kruk & Reijne, 2018). Gold-standard 

systems are also often confided to laboratory settings, which does not replicate that of 

how athletes and individuals move and perform during competition (van der Kruk & 

Reijne, 2018). This poses another significant challenge and problem to e-textile 

creation as there will be little ecological validation carried out; an essential part of 

research and development (Amitrano et al., 2020; Cesarelli et al., 2021). 

2.2.4 Knitted Intelligent Textile Tracker 

 The Knitted Intelligent Textile Tracker (KiTT), as seen in figure 1, is a smart 

wearable device created by Footfalls and Heartbeats (UK) Limited (Nottingham, UK), 
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which acts as a non-supportive knee sleeve, that collects numerous kinematic variables. 

KiTT is a development and progression of a previous technological exploration, of an 

elbow garment (Isaia et al., 2020; Isaia et al., 2018). The original elbow sleeve was 

created to measure kinematic variables, investigate the mechanical properties of the 

knit structure, as well as test the durability of the structure through substantial wash 

testing. To measure an individual’s kinematics, a textile strain sensor is incorporated 

within the fabric, with an electronics unit placed on the upper lateral segment which 

measures the change in voltage experienced throughout motion (Isaia et al., 2020). This 

strain sensor requires conductive yarn which is knitted amongst the same yarn of the 

main garment. Within KiTT, the strain sensor is situated anteriorly to the patella to 

accurately monitor changes in motion. Following post-processing, the observed 

change in voltage can be translated into practical variables such as range of motion 

(degrees), movement breakdown (eccentric:concentric timings), relative velocity, and 

rest-time. As a technical development, KiTT houses a 9-axis IMU within the electronics 

module. The IMU has a tri-axial accelerometer, gyroscope, and magnetometer, to 

measure accelerations, angular velocities, and relative position compared to a 

calibrated frame (Liang et al., 2022). The current electronics module samples data at 

30Hz. 
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Figure 1: Anterior view of KiTT. 

2.3 Rationale for Research 

A semi-structured interview allows for a rapport to be developed between the 

interviewer and the respondent, which can increase the validity of the answers given 

(Bell et al., 2016; Smith & Sparkes, 2016). These types of interviews have become the 

most common interview method to collect within the last decade, due to the value of 

data gathered (Hoeber & Shaw, 2017). Spil et al. (2019), conducted research 

investigating the current adoption and diffusion of wearables. Semi-structured 

interviews were conducted to understand the individuals needs and requirements from 

a wearable, as well as any barriers to adopting wearables within their daily life (Spil et 

al., 2019). The results of this work identified that wearables need to be reliable, relevant 

to the specific demographic, and easy to use. The data gathered from the interviews 

provide researchers a helpful insight into future development of new wearables. In 

addition to this, research conducted by Rapp and Tirabeni (2020), investigated what 

amateur and elite athletes would desire within a smart tracker/wearable. The results 
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present that individuals prefer motivational messages before and during workouts, 

habit trackers, and tools that positively influence their mental wellbeing (Rapp & 

Tirabeni, 2020). Semi-structured interviews provide the most valid, and valuable data 

to researchers, with the benefits of this method vastly outweighing alternative methods 

(Bell et al., 2016; Smith & Sparkes, 2016). Once a need for new technology has been 

identified, there should be a validation process to ensure the technology is reliable and 

accurate (Tanner et al., 2015). The current research project aims to bridge a gap 

through two separate studies, by assessing the need for additional sport technology, 

and ultimately validating the technology in areas stated by the end-users. 
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Chapter 3: Engaging end-user, and key stakeholders in the 

development of a smart kinematic knee sleeve. 

3.1 Introduction 

As discussed in section 2.1.3, wearable sensors are widely adopted within 

applied sports settings to monitor workload and training progressions, as well as 

tracking live variables such as distance covered, calorific expenditure, and HR (Adesida 

et al., 2019; Luczak et al., 2019). Examples of wearable sensors include HR sensors, GPS, 

and smart watches, which provide objective data from the users where the resulting 

data can be used to inform decision making for training and/or competition (Schneider 

et al., 2018; Seshadri et al., 2021; Theodoropoulos et al., 2020). Furthermore, wearable 

sensors provide the user with accurate, real-time and objective data, which is often 

more user-friendly by integrating a more simplistic user-interface with key variables at 

the fore-front, rather than over-indulging the user with complex variables that are 

present with more gold-standard methods (Adesida et al., 2019; Aroganam et al., 2019; 

van der Kruk & Reijne, 2018).  

Existing and detailed data collection methods such as 3D motion-capture often 

require a lengthy process of system/sensor calibration and analysis, to ensure data 

collected is accurate and valid (Schurr et al., 2017; van der Kruk & Reijne, 2018). As well 

as calibration time, the user should have specialist knowledge to understand the 

relevant post-processing procedures, to firstly understand how to use the system, as 

well as ensuring the data is valid. Systems such as 3D motion-capture are also often 

inaccessible due to the complexity of the systems and the cost associated with 
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purchasing, operating, and licensing (Schurr et al., 2017; van der Kruk & Reijne, 2018). 

Wearable sensors negate the main drawbacks and allow the users to understand the 

key variables in real-time, allowing for changes in technique/performance to achieve 

the goals of the session and subsequently increase performance.  

In addition to regular wearable sensors, knitted sensors, also known as e-

textiles, provide the user with real-time data from a user-interface that is simple and 

effective, by wearing what appears to be an ordinary garment or item of clothing 

(Ratten, 2020; Wilson et al., 2017). E-textiles are purpose-built garments that have 

electronic yarns incorporated to enable data collection (Adesida et al., 2019). The 

Hexoskin is an example of an e-textile which is capable of capturing respiratory rate 

and HR, as well as other physiological variables (Elliot et al., 2019). Additionally, more 

research and development e-textiles include base-layers to monitor HR, respiration 

rate, echocardiograph data, as well as socks that can monitor gait patterns whilst 

running and walking (Adesida et al., 2019; Elliot et al., 2019; Stoppa & Chiolerio, 2014). 

The use of electric/conductive yarns are often hidden or integrated with the design 

pattern and offer the same level of comfortability as a regular garment without electric 

yarns (Gonçalves et al., 2018; Simegnaw et al., 2022). 

E-textiles are an extension and continuation to wearable sensors, and are just 

one example of wearable sensors, that allows the user to wear a single garment, rather 

than affixing an external sensor to existing clothing (Li et al., 2019; Wang et al., 2020). 

This increases the user’s comfortability when performing motion, which allows their 

established movement patterns to be executed, rather than adopting an alternate 

movement pattern due to being uncomfortable (Li et al., 2019; Myer et al., 2014; 
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Williams et al., 2016). To support this notion, Jayasinghe et al. (2019) investigated 

whether there is a difference between affixing sensors onto garments compared to an 

individual’s body. The results present minor discrepancies between affixing markers 

onto clothing compared to the body, providing further evidence that e-textiles provide 

valid measurements when created to replicate a garment.  

When new sports wearables are in development and aim to be incorporated 

within applied sport and exercise environments, there needs to be collaboration 

between the creators/developers, researchers, and the end-users (Adesida et al., 2019; 

Luczak et al., 2019). Dialogue created through interviews and focus groups between 

the developer and end-user, allows for the technology to be more user-friendly, 

relevant, and specific within applied sport, and suit what the end-users require (Adesida 

et al., 2019; Luczak et al., 2019). To gather information from end-users, researchers can 

employ numerous methods such as questionnaires, focus groups, and market research 

to answer important questions related to the design, function, and usability of the 

technology (Carlin et al., 2015; Nibbeling et al., 2021; Ratten, 2020). To conduct an 

interview, one of the four main methods can be utilised (SI, SSI, UI, and FG). Structured 

interviews allow the researcher to follow an interview schedule, with only the questions 

listed being asked (Evans et al., 2021; Smith & Sparkes, 2016). In addition to this, the 

interviewer cannot ask follow-up questions which may be of importance, due to the 

strict nature of structured interviews (Skinner et al., 2020). Should the interviewer wish 

to ask follow-up questions, and deviate from the interview schedule, a semi-structured 

interview may be more suited to the research (Gill et al., 2008; Skinner et al., 2020). The 

respondent should not deviate from the course of the interview schedule, with no 

extended dialogue permitted (Evans et al., 2021). The data collected from a structured 
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interview is often biased to one side of a topic, whilst the respondent may typically not 

be able to express their views and/or feelings about an issue (Bell et al., 2016; Skinner 

et al., 2020). When following an interview schedule with no follow-up questions, the 

respondent can often feel cornered, which can affect the validity of the results. 

Furthermore, the interviewer and respondent may not develop a rapport, which can 

further affect the validity of the results in relation to the research aim (Bell et al., 2016; 

Skinner et al., 2020).  

In contrast to structured interviews, unstructured interviews offer the 

respondent majority of the control, due to no fixed questions organised by the 

interviewer (Jamshed, 2014). Data gathered from is suited to specific research 

questions, focussing on understanding an individual’s thoughts and beliefs, as well as 

their reactions to certain topics (Jamshed, 2014; Pedersen et al., 2020; Smith & Sparkes, 

2016). This type of data is purely qualitative, with little concern for numbers and 

statistical analysis (Smith & Sparkes, 2016). On the other hand, focus groups are 

conducted to collect specific data from several participants in a timely manner, as well 

as understand how people perceive specific answers (Nyumba et al., 2018; Smith & 

Sparkes, 2016). There are specific questions involved within a focus group to direct the 

interview in a certain direction, with the interviewer listening rather than asking the 

majority of the questions (Smith & Sparkes, 2016). Instead, the respondents essentially 

conduct the interview amongst each other, with the interviewer recording key answers 

(Nyumba et al., 2018; Smith & Sparkes, 2016). 

