
 

 

 

Utilising field-based technology to explore the 
relationship between high-speed running 
biomechanics and hamstring strain injury 

 

 

 

 

 

Submitted by 
Lisa Nicole Wolski 

Bachelor of Science (Physiotherapy) 
Master of Manual Therapy (Musculoskeletal) 

 

 

Faculty of Medicine and Health 
Sydney School of Health Sciences 

 

 
 

A thesis submitted to fulfil the requirements for the degree of 
Doctor of Philosophy 

2025 
 

 



 
 

ii 

Statement of Originality 
This is to certify that, to the best of my knowledge, the content of this thesis is my own 
work. This thesis has not been submitted for any degree or other purposes. 
I certify that the intellectual content of this thesis is the product of my own work and that all 
the assistance received in preparing this thesis and sources have been acknowledged. 

Signature: 

 

 

Lisa Nicole Wolski 

Date: 18 June 2025 

  



 
 

iii 

Table of Contents 
STATEMENT OF ORIGINALITY ........................................................................................................................ II 

TABLE OF CONTENTS .................................................................................................................................... III 

LIST OF FIGURES ...................................................................................................................................................... V 
LIST OF TABLES ...................................................................................................................................................... VI 
LIST OF ABBREVIATIONS ........................................................................................................................................... VI 

ABSTRACT .................................................................................................................................................. VIII 

AUTHOR ATTRIBUTION STATEMENT .............................................................................................................. X 

ACKNOWLEDGEMENTS ............................................................................................................................... XII 

PREFACE ..................................................................................................................................................... XIII 

PUBLICATIONS RELATED TO THIS THESIS .................................................................................................................... XIII 
PAPER PRESENTATIONS RELATED TO THIS THESIS ........................................................................................................ XIII 
POSTER PRESENTATIONS RELATED TO THIS THESIS ....................................................................................................... XIII 
OTHER PUBLICATIONS AND PRESENTATIONS DURING CANDIDATURE .............................................................................. XIII 
FUNDING RELATED TO THIS THESIS ........................................................................................................................... XIV 
PERMISSIONS FOR PHOTOGRAPH AND IMAGE USE ...................................................................................................... XIV 
RELEVANT TRAINING ............................................................................................................................................. XIV 

CHAPTER 1: INTRODUCTION .......................................................................................................................... 1 

1.1 PREFACE .................................................................................................................................................. 1 
1.2 CHAPTER OUTLINE ..................................................................................................................................... 2 
1.3 THE HAMSTRING MUSCLE GROUP ................................................................................................................ 2 

1.3.1 Hamstring Anatomy and Physiology ................................................................................................ 2 
1.3.2 Hamstrings Actions and Function Role in High-Speed Running ....................................................... 5 
1.3.3 The Hamstrings’ Role in High-Speed Running .................................................................................. 5 

1.4 THE HSI PROBLEM .................................................................................................................................... 6 
1.4.1 HSI Grading, Classification and Mechanisms ................................................................................... 6 
1.4.2 HSI Incidence, Prevalence and Burden ............................................................................................. 7 
1.4.3 HSI Risk Factors ................................................................................................................................ 8 
1.4.4 HSI Prevention – Models and Current Strategies ............................................................................. 9 

1.5 RUNNING BIOMECHANICS AND HSI ............................................................................................................ 10 
1.5.1 Running-Related Biomechanical Risk Factors and Injury Prevention ............................................. 10 
1.5.2 Biomechanical Analysis Considerations ......................................................................................... 11 

1.6 THESIS PLAN ........................................................................................................................................... 12 
1.6.1 Thesis Aims ..................................................................................................................................... 12 
1.6.2 Thesis Objectives ............................................................................................................................ 12 

1.7 REFERENCES ........................................................................................................................................... 12 

CHAPTER 2: IS THERE AN ASSOCIATION BETWEEN HIGH-SPEED RUNNING BIOMECHANICS AND HAMSTRING 

STRAIN INJURY? A SYSTEMATIC REVIEW ...................................................................................................... 19 

2.1 OUTLINE ................................................................................................................................................ 19 

CHAPTER 3: METHODOLOGICAL CONSIDERATIONS FOR QUANTIFYING HIGH-SPEED RUNNING 

BIOMECHANICS ............................................................................................................................................ 47 



 
 

iv 

3.1 CHAPTER OUTLINE ................................................................................................................................... 47 
3.2 PAST TO PRESENT DAY BIOMECHANICAL ANALYSIS ......................................................................................... 47 
3.3 BIOMECHANICAL ANALYSIS REQUIREMENTS FOR CURRENT RESEARCH QUESTION ................................................. 48 
3.4 EXISTING FIELD-BASED BIOMECHANICAL TECHNOLOGY ................................................................................... 50 
3.5 JOURNEY TO FINDING A SUITABLE INERTIAL MEASUREMENT SYSTEM FOR KINEMATIC ANALYSIS .............................. 52 

3.5.1 Pilot Testing - ‘dorsaVi’ .................................................................................................................. 52 
3.5.2 The University of Sydney Proof of Concept IMU System Development .......................................... 53 
3.5.3 Noraxon Myomotion Pilot Testing ................................................................................................. 54 

3.6 REFERENCES ........................................................................................................................................... 55 

CHAPTER 4: VALIDITY OF AN INERTIAL MEASUREMENT UNIT SYSTEM TO MEASURE LOWER LIMB 

KINEMATICS AT POINT OF CONTACT DURING INCREMENTAL HIGH-SPEED RUNNING ................................... 61 

4.1 OUTLINE ................................................................................................................................................ 61 

CHAPTER 5: UTILISING INERTIAL MEASUREMENT UNITS AND FORCE–VELOCITY PROFILING TO EXPLORE THE 

RELATIONSHIP BETWEEN HAMSTRING STRAIN INJURY AND RUNNING BIOMECHANICS ............................... 75 

5.1 OUTLINE ................................................................................................................................................ 75 

CHAPTER 6: RESEARCH SUMMARY, DISCUSSION AND CONCLUSION ............................................................. 91 

6.1 SUMMARY OF RESEARCH FINDINGS ............................................................................................................. 91 
6.2 DISCUSSION ........................................................................................................................................... 92 