Researchers often utilise semi-structured interviews to gather sufficient data 

from the end-user as there are often pre-determined concepts and thoughts need to 
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be explored and discussed (Gill et al., 2008; Skinner et al., 2020). Semi-structured 

interviews allow the researcher to follow a set interview-schedule, where key questions 

can be asked and answered. Unlike other interview methods, the interviewer and 

interviewee is allowed to deviate from the interview schedule to give additional 

information that might be relevant to the intended question (Skinner et al., 2020). This 

information may not have been previously considered by the researcher and 

developers and can serve extremely useful within the development (Skinner et al., 2020; 

Smith & Sparkes, 2016; Spil et al., 2019). By allowing the interviewee to provide 

additional information, the creators may gain additional insights that were not 

previously mentioned and can allow for more targeted use and development of the 

technology specific to the users.  

As well as qualitative data collected through interviews, valuable data can be 

collected from literature, and systematic reviews (Adesida et al., 2019; Powell et al., 

2021). Reviews provide the researcher with large amounts of data and key findings 

within specific areas, allowing for current and future research to be created and 

disseminated (Dyer, 2015; Powell et al., 2021). Gathering valuable data from end-users 

allows for specific development of new technology, making the technology applicable 

to specific sporting situations and environments (Smith & Sparkes, 2016; Tanner et al., 

2015). To gather information from end-users, qualitative methods allow for the most 

appropriate form of data to be collected for the current research project (Smith & 

Sparkes, 2016).  

During the process of new technological formulation, the context of a targeted 

sport provides crucial information which is fed back into the development of the 



 
24 

technology, to allow the technology to be specific and valuable (Adesida et al., 2019; 

Spil et al., 2019). Ratten (2020) suggests that the conditions, circumstances, 

environments, or situations are all important factors into what technology is developed 

to bring something new to the sports industry. The exact process into how a new 

technological system is developed has gone undocumented and remains largely 

unknown (Wilson et al., 2017). The creation of new e-textiles in specific follows a user-

centred approach, by involving the end-users throughout the development phase to 

ensure the device remains applicable and relevant within applied practice (Wilson et 

al., 2017) 

Accordingly, the current research aims to identify the key variables used by end-

users within their applied practice. As well as this, the research aims to distinguish 

whether there is a need for technology that can measure relative knee angle (RKA) in 

applied sport in the form of an e-textile. Strength and conditioning coaches are 

responsible for testing athletes and collecting the data by using technology such as 

Gym Aware, and motion-capture systems. By creating dialogue with the strength and 

conditioning coaches who are ultimately a key end-user group, the results can be fed-

forward into the following study and aid the development of strategies to quantify the 

reliability and validity of KiTT. 
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3.2 Methods 

3.2.1 Participants 

Ethical approval was given by the College of Science and Engineering Research 

Ethics Committee at the University of Derby (ETH2122-0737: 11th March 2022) for the 

current research project. All participants provided informed consent electronically 

[appendix a], after reading the participant information sheet [appendix b]. The study 

followed an inclusion criterion, with all participants required to have experience: 

working with athletes (past or present); data collection (past or present); > 1 year of 

working within a professional team environment. 

3.2.2 Recruitment 

Participants were recruited for the research project in several ways. Social media 

was used to contact potential participants that fit the inclusion criteria. Established 

relationships from the researchers, and the industry partner were contacted about the 

research project and their potential involvement. Upon providing informed consent 

prior to and during the interview, participants received the most recent version of KiTT 

(Version 16.3) as sections of the interview were concerned with the device (Figures 1 

and 2). However, participants were not sent the electronics for the current research 

project due to technical developments on-going on the device at the time of data 

collection. As a result of this, participants were not able to receive a full experience of 

KiTT and the system which may have influenced the quality of data. 
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3.2.4 Data Analysis 

Once all interviews had been recorded, the raw recordings were saved and 

anonymised through their individual unique ID. Following anonymisation, the 

recordings were transcribed by TP Transcription Services (Pen y Banc, Denbigh, Wales), 

to allow for thematic analysis. Upon receipt of transcriptions, each participant was 

emailed their individual transcript from their interview to check for accuracy against 

their responses given. After the participants confirmation of their answers, raw 

recordings were with transcripts analysed to identify the key themes throughout the 

interview. Open-ended questions were analysed following guidance from (Braun & 

Clarke, 2006) thematic analysis framework. After familiarisation of the data, preliminary 

codes were created, and data was organised into the specific sections. Codes were then 

analysed, and themes were then identified and defined. Thematic analysis was adopted 

to provide an overall image of responses, with regards to KiTT and it’s use within 

applied sport. 
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3.3 Results 

3.3.1 Descriptive Characteristics 

Twenty participants were contacted for participation within the research 

project, with 11 participants recruited (100% male; age = 34.3 ± 8.0 years; combined 

experience within a sporting environment = 48 years; average experience within a 

sporting environment = 4.4 years). All participants met the inclusion criteria, with 2 

participants not currently engaged within professional team sporting environments, 

but they have held similar positions prior to their current roles. Several participants 

stated that in their current situations, they are actively working more than one job. 

Approximately 63% (n = 7/11) of participants were current strength and conditioning 

coaches. Two participants were currently working as performance analysts, with 63% 

of participants working within ‘other’ job roles. Other job roles were defined as: 

basketball head coach (n = 2), head of performance in basketball (n = 1), sports 

programme director of a private school (n = 1), academy director of an under-16 

academy school (n = 1), osteopath (n = 1), and senior lecturer (n = 1), as observed in 

table 1. Participants provided answers across three main sections, where six main 

themes have been generated. 
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Table 1: Masked participant ID's and their current job role/title. 

Participant ID Current Job Role/Title 

Participant 1 Strength & Conditioning Coach 

Participant 2 Head Basketball Coach 

Participant 3 Strength & Conditioning Coach 

Participant 4 
Programme Director at Strength & 

Conditioning Company 

Participant 5 Academy Director at Private Firm 

Participant 6 
Personal Trainer/Strength & 

Conditioning Coach 

Participant 7 
Working in Applied Healthcare in 

Private Firm 

Participant 8 Head Basketball Coach 

Participant 9 Academic within a UK University 

Participant 10 
PE Teacher/Provision of Strength & 

Conditioning Sessions 

Participant 11 Strength & Conditioning Coach 

Following thematic analysis, three main themes were identified, with a total of 

six subthemes; two subthemes per theme, which can be identified can be observed in 

Figure 3. 
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‘I’m a strong believer in tech/ It [technology] can see things in a way we can’t see, it 

[technology] can measure things we can’t measure, I don’t think we use enough of it 

within our lives’ [Participant 11]. 

Technology has been used within sport and exercise since the 1970’s, with 

uptake increasing dramatically in more recent years (Gao & Lee, 2019; Ruth et al., 2022; 

Woessner et al., 2021). The amount of technology utilised within applied work, is largely 

dependent on the practitioner’s personal preference and their coaching philosophies 

(Jones & Wallace, 2005). Depending on the task being conducted, the use of 

technology can also vary. For example, if an individual is investigating an individual’s 

biomechanics for a specific sport, the number of markers required for motion-capture 

systems can range from 16-33 (Choo et al., 2022; Ito et al., 2022), where marker 

occlusion can lead to invalid data (Adesida et al., 2019). To combat this, wearable 

sensors are being created which aim to overcome the issues faced by motion-capture 

systems. As well as combating marker occlusion, wearable sensors are often designed 

to be discreet, compact, and wireless, allowing a full range of motion to be executed, 

increasing the validity of the data; including both e-textiles and more traditional 

variations of wearable sensors such as sports watches and HR straps (Adesida et al., 

2019). To complete a movement that often involves marker occlusion, sport wearables 

can enable a task to be completed without the potential of data loss. 

When discussing the provision and importance of real-time data, participants 

described the benefits: 

‘Real-time data is more beneficial as athletes often ask about results there and then, 

even if the data is very simple. Take the jump mat for example, “how high was that?” 



 
33 

Athletes will often try and beat it and make competition with each other, which can 

lead to increased performance and training. Some see the data as motivational, and 

some see it as intriguing’ [Participant 3]. 

‘Real-time data helps as feedback can be given and help drive intensity, which serves 

as a motivational tool’ [Participant 5]. 

‘… it makes the job a lot easier. Some of the athletes buy into it as well if it’s on a 

screen right in-front of you, which is quite useful in that situation. Especially if you’re 

doing jump testing in a team of rugby/American football athletes for example. You 

can get them to challenge each other which is quite useful’ [Participant 1]. 

‘Strength and conditioning sessions are limited on time and it’s easier to have 

real=time data rather than record and analyse retrospectively, which is more time 

consuming. It gives more time to focus on programming rather than looking at the 

data’ [Participant 4]. 

Real-time data is seen to help coaches on numerous fronts, with time being 

saved analysing data retrospectively which allows for other tasks to be completed in 

the same period (Adesida et al., 2019). Furthermore, when data is presented 

instantaneously, there is a greater ‘buy-in’ from the participants/athletes due to the 

competitive nature of individuals, especially when in large groups (Windt et al., 2020). 

Depending on the task being carried out, real-time data can serve as a helpful tool to 

coaches and individuals by encouraging competition and giving feedback instantly 

(Adesida et al., 2019; Van Hooren et al., 2020). Within gait analysis, real-time feedback 

is given through an IMU to enable the participant to alter their technique for 

performance and pre-habilitative gains (Dingwell & Davis, 1996). Research has 
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identified that when real-time feedback is not available, participants may become 

exposed to overuse injuries, poor technique becoming ‘natural’, and not reaching their 

full physiological potential (Sallis et al., 1992; Van Hooren et al., 2020). Sport wearables 

allow the individual to monitor their technique to avoid learning improper movement 

patterns which can lead to injury, as well as exerting themselves to their limit, increasing 

performance gains (Sallis et al., 1992; Van Hooren et al., 2020). However, as e-textiles 

do not have the amount of supporting research which other technological systems, 

there is not a guarantee that injury prevalence will be reduced, but instead this finding 

can be inferred. 

3.3.2.2 Subtheme 2: Perceived Barriers to Utilising Technology, 

and KiTT within Practice/Work 

When discussing the adoption of technology within participants’ practice/work, 

numerous barriers were identified, with some of the reasons including: 

‘This sort of technology [jump mats and timing gates] would be beneficial to use 

within my practice, however due to time constraints this isn’t ideal’ [Participant 3]. 

‘Cost, accessibility, usability, validity, and reliability, are the barriers to technology 

usage’ [Participant 11]. 

‘Rarely get access to these spaces due to availability and cost associated with 

systems, such as Vicon and Force Plates’ [Participant 6]. 

Seven participants (63%) reported that within their current roles, there is not 

enough time to adequately set-up technological systems and make the most of a 

session where time is already limited/restricted. Cost was reported to be a substantial 

barrier to 27% (n = 3) of participants, with 18% (n = 2) of participants reporting the 
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complexity of some technological provisions as a barrier. Additionally, the lack of 

research and evidence-base into technology would be a deterrent for practitioners to 

implement technological methods within their practice. To avoid exploring 

technological avenues that will not meet the desired objectives of the user, new 

technological systems need to be researched to solidify its use-case and purpose 

(Windt et al., 2020). This allows the device’s limitations to be identified whilst ensuring 

it will be fit for a specific purpose (Peake et al., 2018; Windt et al., 2020). 

As KiTT is a new data collection tool that is largely still in early development, 

and not ready for general sale, there is currently limited research supporting the 

accuracy, validity, reliability, and application of the technology. However, future 

research aims to address this issue, by specifically looking into the accuracy, validity, 

and reliability of KiTT. The current research project aims to address the potential need 

for KiTT by collecting qualitative data from potential end-users. This is also the case for 

similar devices that are at a similar stage within the respective development phase 

(Whitelaw et al., 2021). Four participants (36%) reported that the lack of evidence would 

be a reason not to use KiTT within their practice:  

‘Something [KiTT] I would use within my practice if there was evidence-based practice 

and enough supporting literature. It would be used alongside concurrent practice, 

and would be interesting to have sensors on multiple parts of the body’ [Participant 

6]. 

‘Would implement within practice if evidence base and research was present’ 

[Participant 7], 
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however, 27% of participants reported that the lack of evidence would not be a barrier 

to adopt such technologies within their practice/work: 

‘Any small variables we can use to progress we’ll take a gamble and take a chance, 

even if there is no evidence to support the use of KiTT’ [Participant 2]. 

‘If it [technology] is new and upcoming, I would spend no more than £50, but if there 

is research and evidence, and word-of-mouth etc, I would spend a bit more’ 

[Participant 10]. 

To resolve some of the barriers presented by participants, ‘longer time with 

athletes' (longer or increased frequency of sessions) may allow for greater uptake of 

technology as the coach will be able to set-up the systems, to ensure data can be 

collected in a timely manner. Furthermore, additional research into the validity and 

reliability of KiTT would serve as beneficial, as a lack of evidence is observed as a barrier 

to technological uptake. Finally, more cost-efficient, and simple technological solutions 

should be considered when executing data collection. Simple technological solutions 

are often more streamlined and have been developed with the end-user in mind, 

making the user interface more user-friendly and easy to use, reducing the time taken 

to set-up the system (Adesida et al., 2019).  

The current research project involved all partici 

3.3.3 Theme 2: Initial Impressions and Views of KiTT 

3.3.3.1 Subtheme 3: The Overall Design and Appearance of KiTT 

Participants provided honest thoughts and opinions on the overall design and 

appearance of KiTT, from both a coach, and a player’s perspective. Within the National 

Basketball Association (NBA) elbow and knee sleeves are becoming increasingly 
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common for numerous reasons ranging from support, preference, and physical 

appearance (Dickerson et al., 2020). The design of a smart knee sleeve that has the 

potential to be adopted within professional team sport environments, need to be both 

designed and received well. Eight participants (73%) believed KiTT to be designed well: 

‘It is an appealing design. Is it something the players find ‘cool’ and wear during 

training and games?’ [Participant 6]. 

’Nice design and I like it. Nice look and feel. As an athlete I would wear it, as a coach, 

it’s comfortable’ [Participant 8]. 

‘It’s an appealing design, athletes more than ever love this type of stuff. Accessory 

heavy, might get a large buy-in, simple, neutral design. Athletes seem to like the 

bright colours and designs’ [Participant 2]. 

However, participants had contrasting thoughts and views, regardless of their 

initial thoughts of the design: 

‘As an athlete, they may want something a bit brighter, but most athletes wouldn’t 

really care too much about it as long as it helps with their training’ [Participant 3]. 

‘…could look snazzier, but there’s no need really. Could even personalise it with team 

colours etc...’ [Participant 10]. 

‘bland [design] but doesn’t need to look jazzy. Some players have the preference of 

looking jazzy, ability to have personalisation might make this more interesting. If it 

does the job then not fussed how it looks’ [Participant 11]. 

The design is crucial in terms of functionality and how often the individual 

would wear the garment (Goncu-Berk & Tuna, 2021). When designing an e-textile, the 
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conductive yarns need to be positioned correctly to allow the movement and change 

of tension to be detected. If the conductive yarns are not positioned correctly, the data 

produced will ultimately be less valid and reliable (Goncu-Berk & Tuna, 2021; Mishra & 

Kiourti, 2019). Ensuring the conductive yarns are in the correct position with the correct 

tension and stitch length, ensures the data that is collected is at the highest degree of 

validity. Furthermore, the physical appearance will largely influence the individual’s 

choice to wear the garment which is ultimately required to collect data. To ensure for 

appropriate physical design, engineers should liaise with potential end-users to ensure 

it will be well recovered by the desired audience (Adesida et al., 2019; Zhang et al., 

2021). Although the current physical design of KiTT is not as appealing as other 

wearable technology, the scope for further development and advancement is limitless 

with personalisation possible through advanced knitting methods. 

3.3.3.2 Subtheme 4: The Sizing, Fit, and Application and Removal 

of KiTT 

To collect data regarding the sizing, fit, application and removal of KiTT, 

participants were sent a version of KiTT in either size small, or medium. This was 

communicated prior to postage to ensure the correct size was distributed to the 

participant. Once KiTT had arrived, participants were asked to try the sleeve on prior to 

the interview. There were no restrictions to the duration and what activity was 

performed during this time. To help with placement, participants were emailed a series 

of photographs detailing how to correctly wear the sleeve, these photographs can be 

seen in Figure 2. With regards to the length of KiTT, 45% of participants explained that 

they felt the knee sleeve was too long: 
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‘Very long, but I am really so short so could be because of my height. For taller 

athletes the length would probably be okay’ [Participant 3]. 

‘Prefer not to be as high on the thigh – personal preference’ [Participant 8]. 

‘Slightly longer than knee supports worn in the past but its not uncomfortable 

because of. Not bulky, covered more of the calf than I would be used to’ [Participant 

9].. 

Five participants (45%) explained that the length was appropriate for the 

desired purpose, and that it was not uncomfortable despite the material covering up 

to half of the thigh, and the upper third of the shank. To ensure KiTT remains in the 

correct position during sporting movement, silicon bands were fitted to the upper and 

lower bands of the sleeve. Other wearable sensors and e-textiles have utilised silicone 

to act as a sensing layer, provide rigidity, or to attach electronic components to a 

material (Harito et al., 2020; Ismar et al., 2020). When asked about the silicon bands on 

KiTT, 100% of participants responded positively to the addition: 

‘’It’s comfortable. Silicon gets a good grip, might start to pull on leg hairs depending 

on the force placed through the sleeve’ [Participant 8]. 

‘Silicon didn’t give any problems and the sleeve didn’t move at all throughout the 

sessions’ [Participant 7]. 

’Top and bottom silicon bands area a good idea, material like other garments which 

also feature bands so it’s a good feature’ [Participant 4]. 

There is often a challenge to correctly fit a garment with silicon support, due to 

the tension and support that it brings (Ismar et al., 2020). However, when discussing 
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the application and removal of KiTT, eight participants reported that there were ‘no 

problems', and that the sleeve was ‘easy to take on and off’. However, 27% of 

participants responded with contrasting answers, and that the silicon bands: 

‘… a little bit more uncomfortable than the fabric but assume it’s their to keep it there 

and grippy, the main fabric is comfortable’ [Participant 9]. 

‘Comfortable and easy to take on and off, the silicon was irritating at start but once 

sorted it was fine to wear. Would like to wear and use if didn’t have to send back’ 

[Participant 11]. 

Within the strength and conditioning community, knee sleeves are used widely 

to provide additional support to individuals when lifting heavy weights (Mortaza et al., 

2012). However, as KiTT’s main purpose is a data collection tool rather than a knee 

support, participants reported that there wasn’t a great level of support: 

‘Players are comfortable with wearing sleeve like this in games and training, don’t 

think they offer too much support, so something like this would be okay’ [Participant 

1]. 

‘KiTT not as thick as other sleeves which isn’t as supportive, but doesn’t lead to 

bunching at the back of the knee’ [Participant 7]. 

When creating an e-textile, the sensors often need to be either in extremely-

close contact, or in-direct contact within the skin to capture data (Goncu-Berk & Tuna, 

2021). A key property to knitted garments is that they are tight whilst still allowing for 

a degree of stretch, creating a perfect environment for integrating electronic yarns and 

materials (Jansen, 2020). Research by Ketola et al. (2020), demonstrated that e-textiles 

are proven to work better and provide more reliable readings when the fabric is tight 
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and elastic, rather than being relaxed and loose fitting. A loose and relaxed fit allows 

for crumpling within the fabric, which ultimately effects the responsiveness of the 

sensor (Ketola et al., 2020). As KiTT is an e-textile, the structural properties of the fabric 

allows for accurate data to be gathered, as well as providing a level of comfortability 

to the individual (Simegnaw et al., 2021; Vowles et al., 2022).  