6.2.1 Practical Implications ..................................................................................................................... 92 
6.2.2 Limitations ..................................................................................................................................... 93 
6.2.3 Strengths ........................................................................................................................................ 94 
6.2.4 Directions for Future Research ....................................................................................................... 95 

6.3 CONCLUDING REMARKS ............................................................................................................................ 97 
3.4 REFERENCES ........................................................................................................................................... 97 

APPENDIX 1: LEGAL PERMISSIONS .............................................................................................................. 100 

A1.1 PERMISSIONS FOR FIGURES / IMAGES ........................................................................................................ 100 

APPENDIX 2: MANUAL OF PROCEDURES .................................................................................................... 106 

A2.1 VALIDATION STUDY DATA COLLECTION PROCEDURES ................................................................................... 106 
A2.1.1 Motion Analysis System (MAS) Setup and Calibration ............................................................. 106 
A2.1.2 Noraxon IMU System Setup ..................................................................................................... 110 
A2.1.3 Administration ......................................................................................................................... 111 
• First aid officers / kit locations ......................................................................................................... 111 
• Nearest External Medical Services: ................................................................................................... 112 
A2.1.4 Biomechanical Data Collection ................................................................................................ 112 
A2.1.5 Visual 3D - Data Processing ..................................................................................................... 114 
A2.1.6 Visual 3D - Data Processing ..................................................................................................... 117 

A2.2 CROSS-SECTIONAL AND COHORT STUDY DATA COLLECTION PROCEDURES ......................................................... 120 
A2.2.1 Force Velocity Profiling Set Up ................................................................................................. 120 
A2.2.2 Noraxon Setup ......................................................................................................................... 121 
A2.2.3 Administration ......................................................................................................................... 122 
A2.2.4 Biomechanical Data Collection ................................................................................................ 123 
A2.2.5 Biomechanical Data Processing ............................................................................................... 123 
A2.Annex A Matlab code – Validation ................................................................................................ 127 
A2.Annex B Matlab code – Cohort ..................................................................................................... 132 

APPENDIX 3: SPORT HEALTH FEATURE ARTICLE .......................................................................................... 137 



 
 

v 

A3.1 OUTLINE .............................................................................................................................................. 137 

APPENDIX 4: ETHICS DOCUMENTATION ..................................................................................................... 142 

A4.1 OUTLINE .............................................................................................................................................. 142 
 

List of Figures 
Figure 1.1 Patrick Johnson 
Figure 1.2 Right posterior thigh with hamstrings bony attachment detail on left 
Figure 1.3 Running Phases 
Figure 2.1 Prisma Flow Diagram 
Figure 3.1 Biomechanical technological advances from early 1800s to late 1900s 
Figure 3.2 Overground track set up for Pilot testing the dorsaVi’s ViMove IMU system (affixed 

to the lower leg) against the university’s 3D Motion Analysis System  
Figure 3.3 The shank angle at ground contact when the force plate was used to identify ground 

contact were very highly correlated (r=0.95) 
Figure 3.4 When using the accelerometer signal to identify ground contact for the Noraxon 

system, the correlation was still high (r=0.86) 
Figure 4.1 MU and retroreflective marker set up 
Figure 4.2 Kinematic data collected 
Figure 4.3 Matlab screenshots displaying Motion Analysis System point of contact 

identification (top) and Inertial Measurement System POC detection method 
(bottom) 

Figure 4.4 Sample sagittal angles for (a) shank, (b) knee, (c) hip and (d) pelvis as measured by 
the MAS (black) and theFigure 4.5  IMU system (grey) while running at 16 km/h 

Figure 4.5 Bland–Altman Plots (mean difference plotted against the average of each 
measurement pair) for (a) point of contact (POC), (b) shank angle, (c) knee flexion 
angle, (d) hip flexion angle, (e) anterior pelvic tilt and (f) stride time for Trial 1 (black) 
and Trial 2 (grey) 

Figure 4.6 Plots of individual study variables across speed for each trial  
Figure 5.1 Force-velocity profiling set up taken from ‘MySprint’ iPhone application instructions 
Figure 5.2 Photographic example of a single maximum-effort 40m sprint 
Figure A2.1 Force plate configuration 
Figure A2.2 Seed axis configuration: Red – X, Green – Y, Blue – Z 
Figure A2.3 Treadmill in position 
Figure A2.4 Noraxon MyoMotion sensor 
Figure A2.5 Noraxon receiver set up 
Figure A2.6 Noraxon Myosync connection to Receiver and MAS 
Figure A2.7 Marker and IMU placement 
Figure A2.8 V3D Static Reference (view from left side) 
Figure A2.9 V3D Trail (view from left side) 
Figure A2.10 Copy of Pipeline 
Figure A2.11 Example Matlab output visualising V3D and Noraxon kinematic data (shank angle) 

and Synchronisation Signal 
Figure A2.12 Selection of force threshold to identify POC 



 
 

vi 

Figure A2.13 POC identification and checking using force plate data 
Figure A2.14 POC detection method 
Figure A2.15 Continuous output cycle graphs 
Figure A2.16 MySprint FVP reference system 
Figure A2.17 Noraxon MyoMotion dual receiever 
Figure A2.18 Screenshot from MySprint application (determining split times) 
Figure A2.19 POC detection method 
Figure A2.20 Normalised output cycle graphs 
Figure A2.21 Continuous output cycle graphs 

List of Tables 
Table 1.1:  Origin, insertion, nerve supply and blood supply of the hamstrings 
Table 1.2:  Summary of the HSI Types 
Table 2.1  Quality Analysis Case Control Studies 
Table 2.2  Quality Analysis Cross-sectional and Cohort Studies 
Table 2.3  Study Characteristics 
Table 2.4  Study outcome measures and results 
Table 3.1  A review of existing field-based technology 
Table 4.1  Pearson correlation coefficient, RMSE and t-test results for the IMUS and MAS at 