3.3.4 Theme 3: Market Research 

3.3.4.1 Subtheme 5: Expected Costing of KiTT in Relation to 

Current Alternatives 

As KiTT is largely still in development, participants were asked how much they 

would expect to pay for the technology as a package, as well as what a recommended 

retail price for KiTT should be. This serves as vital information as all participants have 

experience with technology and costings. Responses ranged from ‘£50 for the sleeve’, 

and ‘£2,000 for the sleeve and electronics’, with no clear agreement/consensus in the 

price. However, participants explained that electronic components and software is 

often the most expensive part of sport technology, with some performance analysis 

software being in the region of five figures. To put costing into perspective, some 

performance analysis software has a yearly charge of £3,458 (ex. VAT), with 3D motion-

capture systems costing more than $150,000. 

One participant gave a detailed response, that put the price point of KiTT into 

the context of an individual purchasing the sleeve. The participant explained that KiTT 

should be priced depending on the desired demographic rather than a standard, fixed 

cost for all demographics/target audience. For example, a participant explained that if 

a potential consumer had undergone private knee surgery/replacement that cost 

'>£10'000', the consumer would be inclined to buy technology such as KiTT that could 
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help with their rehabilitation if the price tag was '~£400'. On the other hand, if a 

potential consumer had undergone knee surgery/replacement on the NHS, the 

consumer may be less inclined to pay the '~£400' that a private patient would: 

‘Context is important and would need to be priced in double figures rather than 

triple’ [Participant 4]. 

’If someone has had £10,000 knee surgery, £400 price tag knee sleeve to ensure 

physio works is not an issue, but if surgery is free on NHS, this £400 price-tag can be 

a bit steep’ [Participant 11]. 

3.3.4.2 Subtheme 6: Further Development, Use, and Application of 

KiTT within Practice/Work 

Due to the nature of the semi-structured interview, participants were able to 

provide additional information and feedback on KiTT that wasn't within the interview 

schedule. From their personal, and professional experience, participants described 

where they think technology like this can be and should be applied in the future: 

‘I think something like this [KiTT] would be beneficial within my practice, especially 

within a lifting environment where they are doing squats and other lifts. Potentially 

more beneficial with more of a workforce (additional coaches) who can review the live 

data while the sessions being run’ [Participant 8]. 

‘Any squat, jump, uni-lateral based movements would be sufficient. Exercise 

progressions would serve as valuable technology, able to monitor whether load can 

be increased etc…’ [Participant 4]. 

In addition to this, participants identified that KiTT could be used to monitor 

fatigue and changes in movement strategies: 
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‘KiTT could identify any potential injury risk factors and changes in movement 

strategies due to fatigue and would serve as hugely beneficial for this and being able 

to monitor load. Micro-changes in depth not visible to the human eye, however KiTT 

can detect these changes between repetition, and this can help the coach inform 

training’ [Participant 4]. 

Düking et al. (2016) concluded that to monitor fatigue most effectively within 

an individual, multiple wearables should be adopted, whilst considering not making 

the individual too uncomfortable with excess devices. To achieve this, KiTT serves as a 

viable solution to allow the individual to remain comfortable, by wearing only one 

sensor and wearable to collect kinematic data. A combination of wearable sensors in 

the form of GPS, HR straps, and IMU’s may provide the individual with a larger bank of 

data following a movement but may result in compromising the comfortability of the 

individual (Düking et al., 2016). 

To aid coaches to monitor fatigue, participants responded that a live dashboard 

would be beneficial to them, which is like GPS software. A dashboard would allow 

coaches to monitor workload, training intensity, as well as other key variables related 

to the individual wearing the technology. As the data is collected in real-time, coaches 

can instantaneously monitor and manipulate training: 

‘If an athlete says an exercise is quite hard but they aren’t presenting that way on the 

data, changes can be made to go heavier/lighter. Helps to prevent over-progression 

in a small time-frame. Help tailor training a lot better’ [Participant 2]. 

A key benefit to KiTT compared to other data collection systems, is the capture 

of the human body rather than an external body. KiTT records the data of the individual, 
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whereas velocity-based technology such as GymAware, records the velocity of a barbell 

(O'Donnell et al., 2017). To give a true reading of the velocity of the participant, the 

technology should monitor the individual rather than the bar/equipment (Sánchez-

Medina et al., 2017). KiTT allows for velocity of the user to be captured, which will aid 

athletic progression through more accurate training plans. 

KiTT has the potential to collect data in real-time whilst providing feedback to 

the user which can aid training and ultimately performance. Participants described that 

when an individual is squatting to a certain depth, it would be ‘beneficial’ to have a 

method of feedback that informs the user they have reached the desired depth, and 

can begin the upwards phase of the repetition: 

‘real-time feedback of identifying to athlete when they have reached a certain depth 

and can begin to go upwards would be beneficial’ [Participant 3]. 

As well as this, participants explained that KiTT can be used to help with tempo-

training, by monitoring and controlling the downwards and subsequent upwards phase 

of a squat. The feedback can be given in a similar manner for squat depth, with a traffic 

light system illuminating at key points during the movement i.e., the correct speed, and 

squat depth would display green. A system like this would be beneficial to individuals 

as they will be unable to closely examine the output variables during an exercise, 

especially if the load is high/the task being performed prevents the athlete from 

accessing the phone/tablet displaying the variables. 

3.4 Conclusion 

 The results display a clear need for additional e-textiles to be created, to help 

to eliminate barriers posed by traditional and current data collection systems. E-textiles 
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are more affordable, easier to use, portable, and made with the end-users in mind; an 

attractive proposition for current strength and coaches (Adesida et al., 2019; Luczak et 

al., 2019). Participants highlighted that KiTT can and should be used within squatting 

exercises, and additional lifts within strength and conditioning environments. This will 

be a prevalent point within study 2, with the exercises informed from the results of 

study 1. As well as exercise selection, study 1 will inform the data analysis portion of 

study 2 with regards to the identifying the required variables and informing the 

research output (what future work should be conducted). Following on from coaches 

stating that micro-changes in technique only being visible to technology, reliability and 

validity are key underpinning aspects that are required before KiTT can go to final 

development and market for end-users to purchase and use. 

 Outside of the scope of the next study, but for future research, KiTT should be 

put in-front of those that will wear the technology, the players. Getting the players’ 

views and understanding will help increase the level of agreement between coaches 

and players which may lead to an increased buy-in. Internal development into the 

software and system will also be ongoing following the answers from participants, with 

alterations to real-time provisions, and suggestive methods and analysis techniques, 

both being developed as the project progresses. 
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Chapter 4: Testing the Reliability and Validity of the 

Kinematic Knee Sleeve 

4.1 Introduction 

As highlighted throughout the thesis, the use of technology in sports 

performance has increased exponentially due to the increased demands of sport and 

drive for excellence within athletes (Ride et al., 2013; Tjønndal, 2022). As a result, 

coaches, teams, and athletes, are adopting data driven approaches to inform training 

and to maximise performance (Dyer, 2015; Gamble et al., 2020). Technology acts an 

integral part of almost every sport, where 9/11 coaches currently use technology within 

their work, as identified in chapter 2.  The benefits of technological adoption (e.g., 

monitoring training load, applying additional training stimuli, and provide a deeper 

level of data analysis), far outweighs the negatives and drawbacks, which is an 

influencing factor into implementation (e.g., additional time constraints, the potential 

for data overload, and misinterpretation of results) (Gamble et al., 2020; Windt et al., 

2020). More recently, technology has been developed to allow for the user to wear 

devices, rather than perform tasks in specific environments around the devices; these 

are known as sports wearables (Adesida et al., 2019; Ride et al., 2013). Inertial 

measurement units can be attached to the user, which provide coaches with accurate 

detail into an athlete’s biomechanics and ultimately informing whether any alterations 

in training can be made to increase performance (Ride et al., 2013). As well as IMU’s, 

GPS, and HR straps, have been developed and employed to allow the user to perform 

their sporting task within the desired environment, rather than within a fixed, controlled 
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environment (Adesida et al., 2019; Ravé et al., 2020; Theodoropoulos et al., 2020). End-

users will adopt several technological methods within their practice for numerous 

reasons, such as, to monitor training workload, increase the efficiency of an athlete, or 

to collect specific biomechanical data (Adesida et al., 2019; Pendergast et al., 2006; van 

der Kruk & Reijne, 2018).  