POC 
Table 5.1  Cross-sectional analysis of IMU data by HSI side and by subject, using Mixed Model 

Analysis (Type III Fixed Effects) 
Table 5.2  Cross-sectional analysis of FVP data by subject, using Analysis of Covariance, 

controlling for age and sex 
Table 5.3  Cohort baseline variable percentiles for the two participants who sustained an injury 

during the one-year surveillance period 
Table A2.1  Camera orientation 
Table A2.2  Camera settings 
Table A2.3  Force Plate Sensitivity Matrix 
Table A2.4  Marker names and locations 
Table A2.5  Body segment definitions 
Table A2.6 Minimal detectable change calculations for HSI History by Side 
Table A2.7 Minimal detectable change calculations for HSI History by Participant 

List of Abbreviations 
HSI  Hamstring Strain Injury 
DOMS  Delayed Onset Muscle Soreness 
POC  Point of Contact 
TRIPP  Translating Research into Injury Prevention Practice 
NHE  Nordic Hamstring Exercise 
FIFA  Fédération Internationale de Football Association 
MAS  Motion Analysis System 
SD  Standard deviation 



 
 

vii 

NA  Not applicable 
NR  Not reported 
NS  No significant difference 
FVP  Force-velocity profiling 
V3D  Visual 3D 
RMSE  Root Mean Square Error 
ICC  Intraclass Correlation Coefficient 
F0  Theoretical maximum horizontal force at null velocity 
V0  Theoretical maximum velocity under zero load 
Pmax  Maximal mechanical power output 
FV Slope Linear F-V relationship slope 
RFmax  Ratio of horizontal component of ground reaction force (RF) maximum value (%) 
Drf  Rate of decrease in RF (%); 
Vopt  Speed at maximal power output 
ANCOVA Analysis of Covariance 
CI  Confidence Interval 
L  Left 
R  Right 
ASIS  Anterior superior iliac spine 
PSIS  Posterior superior iliac spine 
GT  Greater trochanter 
TH  Thigh 
LAT  Lateral 
MED  Medial 
TTUB  Tibial tuberosity 
HFIB  Head of fibula 
LMAL  Lateral malleolus 
MMAL  Medial malleolus 
MT  Metatarsal joint 
HLX  Hallux 
ML  Medial lateral 
AP  Anterior posterior 
SWC  Smallest Worthwhile Change 
MWC  Moderate Worthwhile Change 
LWC  Largest Worthwhile Change 
TE  Typical Error of Measurement 
CV%  Coefficient of Variation Percentage 
  



 
 

viii 

Abstract 

Hamstring strain injury (HSI) poses a significant problem for athletes and sporting organisations. As 
one of the top injuries in sports involving high-speed running, it attracts great attention both in 
academia and the clinical realm. From an organisational perspective, the HSI burden is pronounced, 
especially due to its high recurrence rate. As a result, increasing pressure is placed on sports 
medicine professionals to deliver successful injury prevention and recovery programs. To date, the 
majority of the HSI prevention research focuses on hamstring strength, but the evidence and results 
‘on the ground’ are indecisive. Noting the primary mechanism for HSI in field-based sports is non-
contact high-speed running, this thesis aimed to explore the relationship between high-speed 
running biomechanics and HSI. Sprint coaches anecdotally exhibit a wealth of knowledge in this 
space, but the translation to the clinical realm seems to be lacking. Thus, an investigation into the 
association between high-speed running and HSI may ‘bridge the gap’, and subsequently inform 
injury prevention programs. 

First, a systematic review (Chapter 2) was conducted to summarise the existing evidence on the 
relationship between running biomechanics and HSI, and to direct any spatiotemporal, kinematic, 
and kinetic aspects requiring further investigation. Evaluation of the twelve included studies 
revealed emerging evidence for a relationship between running biomechanics and HSI; however, 
there were significant concerns regarding the study quality. Further, significant variability was noted 
between studies in terms of protocol and methodology, reducing the ability to determine a 
definitive synopsis. It was recommended that more research is needed with validated measures of 
running biomechanical analysis. 

Before further research could be conducted in this space, the methodological considerations for 
quantifying running biomechanics were explored (Chapter 3). The exploration and utilisation of 
portable technology became critical constituents of this research, ensuring that the biomechanical 
variables investigated reflected those of real-world, field-based settings. This led to extensive pilot 
testing before validation of an inertial measurement unit (IMU) system against the gold standard, 
the 3D Motion Analysis System (MAS), over incremental high-speed running (Chapter 4). IMU 
kinematic variables of interest that were identified as valid and reliable were anterior pelvic tilt and 
hip flexion at point of contact (POC), as well as stride time. Knee flexion and shank inclination angle 
at POC were inaccurately and inconsistently measured by the IMU system when compared to the 
MAS. Thus only, anterior tilt and hip flexion could go on to be confidently quantified by the portable 
IMU system for subsequent field-based observational research. 

The culminating field-based observational research study (Chapter 5) was of combined cross-
sectional and prospective cohort study design. The IMU system, as well as force-velocity profiling 
(FVP), a previously validated novel portable method for characterising the kinetics of acceleration, 
were utilised as methods for quantifying running biomechanics. Participants were aged between 17 
and 50 years, actively participated in a sport involving sprinting, and did not have a current medical 
condition or injury affecting their ability to sprint pain-free. Inopportunely, restrictions imposed by 
COVID-19 adversely impacted recruitment in the study, resulting in a limited sample size. Twenty-
three sprinters were recruited and tested at baseline, before a one-year surveillance period. 
Baseline testing consisted of a single maximum-effort 40m sprint from a crouched start. The first 
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30m was used for FVP calculation, and 6 consecutive steps in the later upright phase of the sprint 
were used for kinematic evaluation via the IMU system. For cross-sectional analysis, the history of 
HSI was based on self-report only. For prospective cohort analysis, the one-year surveillance period 
involved weekly text message reporting. If a HSI in the preceding week was suspected, the 
participant was assessed by an independent physiotherapist. Thirteen of the 23 participants had a 
history of HSI at baseline. Two participants went on to sustain HSIs within the surveillance period; 
both were classified as recurrent injuries. Although the sample size was small, the findings present a 
case for further investigation. At a cross-sectional level, participants with a history of HSI 
demonstrated increased anterior pelvic tilt at POC when compared to controls. Prospectively, the 
two participants who sustained a HSI exhibited a velocity-orientated profile, when compared to 
controls. Although these key findings are comparable to that of other studies, our observational 
study was the first of its kind to conduct both FVP and IMU kinematic analysis in a field-based 
settings. As such, the study may be considered a good feasibility trial, offering several lessons learnt 
in the practical implementation of such novel technologies. 
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Chapter 1: Introduction  

1.1 Preface 
‘This PhD journey started at Arafura Stadium in Darwin, Northern Territory (also known as the ‘top 
end’ of Australia). A locum Physiotherapy job whilst travelling had eventuated into a permanent 
position working at the Darwin Naval base. As an amateur sprinter, the athletics track at Arafura 
Stadium became my regular ‘stomping ground’. I had returned to full training following my second 
hamstring strain in the previous year but was struggling to get back to previous speed. Fortunately, 
on this particular day Patrick Johnson was at the track and after watching me warm up, decided to 
come over and have a chat. 

To provide context, Patrick Johnson is an Australian legend in the athletics world. In 2003, he broke 
Matt Shirvington’s Australian 100 m record to become the first and only Australian to run sub-10 
seconds. The record still stands today. 

 

Figure 1.1: Patrick Johnson (Image permission details located in Appendix 1) 

Patrick proceeded to confidently point out flaws in my sprinting technique. He informed that if I 
hadn’t already done so, I would strain my hamstring if I kept running the way I was. The Olympian 
willingly prescribed drills and coaching cues to reduce my ‘overstride’, and increase my trunk/pelvic 
stability. I eagerly took on the advice, dutifully conducting the drills at every subsequent session and 
conscientiously implemented the cues suggested for my running technique. 

This may be a coincidence but that season, I went on to run personal bests in the 100 m and 200 m, 
compete at Australian Open National Championships, and not had any hamstring issues since. As a 
physiotherapist, this really got me thinking. The role of running technique (quantified through 
biomechanics) is rarely acknowledged in hamstring injury management during physiotherapy 
education. 
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Following extensive discussions with sprint coaches and other sports physiotherapists, it became 
apparent there was a divergence of beliefs between the two groups in the role that biomechanics 
may play in hamstring strain injury. Sprint coaches tended to offer anecdotes of the typical running 
profile of the athlete with history of hamstring strain injury and described practical coaching 
methods to address it. Sports physiotherapists inclined to focus more on the evidence-based 
information in the literature, highlighting the role of early detection of at-risk groups, appropriate 
load management and strengthening. 

This is obviously a very generalist outlook on the views of the two professional groups. As a clinician, I 
decided I wanted to investigate the potential role of running technique training on hamstring injury 
prevention a little more. I came across the great work of Professor Evangelos Pappas, an esteemed 
researcher utilising biomechanical, epidemiological and clinical approaches to musculoskeletal injury. 
After reaching out to him detailing my intent to research, he agreed to meet. 

I proposed development of a running technique feedback tool that we could test as an intervention 
for prevention of Hamstring Strain Injury (HSI). Evangelos advised that we needed to better 
understand whether a relationship exists between hamstring strain injury and running biomechanics 
first. He explained that much work is needed before we can skip to implementation. 

And so, the work begins….’ 

1.2 Chapter Outline 
This chapter details the background information gathered, starting with understanding hamstring 
anatomy and physiology, before detailing hamstring pathophysiology and the mechanism of high-
speed running HSI. HSI epidemiology and current evidence-based strategies for prevention will then 
be discussed, and the role of running biomechanics in muscle strain injuries will be introduced. 
Finally, once the aforementioned context is presented, thesis aims will be outlined. 

1.3 The Hamstring Muscle Group 

1.3.1 Hamstring Anatomy and Physiology 
The posterior thigh muscles, known as the ‘hamstrings’ consist of the semitendinosus, 
semimembranosus and biceps femoris muscles (Figure 1.2, and Table 1.1). 

The semitendinosus shares its tendinous origin with the long head of biceps femoris forming the 
sizeable conjoint tendon (measuring on average 2.7 cm superoinferiorly and 1.8 cm transversely).1 
At the proximal musculotendinous junction, the semitendinosus muscle belly separates from the 
biceps femoris to run posteromedially. The distal tendon is the longest of the hamstrings and unites 
with the gracilis tendon at insertion (forming two thirds of the ‘pes anserine’ at the medial knee).2 It 
is postulated that semitendinosus' long distal tendon length predisposes the muscle to rupture.3 This 
long distal tendon is also commonly grafted for anterior cruciate ligament reconstruction, which can 
lead to ongoing issues associated with knee flexion weakness in athletes.4 

The semimembranosus has a flat crescent-shaped origin arising from the inferomedial impression of 
the ischial tuberosity.2 The muscle descends to form the longest proximal tendon origin of the 
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hamstrings (average measuring on average 31.9 cm cranial-caudally), with the muscle belly located 
anterior to the long head of the biceps and semitendinosus. Before insertion at the medial condyle, 
slips may be present to the femur and adductor magnus.5 

With two heads, the biceps femoris lives up to its name. After splitting from the conjoint tendon, the 
long head extends posterolaterally (30 deg angle in coronal plane, 45 deg knee flexed to 90 deg).6 
The gluteus maximus covers a significant portion of the muscle belly and proximal tendon (combined 
with the conjoint tendon has an average length of 27.1 cm).6 The deep short head of the biceps 
femoris arises from the linear aspera of the femur and merges to the long head at the distal 
aponeurosis before forming a joint narrow tendon inserting at the lateral femoral condyle and head 
of fibula.2 

 ORIGIN INSERTION NERVE SUPPLY BLOOD SUPPLY 
Semitendinosus Ischial 

tuberosity 
(inferomedial 
impression) 

Superior, 
medial tibial 
surface  

Tibial division of 
the sciatic nerve 
(L5, S1, S2) 