Global positioning systems are commonly used within a wide range of sports, 

enabling coaches to monitor the intensity and workload of an athlete during any 

sporting situation (Ravé et al., 2020; Theodoropoulos et al., 2020). Furthermore, GPS’ 

provide a high degree of accuracy and validity outdoors, however, when the 

technology is required for indoor use, the system is not able to provide the same level 

of accuracy and validity due to the connection between sensor to satellite being 

obstructed (Krenn et al., 2011; Ravé et al., 2020; Theodoropoulos et al., 2020). Heart 

rate straps allow the HR of an individual to be tracked with extreme accuracy, however 

the scope of variables captured is restrictive due to the basic nature of the device 

(Pasadyn et al., 2019). However, HR serves as a vitally important tool for coaches when 

prescribing training plans and monitoring workload, as the variable can be used to 

prescribe training zones, training plans, and monitor an individual’s development 

throughout a training block (Diaz et al., 2015; Pasadyn et al., 2019). Inertial 

measurement units are a relatively new development compared to previous methods, 

with the user often affixing multiple units to their limbs/body to track motion (de 

Almeida et al., 2021; Dong et al., 2020). Whilst providing accurate data, IMU’s can 

require complex calibration processes which if not performed correctly, will influence 

the data that is captured (de Almeida et al., 2021; Dong et al., 2020) 
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More recently, a new generation of sports wearables, termed e-textiles, are 

being developed with the aim of eliminating the barriers/issues with more traditional 

static and portable data collection systems (Adesida et al., 2019; Stoppa & Chiolerio, 

2014). E-textiles incorporate conductive yarns and sensors within a fabric, that can be 

worn as a regular garment (Adesida et al., 2019; Gonçalves et al., 2018; Haddad et al., 

2020; Simegnaw et al., 2021). E-textiles have the capability to be used within almost 

any environment, as there is usually only one main requirement to a functioning 

system; to wear the garment (Adesida et al., 2019; Cesarelli et al., 2021). The application 

for e-textiles is almost limitless, with the possibility of capturing cardiac (Postolache et 

al., 2014), kinematic (Li et al., 2020), respiratory (Ferreira et al., 2016), muscular (Jin et 

al., 2019), skin temperature (López et al., 2010), and more (Liu et al., 2012; Vu & Kim, 

2020). Additionally, e-textiles often serve as cheaper, more portable, and user-friendly 

alternatives to more traditional data collection systems (Adesida et al., 2019; van der 

Kruk & Reijne, 2018). One specific e-textile that can record specific physiological 

variables is the Hexoskin. The Hexoskin is a type of compression vest that has the 

capability to monitor specific variables such as minute ventilation, breathing rate, and 

energy expenditure (Haddad et al., 2020; Montes et al., 2018). As well as this, several 

smart socks have been developed to measure gait parameters, and provide informed 

decisions that allows for self-correction (Semjonova et al., 2022). Additionally, postural 

assessment data can also be extracted from a smart sock through machine learning 

and the appropriate algorithms, which will be masked for the end-user, with only the 

relevant output data being visible (Adesida et al., 2019; Amitrano et al., 2020).  

As e-textiles are relatively new compared to alternative data collection systems, 

there are often issues within the initial design process (Adesida et al., 2019; Stoppa & 
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Chiolerio, 2014). If the conductive yarns are not structured or positioned correctly, the 

output data could be excessively noisy, and/or not detect the desired responses, which 

could ultimately lead to less valid data (Adesida et al., 2019; Amitrano et al., 2020; 

Haddad et al., 2020; Stoppa & Chiolerio, 2014). However, all e-textiles aim to eliminate 

the problems that are present with more traditional data collection systems, by 

encouraging the user to wear the garment as regular clothing, rather than needing to 

be strapped into specific equipment and/or have upwards of 10 markers attached to 

their body (Adesida et al., 2019; Stoppa & Chiolerio, 2014; van der Kruk & Reijne, 2018). 

This allows the user to perform the required motion in the same manner as in a 

competition, increasing the validity of the data. Furthermore, the user will not be 

connected to cables, leads, and require external markers and additional sensors to be 

attached, increasing the comfortability when performing the task (Stoppa & Chiolerio, 

2014; van der Kruk & Reijne, 2018) However, for e-textiles to replace the current 

systems, there needs to be a period of validation assessment to ensure the output data 

is meeting the objectives that is required by the user and provides a high degree of 

accuracy. 

Before new sports technology is made publicly available, there should be a 

period of validation, where the gold-standard counter-part is used to test for accuracy, 

reliability, and validity, to ensure that the desired objectives are met from the new 

device (Adesida et al., 2019; Aroganam et al., 2019). KiTT has the potential to be used 

within a wide range of environments, including strength and conditioning, 

rehabilitation, physiotherapy, as well as clinical settings. Following discussions with 

end-users, the proposed study has been developed and tailored to assess the reliability 

and validity of KiTT, against the current gold-standard criterion method, Vicon. To 
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assess the degree of reliability and validity, numerous sporting exercises that are 

commonly adopted within applied practice will be employed, which in turn could lead 

to increased ecological validity. 
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4.2 Methods 

4.2.1 Participants 

Prior to recruitment, ethical approval was given by the College of Science and 

Engineering Research Committee at the University of Derby, in line with the Declaration 

of Helsinki (ETH2122-0396: 23rd November 2021, ETH2122-2537: 10th February 2022, 

and ETH2122-4556: 6th July 2022). All participants provided written and verbal informed 

consent before participation within the study [appendix A], after reading and 

acknowledging the participant information sheet [appendix B]. A total of 23 

participants were screened to ensure they matched the inclusion criteria: 

- aged between 18-65 years; 

- completes >150 minutes moderate-intensity exercise per week; 

- >2 years’ experience within resistance training exercise; 

- free from any illness/disease/injury; 

- successfully completes a health screening questionnaire [appendix C].  

Anthropometric data for the sample can be observed in Table 2. 

Table 2: Anthropometric data for the sample (n = 23). 

Anthropometric Data 

Gender (M/F) Age (Years) Mass (kg) Height (cm) BMI (kg/m2) 

18/5 24.1 ± 4.9 73.9 ± 9.7 175.6 ± 9.7 23.95 ± 2.68 

4.2.2 Equipment 

The current study aimed to assess the validity of KiTT, against a gold-standard 

criterion method, Vicon (Oxford, UK). Vicon is a 3D motion-analysis system that records 
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a body’s motion, with the ability to record numerous variables simultaneously. Vicon is 

an optoelectronic system that requires the user to wear reflective markers in pre-

determined locations. KiTT developed by Footfalls and Heartbeats (UK) Limited 

(Nottingham, UK), is a smart wearable textile tracker that records changes in resistance 

in real-time, which can be translated into numerous variables (e.g., RKA, relative velocity 

of a repetition, eccentric:concentric timings, rep counter) through programmes and 

machine learning.  

4.2.2.1 KiTT Structure 

KiTT (Version 16.3) was knitted as a single fabric on a Stoll CMS ADF 32 W 

knitting machine (Karl Mayer Stoll, Reutlingen, Germany). The yarn for the main fabric 

consists of four ends of lycra (22 dtex, Zimmermann, Weiler-Simmerberg, Germany) 

and a cover of polyamide 6.6 (78 dtex, Zimmermann, Weiler-Simmerberg, Germany). 

The upper and lower cuff consists only of Stretchline Elastic 815 (356 dtex). The textile 

strain sensor is a conductive yarn which consists of silver-plated multi-filament nylon 

yarn (Statex Shieldex®, 117/17 dtex; electrical resistivity <1.5K/m, Bremen, Germany). 

The transmission lines connected to the strain sensor are also made of conductive 

silver-plated multi-filament nylon yarn (Statex Shieldex®, 235/36 dtex; electrical 

resistivity <80K/m, Bremen, Germany). 

For the current study, KiTT is worn on the participants left knee with the 

purpose-built electronics module situated to the lateral side of the patella. This 

prevents the IMU from being obstructed and causing interference/excessive noise 

within the data. The textile strain sensor is laid anteriorly to the knee-joint, with equal 

proportions of the sensor above and below the patella to accurately measure joint 
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motion. The fabric is stretched to a comfortable position relative to each participant, 

to ensure there is no bunching/slack fabric left in the sleeve. 

4.2.2.2 Vicon 

Vicon Nexus (Version 2.11, Oxford, UK) will serve as the gold-standard criterion 

tool, as this has been used extensively within human research (Armitano-Lago et al., 

2022; Herrington et al., 2017; van der Kruk & Reijne, 2018). The set-up of Vicon requires 

the use of 12 Vicon Vantage cameras, mounted on an overhead rig which is aimed and 

calibrated. Each participant was required to have 16 retro-reflective markers affixed to 

key bony landmarks to enable Vicon to identify lower limb segments. Reflective 

markers were affixed following the “Plug-In GAIT Lower-Body AI” template, created by 

Vicon Nexus. For this template, markers were affixed to participant’s: ASIS (anterior 

superior iliac spine; bi-lateral; n = 2); PSIS (posterior superior iliac spine; bi-lateral; n = 

2); KNE (lateral epicondyle of the tibia; bi-lateral; n = 2); ANK (lateral malleoli; bi-lateral; 

n = 2); TOE (base of the 2nd metatarsal; bi-lateral; n = 2); and HEE (calcaneus; bi-lateral; 

n = 2). Four references markers were attached to the participants thigh (THI; bi-lateral; 

n = 2) and tibia/shank (TIB; bi-lateral; n = 2), with one limb housing markers on the 

lower 1/3 of the segments, with the opposing limb housing markers on the upper 1/3 

of the segments. Figures 4 and 5 display the locations of reflective markers on each 

participant.  
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not possible. After trialling the BD, the data gathered was representative of the motion 

that was performed and was deemed most appropriate for the research project.  

Once the sport-specific movement was defined, a range of heights were tested, 

ranging from 3” – 21”. A height of 15” was found to be the most optimum height, as it 

allowed for participants to walk off the box and land comfortably on both feet at the 

same time. A lower box reduced the amount of time participants had to land with both 

feet, with a higher box increasing the load on the participant’s lower limb’s per landing. 

To control the tempo of each movement, numerous metronome settings were trialled, 

ranging from 30-100 beats per minute. A tempo of 45bpm was found to be a simple 

timing pattern to stick to, with the average squat taking as long as three clicks. This 

allowed each of the movements to be controlled, and easily replicable in following 

sessions. A slower timing pattern slowed the movement too much so that it wasn’t 

natural, with a faster timing pattern becoming confusing through an increase in the 

frequency of clicks per repetition. To control the depth, a fixed dowel rod connected 

to two supports was found to be the best option. This allowed for Vicon heel markers 

to remain visible instead of being blocked by an opaque/solid depth control measure, 

such as a chair/bench/plyometric box. 