Medial circumflex 
femoral artery, first 
perforating artery. 
Accessory supply 
from inferior gluteal 
and inferior medial 
genicular arteries 

Semimembranosus Ischial 
tuberosity 
(superolateral 
impression) 

Posterior 
aspect of 
medial 
condyle 

Tibial division of 
the sciatic nerve 
(L5, S1, S2) 

All perforating 
arteries 
(predominantly first), 
and branches of the 
gluteal and popliteal 
arteries. Accessory 
contribution from 
inferior gluteal artery 

Long Head of Biceps 
Femoris 

Ischial 
tuberosity 
(inferomedial 
impression) 

Head of 
fibula and 
lateral tibial 
condyle 

Tibial division of 
the sciatic nerve 
(L5, S1, S2) 

First and second 
perforating arteries. 
Accessory supply 
from inferior gluteal, 
medial circumflex and 
superior lateral 
genicular arteries 

Short Head of Biceps 
Femoris  

Linear aspera 
(lateral lip) 

Common fibular 
division of the 
sciatic nerve 
(L5, S1, S2) 

Second and third 
perforating artery, 
and the superior 
lateral genicular 
artery 

Table 1.1: Origin, insertion, nerve supply and blood supply of the hamstrings2 
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Figure 1.2: Right posterior thigh with hamstrings bony attachment detail on left - origins in red, 
insertions in blue. Reprinted with permission from Gray’s Atlas Anatomy (Image permission 

details located in Appendix 1)7 
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Understanding muscle fibre physiology is important to fully appreciate the actions and role of the 
respective muscle group. Each hamstring muscle has a discrete arrangement of muscle fibre bundles 
or fascicles.8 Muscle fibres comprise numerous myofibrils (the muscle contractile element). 
Myofibrils consist of multiple sarcomeres connected by a ‘Z’ line. Each sarcomere is composed of 
various actin and myosin protein filaments which overlap in synergy for muscle contraction.9 Muscle 
fibres can be divided into slow or fast-twitch muscle types. Slow-twitch fibres are for endurance or 
low-intensity exercises such as long-distance running. Fast-twitch fibres on the other hand, enable 
short, high-intensity efforts such as sprinting or powerlifting.10 Cadaver studies have revealed a 
higher proportion of fast-twitch muscle fibres in the hamstring muscles,11 supporting the hamstrings’ 
role in force production. 

In the semitendinosus, muscle fibres are orientated longitudinally, forming a fusiform shape. The 
short head of biceps femoris consists of muscle fibres in a slanted trapezoid shape with fibres 
decreasing in length as the muscle descends distally. Muscle fibres in the long head of biceps femoris 
and semimembranosus are of hemi-pennate morphology connecting on the deep aspect to the 
origin tendon, and the insertional tendon superficially.12 Hemi-pennate muscles have obliquely 
attached, shorter muscle fibres that contribute less to total muscle length and increase the 
physiological cross-sectional area, optimising them for force production rather than large range of 
motion.12 This ability to generate significant force is of particular relevance when considering the 
role of the hamstrings in high speed running, and consequent injury risk. 

1.3.2 Hamstrings Actions and Function Role in High-Speed Running 
Crossing the hip and the knee, the primary actions of the hamstrings are knee flexion and hip 
extension. The hamstrings have various adjunct stability functions too. In a semi-flexed position, 
they act to stabilise the knee with the biceps femoris a lateral tibial rotator, and the 
semimembranosus and semitendinosus a medial tibial rotator.2 Owing to their pelvic origin at the 
level of the hip joint, the hamstrings also act to stabilise the hip joint by limiting hip flexion unless 
the knee is flexed.13 Moreover, the hamstrings play a role in trunk postural stability. They are fairly 
inactive during symmetrical standing but any movement of the centre of gravity in front of the hip 
joint transverse axis (forward sway, trunk lean or bending) results in hamstring contraction.2 

1.3.3 The Hamstrings’ Role in High-Speed Running 
The hamstrings play a particularly important role in high-speed running. For the purposes of 
consistent language, the running phases are defined in Figure 1.3. With increasing speed (from 80-
100%), the biceps femoris long head exhibits the greatest increase in muscle activity of the 
hamstring muscles. This occurs during terminal swing when the hamstrings reach peak force and 
peak length.14-16 At this point, the primary function of the hamstrings is to eccentrically decelerate 
hip flexion and knee extension in preparation for point of contact (POC).17 From POC to midstance, 
the hamstrings function to stabilise the knee18 and overcome negative horizontal (braking) force by 
concentrically extending the hip.19 At midstance, horizontal forces turn positive (propulsion) with the 
hamstrings enduring a smaller, second eccentric peak as they elongate with rapid knee extension 
before toe off.17 After toe-off, the hamstrings enter a recovery phase before mid to terminal swing 
when they again prepare the limb for contact.20 
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Figure 1.3: Running Phases (Adapted with Permission from Kalkhoven et al 2020)21 

1.4 The HSI Problem 
Hamstring injury mechanism is generally well-known by anyone who watches sport. Most would be 
able to describe the cliché dramatic footage of an athlete pulling up and hopping before falling to the 
ground grasping the back of their thigh. 

1.4.1 HSI Grading, Classification and Mechanisms 
The most common hamstring pathology associated with athletes is HSI. The muscle becomes 
strained when significant force results in muscle fibre and surrounding connective tissue failure. 
Traditionally, clinicians broadly grade muscle injuries into a three-tiered system according to 
severity; minor, moderate or severe.22 More recently, alternative proposed grading methods 
incorporate prognosis based on location within the muscle unit. The most frequent site of injury is at 
the musculotendinous junction,23 the weakest point of the muscle as the interface between flexible 
muscle fibres and stiff tendon fibres.8 The British Athletics Muscle Injury Classification grades injuries 
as 1-4 (small, moderate, extensive, complete) with a, b or c denoting location (myofascial, 
musculotendinous or intratendinous respectively). There is also grade 0 for muscle soreness with the 
suffices ‘a’ or ‘b’. Localised muscle soreness with no MRI findings is graded 0a. Generalised muscle 
soreness or delayed onset muscle soreness (DOMS) is graded 0b (where the MRI may be normal or 
characteristic of DOMS).24  

HSI can be further classified by the nature of the significant force imposed. The hamstrings are 
subject to high amounts of total tension. Total tension is the summation of active tension generated 
by contractile forces and passive tension generated by stretch on connective tissues.22 Accordingly, 
two distinct pathophysiologic mechanisms of HSI have been identified; the stretch type and the 
high-speed running type.25,26 Upon subjective examination, athletes typically can recall the point in 
time when the injury occurred. Stretching type injuries occur when the hamstrings elongate and it 
may occur during slow or fast end range movements.27-29 HSI of the high-speed running type are 
more common30-32 and frequently sustained during non-contact sprinting.33 Both types are 
summarised in Table 1.2.  
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 MECHANISM LOCATION PROGNOSIS 

High-Speed 
Running Type 

May present during 
acceleration, maximal 
sprinting or 
deceleration. Injury 
most likely occurs 
during terminal swing34 

Long head biceps 
femoris 
(Commonly proximal 
musculotendinous 
junction)35 

Generally greater acute 
functional 
impairment25 but 
shorter rehabilitation 
period (median 16 
weeks, range 6-50 
weeks)26  

Stretch Type Occurs when 
hamstrings elongate 
during slow or fast 
movements such as 
kicking, splits, sliding 
tackle25 

Semimembranosus 
(Typically proximal 
tendon closer to ischial 
tuberosity)27 

Usually mild initial 
symptoms25 but 
rehabilitation longer 
(median 50 weeks, 
range 30-76 weeks)26  

Table 1.2: Summary of the HSI Types. Note: Most common presentation of each type described. 
Prognosis will vary depending on length of damage and proximity to the ischial tuberosity27,35 

This thesis will focus on HSI of the high-speed running type which typically affects the biceps 
femoris. 23,35,36 As comprehensively described in recent systematic and literature reviews, 37,38 there 
is much debate about the exact running phase in which a HSI occurs. Muscle actuated forward 
dynamic simulation 39 and analysis of real-time HSI 40,41 reveal the hamstring to be most susceptible 
to injury during late swing. Eccentric activity of a lengthened muscle increases muscle damage risk 
due to increased sarcomere strain.42 Thus, it is likely that the mechanism of HSI is one of muscle 
damage as a result of repetitive eccentric contractions (rather than large force production), 
exceeding muscle capacity leading to a clinical muscle strain.43 

1.4.2 HSI Incidence, Prevalence and Burden    
For any sport that involves high-speed running or sprinting, there is generally a high risk of 
sustaining an HSI. The incidence is particularly high in track and field,44,45 with HSI accounting for 50% 
of all injuries in sprinters.46 It is also the most prevalent injury in Australian Football League (AFL)47 
and Gaelic football,48 and the most common muscle injury in soccer.30,49-53 HSI is also highly frequent 
in cricket,54 Rugby Union,55,56 Rugby League57 and North American football.58 A recent systematic 
review and meta-analysis investigating field-based sports (soccer, rugby union, field hockey, Gaelic 
football and AFL) reported an HSI incidence of 0.67 per 1000 exposure hours. This incidence was 
significantly greater during match play (3.57 per 1000 hours) compared to training (0.43 per 1000 
hours). HSI prevalence was 9.8% over a 9-month period, which further increased by 6.4% for every 
year of increased mean cohort age. These figures have not significantly changed over the last 30 
years.59  

HSI is not only prevalent but it also has a high recurrence rate (up to 68%),60 devastating athletes 
and teams. It is estimated that almost one-third of athletes who sustain an HSI will reinjure within 
one year of returning to sport.61 Even if these athletes with a history of HSI do not reinjure in the 
first year, they still go on to be 2.7 times more likely to sustain another HSI than those without a 
lifetime history.62 Decreased athlete availability (readiness to play) has a detrimental effect on team 
performance, potentially resulting in individual mental health issues63 and organisational financial 
burden. A ten-year study of Australian Rules Football reported that total HSI, on average, costs each 
AFL club the equivalent of one athlete’s annual salary per season.64 Each season, a soccer team 
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consisting of 25 players will typically sustain five hamstring injuries, accounting for greater than 80 
lost training or match days.51 The high occurrence and recurrence rate of HSI severely affects 
performance, emphasising the necessity of risk factor management and prevention strategy 
implementation to preserve player health and ensure team stability. 

1.4.3 HSI Risk Factors 
Recognising the risk factors for HSI is critical for developing effective injury prevention strategies. 
While older age and previous HSI are the two most important risk factors,62 there are other risk 
factors that should be considered. Various potential connections also exist between HSI risk factors. 

In the sports performance realm, the term ‘exposure’ is frequently used to describe the intensity 
and duration of physical activity, contributing to the overall workload experienced by the athlete. 
Exposure includes the amount of time spent in training or competition/match, including a 
breakdown of specified tasks engaged in.65 HSI researchers are particularly interested in athlete 
exposure to high-speed running as a modifiable risk factor for HSI.62 Greater high-speed running 
exposure and playing positions with larger running demands are associated with an increased risk of 
HSI.62 Sudden increases in high-speed running load predispose to HSI, possibly due to physical 
fatigue and eccentrically induced muscle damage associated with repeated sprints.66 On the 
contrary, not enough high-speed running exposure can also increase HSI risk. A recent study of 
professional football players reported that reductions in high-speed running distance, playing time 
and running distance in the one and two matches before the HSI are associated with increased HSI 
risk.67 This difference in findings may be explained by a specific level of high-speed running exposure 
being protective in nature.68 