To extract RKA from KiTT’s raw resistance readings, multiple Python (Version 

3.11, Delaware, United States) and MATLAB (Versions R2022a & R2022b, 

Massachusetts, United States) scripts needed to be created. Python scripts were 

purpose-built for this research project, to allow for resistance to be translated into RKA. 

At each repetition, one peak RKA from Vicon was correlated to a trough in KiTT’s raw 

resistance. For example, a Vicon peak RKA of 110 was correlated to a KiTT’s raw 
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resistance of 38 (Figure 6). This process was repeated for all 8 repetitions per exercise, 

creating core values where raw resistance can be translated into a predicted angle for 

KiTT. This allowed KiTT‘s raw resistance to be completely translated into a predicted 

angle and allow for direct comparisons with Vicon’s data. After a predicted angle trace 

was calculated, scripts in MATLAB allowed for peak angles to be identified and 

extracted. The MATLAB process was automated through a signal processing toolbox, 

where values above and after a custom threshold were identified (Figure 7). The 

threshold values allowed for only peak angles to be extracted, by removing additional 

peak angles that were not valid.  

Once Python and MATLAB scripts were finalised for the research project, there 

was further development into whether additional sporting variables could be extracted. 

Following on from Chapter 1, MATLAB code was developed to try and extract velocity 

from the weighted back squat (WBS). However, velocity extraction was not possible 

due to a relatively low sampling rate. To test the capabilities of KiTT, Footfalls and 

Heartbeats (UK) Limited created a 100Hz electronics module to replace the current 

30Hz module. After conducting further pilot testing, the 100Hz was sensitive enough 

to extract velocity within the WBS, countermovement jump (CMJ), and the squat jump 

(SJ), with similar peak angle differences between KiTT and Vicon to that of the 30Hz 

electronics module. Due to the variable nature of the leg curl (LC), neither the 30Hz nor 

the 100Hz electronics units were sensitive enough to detect the overall velocity of the 

repetitions. As data collection for the research project had already commenced, and 

the 100Hz electronics module was largely un-tested, all data collected for the research 

project was done with the 30Hz electronics module, with velocity not calculated. 



 
58 

A drawback that should be taken into consideration with KiTT, and potentially 

a wider case of e-textiles, is the ‘dead-space’. This is where there is no reliable or 

accurate data captured, due to the bunching in the fabric. During previous work, the 

dead-space within KiTT was from 0-45. However, due to technological and physical 

developments, the dead space has been constricted to 0-30. Within this region, the 

textile strain sensor is unable to detect any changes in kinematics, however the IMU is 

still sensitive enough to detect angular change. For any exercises that incorporate 

moving from full extension to a period of <50, the angular kinematic from the textile 

strain sensor may not be reliable and valid. However, for exercises that incorporate a 

range of motion >40, there is an increased chance that angular change can be 

quantified reliably and accurately. 



 
59 

 

Figure 6: Excerpt of python code which align's the two files together (Blue line = Vicon 

RKA; Orange line = KiTT raw resistance). 

 

Figure 7: Excerpt of MATLAB code that identifies peak values within a specific data 

frame. The above example is identifying peaks following a WBS, within 'KiTT_WBS' (KiTT 

predicted RKA), 'Vicon_WBS' (Vicon RKA), and '-Res_WBS' (KiTT raw resistance). 

Res_WBS is -Res_WBS as this inverts the data, and trasnaltes the troughs into peaks. 

4.2.4 Protocol 

The current study required participants to attend the University of Derby on 

three sperate occasions. All sessions involved data collection, where the five exercises 

were completed once in a randomised order with eight repetitions per exercise. 

Movements were randomised through a random number generator, with each exercise 

being designated a number (WBS = 1; CMJ = 2; SJ = 3; LC = 4; BD = 5); each number 
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would be drawn once. If duplicate values were present before all five movements were, 

they would be removed. The first session allowed extra time for familiarisation, which 

allowed the participants to practice the exercises required, as well as becoming familiar 

with the data collection equipment and protocol. The exercises for session one were 

performed in a pre-determined order, to aid the participants in becoming familiar with 

the required technique. Following a self-prescribed warm-up, and prior to completing 

any exercises, participants completed five bodyweight squats to ensure the signal of 

KiTT was appropriate and did not display any excessive noise, and that the data 

gathered was valid. This was determined when the noise within the signal did not 

fluctuate to extreme levels (+30  from the baseline signal; pre-determined value that 

would demonstrate a jump of ~50%), and when the trough's remained constant 

without fluctuations (Figure 8). A jump of ~30 from baseline-peak resistance is an 

indication that the sleeve is not fitted correctly, likewise when the troughs are noisy 

and not constant. This was conducted to minimise the chance of invalid data being 

collected. If excessive noise was present, KiTT was checked to see if there were any 

creases/bunches within the fabric, if the sensor was positioned correctly, and if the 

correct size was used. 
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creation of averages, and sufficient comparisons between data collection systems. 

When performing the WBS, participants executed the movement with a 20kg barbell 

to add additional resistance and ensure the movements were not completed too fast, 

and with increased variability from repetition to repetition. Due to machine availability 

within the performance suite, the LC was modified to use a resistance band fixed to a 

squat rack. The opposite end of the resistance band would then be attached to an ankle 

brace which was worn by the participant (Figure 9A and B).  

To control movements, the WBS, SJ, and CMJ, involved a dowel rod which would 

control the range of motion for each repetition (Figure 9C). Participants would touch 

the rod with the backs of their thighs when at the lowest point of the movement, before 

returning upwards. This allowed for the depth of movements to be controlled, allowing 

for more reliable data output. The dowel rod was set at a specific height, that required 

participants to be reaching the bottom of their squat, at an angle greater than 90. A 

depth of >90 is an acceptable squat depth within research (Cotter et al., 2013; Endo 

et al., 2020). As well as depth control, participants completed specific movements to a 

set-timer of 45bpm. Following each repetition, participants would allow one click to 

pass before completing subsequent repetitions. This allowed for peaks to be correctly 

identified through Python and MATLAB, whilst replicating similar training standards 

observed within strength and conditioning environments. 
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Figure 9: Panel-plot displaying the required movement parameters for each specific 

exercise. Panel-plot A: Beginning position for the LC. Panel-Plot B: Mid-point (greatest 

degree of flexion) for the LC. Panel-plot C: Depth control measure that was used for 

WBS, CMJ, and SJ. 

4.2.4.1.1 Weighted Back Squat (WBS) 

During the WBS, participants began the downwards phase of the squat on click 

1, aiming to meet the depth control rod at click 2. Once the participant met the depth 

control measure on click 2, participants immediately began the upwards phase of the 

squat, to full extension (click 3). Before beginning the next repetition, participants 

would allow for one click in between to allow for balance to be regained. This is a 

constant theme throughout all five exercises. Figure 10A displays a RKA trace for the 

amount of expected knee flexion at each respective click.  

4.2.4.1.2 Countermovement Jump (CMJ) 

The CMJ required more volition from the participant as there was only one click 

per repetition. When the participant was ready to begin, hands would be fixed on hips 
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with feet shoulder width apart. On a click that the participant felt comfortable, the 

participant began the downwards phase of the movement, before exploding rapidly 

upwards to flight, when the participant met the depth control measure. After landing, 

the participant would wait for as many clicks as necessary, before completing the next 

repetition on a click. Figure 10B displays a RKA trace for the amount of expected knee 

flexion at each respective click. 

4.2.4.1.3 Squat Jump (SJ) 

The SJ followed a similar protocol to the CMJ with hands fixed on hips and 

acting from volition, with participants beginning the downwards phase on a click of 

their choice (click 1). Instead, participants would wait at the depth control measure 

before propelling upwards on the second click; this would require a faster downwards 

phase to that of the WBS and CMJ. This allows for the stretch-shortening cycle to be 

disrupted and introducing an isometric hold in a squat position; both which are 

requirements to the SJ (Kozinc et al., 2022). On the second click, participants would 

explode rapidly upwards into flight, before landing. After landing, participants would 

begin the following repetition their own volition. Figure 10C displays a RKA trace for 

the amount of expected knee flexion at each respective click. 

4.2.4.1.4 Leg Curl (LC) 

Like the WBS, the LC consists of three evenly spaced out clicks per repetition. 

Click 1 signifies the start of the repetition, where participants begin to flex the knee 

and elevate the foot. At click 2, participants should be at maximum knee flexion. Once 

this click has passed, participants begin to extend the knee back to the starting 

position; participants should reach this point at click 3. There are no depth control 
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measures present for the LC. Between clicks 1-3, the participant should be moving 

through flexion and extension as one swift movement without pause/hesitation. Figure 

10D displays a RKA trace for the amount of expected knee flexion at each respective 

click. 

4.2.4.1.5 15” Box Drop (BD) 

Finally, the BD requires participants to remain stationary at the top of the box 

to collect baseline values, and act from volition, like the CMJ and SJ. After a stationary 

period of ~3 seconds, participants put their right foot forwards in-front of the box, 

before dropping into a squat position on both feet. Once the participant has landed, 

this position is held for two clicks before standing upright. Once the participant is 

upright, the repetition can be repeated. Figure 10E displays a RKA trace for the amount 

of expected knee flexion at each respective click. 
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Figure 10: Panel-Plot displaying five RKA-time traces, and corresponding time-points and/or control measures. (A = WBS; B = CMJ; C = SJ; D = 

LC; E = BD). 
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4.2.4.2 Familiarisation 

The first visit to the performance suite included participants completing a 

familiarisation of the exercises which were required, and the equipment that would be 

used. Within this portion, anthropometric data was collected as well as the dimensions 

of thigh and shank, and specific characteristics of KiTT when worn. Following the 

familiarisation, participants were allocated time to practice should they wish to. If a 

participant was unable to perform the correct technique, verbal coaching points were 

given until the desired technique was observed. As well as this, participants were also 

allocated time to become familiar with the equipment that would be used. Each 

participant was shown the reflective markers, as well as a version of KiTT. Each 

participant was assigned a specific sleeve that was used for all data collection visits. To 

avoid overuse, sleeves were labelled and not used for more than the one participant. 