Hamstring flexibility and strength are other modifiable risk factors frequently considered in the HSI 
literature. While there is conflicting evidence that factors related to lower limb mobility (flexibility, 
range of motion etc.) are associated with an increased risk of HSI,62 limited evidence exists that 
greater active knee extension deficit following return to play increases the risk of subsequent HSI.69 
Likewise, a meta-analysis revealed limited or conflicting evidence that baseline hamstring strength 
measures are associated with HSI as a stand-alone risk factor.62 Emerging evidence demonstrates a 
relationship between match exposure and, hamstring strength and associated pain levels during 
testing. Isometric hamstring strength and associated subjective pain score were both significantly 
lower immediately and at 24 hours post-match when compared to pre-match levels. Noting this 
association between risk factors, hamstring strength testing procedures may be more predictive of 
HSI if employed more regularly than just at baseline.70 

A history of HSI is not the only injury record associated with increased risk of HSI. Strong evidence 
exists that a history of anterior cruciate ligament and calf strain injury is highly associated with a 
greater risk of subsequent HSI. Increased HSI susceptibility following musculoskeletal injury may be 
related to ongoing strength deficits, reduced high-speed running exposure, and/or altered running 
biomechanics.62 The previously injured hamstring muscle can undergo structural71,72 and 
neurological73 maladaptation leading to persistent deficits in its ability to tolerate stress and strain.62 
When combined with physical changes associated with increasing age,74 the risk for recurrent HSI is 
concerning. As such, effective injury prevention strategies are increasingly important. 
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1.4.4 HSI Prevention – Models and Current Strategies 
Prevention encompasses various activities aimed at reducing injury risk or preventing injury 
progression. As per Figure 1.4, prevention strategies can be classified into one of three stages on the 
‘Prevention Continuum’ according to the ‘Natural History of Disease / Injury’; Primary, Secondary 
and Tertiary.75 Primary prevention involves interventions during the susceptibility stage, before an 
injury occurs, such as wearing a mouth guard in contact sports. Secondary prevention focuses on 
identifying injuries or diseases at their earliest stages, before symptoms appear, like skin cancer 
screening. Tertiary prevention occurs during the clinical stage, managing an injury post-diagnosis to 
slow or stop its progression and prevent recurrences. For example, using an ankle brace post sprain 
upon return to sport.76  

 

Figure 1.4: ‘Prevention Continuum’ or Natural History of Disease. Reprinted with permission from 
Clinical Epidemiology: The Essentials (Image permission details located in Appendix 1)75 

Development and implementation of preventative strategies is not simple. A staged approach is 
required to ensure evidence-based, informed decision making. In 1992, van Mechelen and 
colleagues developed a four-stage model for sports injury prevention strategy implementation. 
Stage 1 focuses on understanding the problem/s through injury surveillance.77 Stage 2 explores 
injury mechanism and risk factors, prior to development and implementation of injury prevention 
strategies in Stage 3. Stage 4 evaluates injury prevention strategy effectiveness through repeated 
injury surveillance. Finch later expanded on this work in her six stage Translating Research into Injury 
Prevention Practice (TRIPP) Framework, incorporating practical application and implementation 
factors.78 TRIPP Stages 1 and 2 are the same as van Mechelen’s. For Stage 3, rather than skipping to 
implementation, TRIPP’s model expands by including a step for carefully investigating injury problem 
solutions, with the aim of developing appropriate prevention strategies. TRIPP Stage 4 involves 
injury prevention strategy evaluation in a controlled environment, before assessing factors for 
protocol translation to practical or ‘real-world’ settings in TRIPP Stage 5. Lastly, TRIPP Stage 6 
encompasses practical implementation and evaluation. 

The stages of the TRIPP model serve as handy classifiers for preventative research study 
categorisation. Aforementioned sections summarise the HSI literature within TRIPP Stage 1 (Section 
1.4.2) and TRIPP Stage 2 (1.4.1 and 1.4.3). Acknowledging that TRIPP Stage 3 does not fall within the 
epidemiological phases, work within Stage 3 is most likely unpublished. Often researchers go 
straight to TRIPP Stage 4, not fully understanding the multi-faceted reasons behind the mechanisms 
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and risk factors for injury.78 The majority of these implementation studies at TRIPP Stage 4 level 
assess effectiveness of prevention strategies through quantification of risk factor data (e.g. strength 
or flexibility metrics), as opposed to actual injury surveillance data.79 For example, in a recent 
systematic review and meta-analysis evaluating independent HSI prevention strategies, only four of 
108 included studies reported injury incidence data.80 

So, what evidence exists within TRIPP Stage 4 (injury prevention strategies evaluated against injury 
data) for HSI prevention? 

All of the four aforementioned studies implemented a hamstring strengthening program for HSI 
prevention in field-based sports (soccer and AFL). HSIs were still present in the interventional 
groups, however when compared to their respective control groups, there were significantly 
reduced HSIs.81-84 Three of the four studies utilised the ‘Nordic Hamstring Exercise’ (NHE), a simple 
eccentric training exercise conducted in kneeling (lower legs secured) where the athlete attempts to 
resist forward-falling.82-84 One of these studies also reported a positive tertiary prevention outcome 
(reductions in recurrent injury).83 The fourth study prescribed resisted concentric and eccentric knee 
flexion in the prone position.81  

Hamstring strengthening exercises have also been used within comprehensive prevention programs 
for both primary and tertiary prevention. Programs developed by the Fédération Internationale de 
Football Association (FIFA 11 and 11+) have been reported to reduce the incidence of HSI in soccer 
players. These programs include a combination of running, agility, strength, plyometric, balance, 
core, coordination and neuromuscular exercises.85,86 Within the tertiary space, a multifactorial 
criteria-based algorithm for HSI rehabilitation effectively reduced recurrent HSI in soccer players, 
when compared to a general protocol. The multifactorial algorithm consisted of criteria-based 
progression of manual therapy, flexibility work, gluteus exercises, hamstring strengthening, 
plyometrics, ankle stabilisation drills, lumbopelvic control exercises and running technique 
sessions.87 While running technique is addressed in programming, there is a lack of reporting on 
whether running technique (quantified through biomechanical analysis) plays a role in HSI. This 
highlights a potential gap in literature and presents an opportunity for research to better inform 
prevention programs. 