Additionally, a 20kg barbell for the WBS was kept constant throughout all data 

collection sessions, along with the strength of resistance band (LC only). Prior to data 

collection, participants had the chance to ask any further questions that they had. 

4.2.4.3 Data Collection Sessions 

All sessions involved data collection to assess the reliability and validity of KiTT 

against a criterion method. Each session was conducted in the same manner, with only 

the order of sporting movements, randomised. Upon each participant visit to the 

performance suite, a health screening questionnaire was completed. If successful, the 

participant would progress to data collection. Depending on the participants prior 

engagements, a warm-up was recommended to ensure the participant was ready to 

exercise and take part within the research project. A mix of participants stated that they 

were previously active in the gym/sports sessions, and felt a warm-up was not 
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necessary. If this was the case, participants would proceed to completing five 

bodyweight squats wearing KiTT before entering data collection. If participants were 

not previously active, the warn-up consisted of 5-minutes of cycling at 60 revolutions 

per minute (rpm) on a WattBike (AtomX). Following the period of cycling, participants 

rested for 120-seconds before completing low-intensity exercises. These exercises were 

the same as those within the study, as this allowed participants to be comfortable and 

ready for data collection. Participants completed the WBS slower during the warm-up, 

than what was required within the data collection to allow for an increased time-under-

tension, allowing for an increased stretch, and greater activation of the muscles around 

the lower limbs. Participants completed the CMJ and SJ at 50% effort to avoid over-

exertion, with the LC and BD completed as expected within the data collection. There 

was a 30-second rest period between each exercise, where participants completed five 

reps per exercise.  

After the warm-up, participants were given a version of KiTT to wear before 

affixing the reflective markers. Finally, to ensure the correct size of KiTT was worn by 

the participant, 5 calibration reps were conducted to ensure the data collected was 

going to be valid. A final rest period of 2-minutes was given before data collection 

commenced for the research project. 

4.2.5 Statistical Analysis 

All movements captured and collected were scrutinised to ensure data was valid 

without excessive noise and was representative of the exercise that was performed. If 

there were any marker gaps within Vicon, the gaps were filled through a semi-

automated system to ensure the highest degree of accuracy. Gaps were filled following 
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the guidance of van der Kruk and Reijne (2018). Once all gaps were resolved, the “plug-

in gait dynamic” pipeline was executed to calculate the displacement between each 

marker, as well as the co-ordinates of each marker per each frame of data captured. 

Once co-ordinates had been distinguished for each movement, a comma separated 

value (.csv) file was exported from Vicon which allowed for relevant analysis and 

comparisons between KiTT. The .csv file contained all co-ordinate data for each 

reflective marker, as well as a RKA (degrees) for the left limb. Once KiTT data had been 

captured, the raw output file was checked to ensure there are the correct number of 

repetitions for the specific movement, and that the resistance trace is representative of 

the exercise that was performed. All raw KiTT data was automatically saved and 

exported into a .csv file which allowed for comparisons, and relevant analysis between 

the gold-standard criterion system.  

KiTT automatically records resistance of the textile strain sensor and the 

changes it experiences throughout a movement. Resistance change was translated into 

RKA through a purpose-built Python workbook, with peak angles of an exercise 

identified through MATLAB. Once KiTT data has been translated into RKA, numerous 

statistical tests will be conducted to assess the degree of reliability and validity of KiTT. 

Means and standard deviations for each data collection system will be calculated, with 

the difference between across each exercise. Additionally, reliability and validity tests 

will be conducted through SPSS for Mac (Version 27, Chicago, IL, USA) and Microsoft 

Excel (Microsoft Corporation, Redmond, WA, USA). Prior to further statistical analysis, 

tests for heteroscedasticity will be conducted to ensure the right type of data is 

analysed (Bland & Altman, 1986; Faghy & Brown, 2014). If a positive test is returned, 

data will be transformed into natural logarithmic data for further analysis (Bland & 
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Altman, 1986; Faghy & Brown, 2014). Bland and Altman plots were created to better 

visualise the degree of validity between the systems, as well as producing bias and 

random error data, as they serve as the gold-standard analytical method to assess 

validity of a new device (Bland & Altman, 1986).  
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4.3 Results 

4.3.1 Reliability Assessment 

Before assessing the validity of a new device, reliability testing must be conducted to 

ensure the device is reliable enough for use (Pojskic et al., 2019). Following data analysis 

on 23 participants, 544 peak RKA were calculated for each data collection system which 

was used to quantify the degree of reliability and validity. To assess the level of 

reliability, Cronbach’s  was used to determine how reliable the results of KiTT are in 

comparison to the reference, Vicon. Table 3 displays the Pearson’s r2 scores for each 

exercise, as well as the respective significance values. In addition, the root mean square 

error (RMSE) values all five exercises were within an acceptable range, suggested by 

(Rivera et al., 2022) (WBS: 3.28; CMJ: 4.07; SJ: 4.08; LC: 5.00; BD: 6.78). The 

combination of Cronbach’s  and RMSE displays that the degree of error was small, 

demonstrating an excellent level of reliability of KiTT, which can also be observed in 

regression analysis plots in Figure 11 (Koo & Li, 2016; Rivera et al., 2022).  

Table 3: Pearson’s r value’s, along with the corresponding significance values. 

Exercise / Movement 

Validity Assessment 

Pearson’s r2 Sig. 

WBS 0.902 < 0.001 

CMJ 0.838 < 0.001 

SJ 0.868 < 0.001 

LC 0.913 < 0.001 

BD 0.782 < 0.001 
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Figure 11: Panel-Plot that displays regression analysis graphs for the five exercises that have been completed within the current study, with the 

line of best fit identified (Top Left = WBS; Top Middle = CMJ; Top Right = SJ; Bottom Left = LC; Bottom Middle = BD). 
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Figure 12: Panel-Plot that displays five graphs for the exercises that have been completed within the current study, with the mean differences, 

and upper and lower LoA identified (Top Left = WBS; Top Middle = CMJ; Top Right = SJ; Bottom Left = LC; Bottom Middle = BD. 
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4.3.2 Validity Assessment 

The data presented in Table 4 displays averages and standard deviations which 

were calculated for all exercises, across the three main parameters: Vicon RKA (V), KiTT 

RKA (K), and Raw Resistance (RR). RR is the direct output from KiTT in its raw form. Like 

three-dimensional motion-capture systems, variables are often recorded in degrees () 

or degrees per second (/s). Relatively small differences between Vicon and KiTT were 

observed, with differences of -0.01 (WBS); 0.27 (CMJ); 0.32 (SJ); 2.23 (LC); and 0.51 

(BD). 

Table 4: Averages and standard deviations (±) for RKA for Vicon and KiTT, along with 

the difference between the two systems, and the raw resistance from the specific 

frames where RKA was extracted. 

Exercise / 

Movement 

Relative Knee Angle 

Vicon () KiTT () 
Raw Resistance 

() 
Difference () 

WBS 91.40 ± 10.19 91.39 ± 10.45 44.74 ± 11.30 0.01 

CMJ 91.33 ± 9.34 91.60 ± 10.09 46.47 ± 11.51 -0.27 

SJ 90.45 ± 10.08 90.77 ± 11.18 45.37 ± 12.03 -0.32 

LC 100.67 ± 15.04 102.90 ± 13.77 42.39 ± 11.91 -2.23 

BD 95.18 ± 14.35 95.69 ± 13.71 43.14 ± 1.37 -0.51 

 To further determine the validity of KiTT, Bland and Altman plots were created 

through MATLAB to display the level of agreement between the two systems. 

Furthermore, regression analysis was conducted through SPSS for Mac to identify the 
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statistical value, and significance. Table 5 highlights the Cronbach  values for the five 

exercises, as well as the corresponding significance values. The sport-specific exercise, 

BD, as well as the CMJ and SJ, displayed a high positive correlation between KiTT and 

Vicon, according to boundaries established by Mukaka (2012). Additionally, the WBS 

and LC displayed a very-high positive correlation between KiTT and Vicon (Mukaka, 

2012). Figure 12 displays the five sporting exercises amongst a panel plot, highlighting 

the mean difference between the two systems, the 95% confidence intervals, and an 

absolute 0° reading. Panel-plots A-D display at least one point outside the confidence 

intervals, with panel-plot E displaying all data points within the confidence intervals 

(Figure 12). These graphs indicate high to very-high degrees of validity between the 

two systems, with minimal bias present. However, KiTT displays a bias within the LC 

exercise, with a value of -2.23, indicating an over-estimation of the peak RKA. As 

panel-plot E (Figure 12) has wider limits of agreement (± 6) compared to panel-plots 

A-D (± 2 - 3.5), validity is weaker within the LC even though all points are within the 

limits. Within practical settings, all exercises are deemed as valid due to a small error 

region (± <6) which is relatively small enough to not impact training or performance. 

Table 5: Cronbach’s a value’s, along with the corresponding significance values. 

Exercise / Movement 

Reliability Assessment 

Cronbach’s a Sig. 

WBS 0.974 0.902 

CMJ 0.954 0.838 

SJ 0.962 0.868 

LC 0.975 0.913 
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BD 0.938 0.782 
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4.4 Discussion 

4.4.1 Key Findings 

The primary aim of the study was to investigate the reliability and validity of a 

smart e-textile in comparison to a gold-standard reference system. KiTT displayed high 

degrees of reliability and validity = across all five sporting exercises when measuring 

RKA, with KiTT displaying very-high correlations within the WBS and LC, with the 

remaining three exercises displaying high correlations, respectively. Raw results 

between KiTT and Vicon portray that the peak angle are similar, with a maximum 

difference between the systems being present within the LC (-2.23), and the minimum 

difference within the WBS (0.01) (Taborri et al., 2020). These results signify the validity 

and accuracy of KiTT when compared to a gold-standard reference, with reliability 

remaining excellent through all sporting exercises. 

4.4.2 Validity and Practical Applications of KiTT 

 Across five commonly adopted sporting exercises, KiTT displayed high to very-

high levels of reliability and validity. For coaches and end-users, this information is 

crucial into the adoption of sport technology, as without reliability and validity, 

objectives may not be met, and data can be misinterpreted. Prior to adoption of new 

sport wearable technology, extensive research into the reliability and validity needs to 

be carried out (Adesida et al., 2019). Wider research has demonstrated that wearable 

systems have been assessed for validity, with Roell et al. (2019), investigating the 

validity of a new IMU system. The results of this system display r2 values of 0.76 – 0.95, 

demonstrating the validity of KiTT within the current study. Furthermore, specific e-

textiles in the form of socks, have been validated and show that foot performance and 
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gait patterns can be analysed through an array of strain sensors (Januskevica et al., 

2020; Oks et al., 2020)  

3D motion capture systems such as Vicon, are renowned for the validity and 

accuracy that is provided across a wide range of sporting movements (Tak et al., 2020; 

van der Kruk & Reijne, 2018). Knee flexion angles are found to have the smallest margin 

of error for such systems, with the difference often being no more than ~1 (Tak et al., 

2020). The accuracy offered by Vicon is in-line with the accuracy of KiTT, where a mean 

difference of 0.01 was identified across the whole sample. Additional research has 

suggested that when performing a squatting task that is recorded via an optoelectronic 

system, an error range of <2 is considered acceptable, with 2-5 considered as 

reasonable (Tak et al., 2020). This is due to the phenomenon described as soft tissue 

artefact (STA), where reflective markers may move slightly during motion, which 

ultimately reduces the accuracy of the motion captured (Ancillao et al., 2021; Tak et al., 

2020; van der Kruk & Reijne, 2018). According to Ancillao et al. (2021), the STA 

phenomenon appears to have the largest influence on the thigh cluster, with overall 

ranges from 4-18mm, an error range of 10. As KiTT is a textile, there are no reflective 

markers required for motion capture, which eliminates the STA phenomenon, reducing 

the possibility of inaccurate data. 

To better inform coaches of how their athletes are training and progressing, 

KiTT can serve as an all-in-one tool that collects, monitors, analyses, and stores data, 

whilst providing metrics in real-time. This form of technology is not common within 

applied practice, with often multiple systems and pieces of software required to match 

that of KiTT, which is like GPS, and HR straps (Ravé et al., 2020; Theodoropoulos et al., 
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2020). Within both strength and conditioning, and clinical environments, practitioners 

often have to utilise numerous pieces of equipment, which can take time away from 

data collection and the participants (Cheng & H M Bergmann, 2022; Seshadri et al., 

2021; Wilson, 2008). To have the possibility of a single piece of technology that would 

satisfy the need’s to collect, monitor, analyse, and store data would be fundamental 

moving forward, and serve as a largely desired piece of equipment amongst many 

coaches and practitioners (Luczak et al., 2019; Windt et al., 2020).  

As KiTT is still a relatively new piece of technology, there hasn’t been extensive 

research into the full capabilities of the technology. From the results of the study, KiTT 

can be adopted within numerous areas, including strength and conditioning, 

physiotherapy, clinical practices, team-sessions and many more (Albasini et al., 2010; 

Harris et al., 2010; Luczak et al., 2019; Røe et al., 2019). However, unlike technology that 

is currently in use and popular amongst all environments, there needs to be sufficient 

evidence and research supporting the technology. Since its inception, GPS has 

accumulated more than 1500 research articles, with more than 200 specific articles 

related to the GPS technology, creating a substantial and significant research and 

evidence base, giving practitioners the confidence that they system is robust and 

reliable (Cloosterman et al., 2022; Malone et al., 2017; Theodoropoulos et al., 2020; 

Zhang & Poslad, 2013) 

4.4.3 Alternative Solutions to KiTT 

The current study has displayed that KiTT has comparable results to that of the 

gold-standard methods, whilst costing just a fraction of the price. In addition, KiTT 

serves as a more streamlined technological solution, with minimal set-up required 
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before data collection can commence. In contrast to this, gold-standard 3D motion-

capture requires the participant to be fitted with several reflective markers on specific 

bony landmarks, as well as a length camera, and user calibration process, before 

commencing data collection (Taborri et al., 2020; van der Kruk & Reijne, 2018). Having 

the option to collect data quickly, in a short time frame is key to strength and 

conditioning sessions, who have minimal time to monitor and develop their athletes 

(Ebben et al., 2005; Weldon et al., 2022). Research has eluded that little time is given to 

strength and conditioning sessions during the in-season, with these sessions 

conducted on the same day as other sessions (i.e., technical, or review), which reduces 

the adaptations that could be made by the individuals (Ebben et al., 2005; Nakata et 

al., 2013; Spaniol et al., 2010). Therefore, having a device that has the capability of 

testing multiple athletes across a wide range of movements in a fraction of the time 

currently, will serve extremely useful to users and coaches (Fernandez-Fernandez et al., 

2014). 

 Within sport and exercise, there are numerous technological solutions that can 

capture, storing, and analysing sporting motion (Adesida et al., 2019; Luczak et al., 

2019; van der Kruk & Reijne, 2018). The current gold-standard methods are often 

expensive, inaccessible, and require specialist training and equipment (Roggio et al., 

2021; van der Kruk & Reijne, 2018). To many users, this level of technology in not an 

option. To combat this, more affordable, accessible, and simpler methods are adopted 

(Adesida et al., 2019). However, the level of detail can be sacrificed, as well as the 

quantity of data collected (Adesida et al., 2019; Armitano-Lago et al., 2022; Frevel et al., 

2022). E-textiles offer a similar level of detail within the data to that of the gold-

standard, whilst costing a fraction of the price (Adesida et al., 2019; Gonçalves et al., 
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2018). Furthermore, e-textiles are often simple to use and are designed with the user 

in mind, to help achieve the specific objectives of training (Adesida et al., 2019; 

Tajadura-Jiménez et al., 2020). 

KiTT offers a new perspective of sport technology, with the main attraction 

being that the user only must wear the garment before collecting data of any sort. This 

allows the user to perform the movement with little/no changes in their mechanics, as 

there are not multiple markers, devices, and cables attached which is the case for 

alternative technological solutions (Luczak et al., 2019; Myer et al., 2014; van der Kruk 

& Reijne, 2018). When performing a squatting motion on two-dimensional motion 

capture, results are still highly valid and accurate when compared to a 3D motion 

capture system, displaying similar results to KiTT from the current study (Herrington et 

al., 2017). As two-dimensional motion capture requires users to wear reflective markers, 

there is currently a greater range of variables that can be captured away from the knee, 

that concern the trunk and the hip (Bazett-Jones et al., 2022; Herrington et al., 2017). 

However, if the primary aim of a user’s session involves the measuring of the RKA, 

whether that be for velocity-based training, or rehabilitative measures, KiTT provides a 

valid and reliable reading when performing a squatting motion.  
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5. Concluding Remarks 

The research project collectively identified a need and desire from end-users 

for more sport technology, such that can capture relative knee angle as well as 

additional kinematic variables. By creating dialogue with end-users and applied 

practitioners, additional data that was outside of the scope of questioning was 

collected, which demonstrated 91% of coaches currently utilising technology within 

their work, with 70% working on a restricted time frame. By having access to more user-

friendly and portable data collection devices, end-users will be able to meet their 

objectives and continue to work efficiently (Adesida et al., 2019; Luczak et al., 2019). 

Whilst the research project emphasised the need for such technology from coaches, 

there is scope for future research into the players and ultimate end-users viewpoints 

on the technology as ultimately they will be the individuals wearing the technology. 

In addition to this, KiTT can accurately and reliably capture relative knee angle 

in comparison to Vicon across five commonly used sporting exercises. As well as this, 

the data gathered is valid and representative of the motion being carried out. To 

confidently state that KiTT can be used within future work, there needs to be additional 

research that solidifies the use of the inertial measurement unit in calculating a relative 

knee angle, as well as additional sporting variables. Future development into the 

technology may aid the data collected, with advancements in the sample rate, and 

possible removal/fix of the ‘dead-zone’. By remediating these issues, KiTT can truly 

serve as an alternative to current technological systems, which is more portable, cost-

friendly, simple to use, and therefore more accessible to the coaches that require this 

type of kit. 
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The current study aimed to address the reliability and validity of a new e-textile 

that can capture RKA with results comparable to that of the current gold-standard 

criterion methods. The results identified that KiTT has similar results to that of Vicon, 

across five commonly adopted sporting exercises, whilst demonstrating high to very-

high levels of reliability and validity (Koo & Li, 2016; Mukaka, 2012). Although the 

sporting exercises are commonly used within practical settings, four of the movements 

involve a squatting movement pattern, with many more sporting exercises that were 

not included within the study incorporating alternative movement patterns (i.e., 

deadlifts, leg extension, and more sport-specific movements) (Cannell et al., 2001; 

Martín-Fuentes et al., 2020). The results from the current study highlight the accuracy 

of KiTT when compared to gold-standard methods, however this is a result of direct 

input from a more advanced system. Future studies should aim to include more spirting 

exercises (e.g., leg extension, lateral hops, and deadlift variations) to further investigate 

the reliability and validity of KiTT, and to explore the true limitations of the technology. 

Additionally, to solidify KiTT’s position within the strength and conditioning 

environment, there needs to be internal development into true angle calculation from 

the sensor, inertial measurement unit, and appropriate algorithms. 
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