1.5 Running Biomechanics and HSI 

1.5.1 Running-Related Biomechanical Risk Factors and Injury Prevention 
There are a reasonable number of studies in the literature that consider the role of running 
biomechanics on running-related injuries. Although the existing prospective evidence associating 
biomechanical variables to the risk of running-related injuries is limited and inconsistent,88 evidence 
for altering biomechanics through running or gait retraining prevention is fairly well reported.89,90  

Biomechanical running-related risk factors investigated in the literature include a variety of lower 
limb kinematic, impact-related, plantar pressure variables, and a limited amount of spatiotemporal 
variables.88 Some studies report on overall running-related injuries,91-95 while others target injuries 
such as plantar fasciopathy, Achilles tendinopathy, medial tibial stress syndrome,96 iliotibial band 
syndrome97 or patellofemoral syndrome.98-100 Upon pooling results, a systematic review reported the 
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only consistency between studies was evidence (considered limited) that female recreation runners 
with greater peak hip adduction were at risk of developing patellofemoral or iliotibial band pain.88 

Like the HSI prevention programs discussed in the previous Section (1.4.4), most running re-training 
prevention programs assess efficacy through risk factor quantification or surrogate outcomes e.g. 
specific spatiotemporal, kinematic or kinetic differences, rather than impact on injury incidence, 
pain or functional outcome. 89,101,102 A systematic review and metanalyses into the effects of gait 
retraining in distance runners found only two studies that reported on injury.101 At one year the 
injury incidence was reduced following gait retraining in both studies.103,104 One of these studies 
implemented eight gait-retraining sessions over 2 weeks concentrating on lowering vertical impact 
peak. 103 The other study, significantly smaller and including males only, implemented gait retraining 
focusing on avoiding rear-foot strike, reducing impact and lower-limb alignment.104 

Barton et al synthesised evidence with expert opinion on running re-training to treat specific running 
related injuries. The running variables used as an intervention was based on a theoretical 
understanding of aberrant running mechanics that may have contributed the injury. For HSI, the 
experts recommended reducing overstride, knee extension at point of contact and anterior pelvic 
tilt, as well as promoting swing phase hip and knee flexion.90 As mentioned in Section 1.3.3, the 
hamstrings play an important role in preparing the lower limb for POC17 and successively overcome 
braking forces in the transition to midstance.19 Better understanding of biomechanical variables and 
their association with HSI risk, will inform whether this understanding can be adopted in 
development of HSI prevention programs. 

1.5.2 Biomechanical Analysis Considerations 
An important consideration for future research in this space is the accuracy and practicality of the 
biomechanical data collection method. The gold standard for biomechanical analysis is the 3-
dimensional Motion Analysis System (MAS).105 While the MAS allows for exceptional detail of 
spatiotemporal, kinematic, and kinetic biomechanical variables, environmental constraints limit its 
ability to truly represent movement in functional, real-world scenarios.6 A persistent challenge for 
practitioners and coaches is identifying a valid and reliable portable method for running analysis in 
field settings.5 These factors have been carefully considered in determining research aims and 
objectives presented next. 

An important consideration for future research in this space is the accuracy and practicality of the 
biomechanical data collection method. The gold standard for biomechanical analysis is the 3-
Dimensional Motion Analysis System (MAS).105 While the MAS allows for exceptional detail of 
spatiotemporal, kinematic, and kinetic biomechanical variables, environmental constraints limit its 
ability to truly represent movement in functional, real-world scenarios.6 Noting HSI of the high-
speed running type may present on the sporting field during acceleration, maximal sprinting or 
deceleration,34 the setting for biomechanical running analysis should be as close as possible to 
reflect that of the respective sport. Biomechanical testing in a field-based setting (such as a grass 
oval) will enable athletes to conduct their typical warm up, wear their usual shoes (such as spikes or 
football boots) and perform in an environment that is not constrained by space. Not controlling 
extrinsic factors such as these may negatively affect practical translation of research findings. For 
example, type of shoes worn may affect foot strike pattern which in turn, can influence more 
proximal joint mechanics and subsequent impact forces.106 If a footballer is tested in their joggers as 
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opposed to ‘football boots’ because the laboratory surface is Mondo, their biomechanical findings 
recorded may not reflect how they truly run out field in real-life settings. A persistent challenge, 
however, for practitioners and coaches is identifying a valid and reliable portable method for 
running analysis in these field settings.5 These factors have been carefully considered in determining 
research aims and objectives presented next. 

1.6 Thesis Plan 

1.6.1 Thesis Aims 
The aim of this research was to investigate the relationship between high-speed running and HSI, and 
explore whether variations in running biomechanics may contribute to the development of HSI. It is 
hypothesised that the running technique may predispose athletes to HSI and/or be a contributing 
factor to recurrence. This proposed research nests within Stage 2 of the TRIPP framework, i.e. 
exploration of multi-faceted injury aetiology, before preventative measures can be developed in Stage 
3.78 

The secondary aim of this thesis was to investigate how the use of portable technology can aid in 
understanding the complex relationship between running biomechanics and HSI. To effectively 
translate and apply research findings in real-world conditions, health and performance staff must be 
confident that the biomechanical analysis method used in research is valid, reliable, and replicable in 
field-based settings.5 This research aimed to explore the use of field-based methods for running 
biomechanical analysis to enable research within Stage 2 of the TRIPP framework. Ultimately, the 
results of this thesis aim to inform the development of HSI preventative strategies (TRIPP Stage 3). 

1.6.2 Thesis Objectives 
In order to achieve the research aims, the thesis objectives were to: 

i. Review and summarise the relationship between running biomechanics and HSI through a 
systematic review of the literature. This was to enable identification of gaps in the literature, 
and direct what spatiotemporal, kinematic and kinetic aspects required further 
investigation. (Chapter 2) 

ii. Explore the methodological considerations for quantifying running biomechanics, and 
develop/propose an appropriate system for field-based running analysis. This subsequently 
advised requirements for validation. (Chapter 3) 

iii. Validate a field-based system for high-speed running analysis. (Chapter 4) 
iv. Investigate variances in high-speed running biomechanics as a risk factor for HSI. (Chapter 5) 
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Chapter 2: Is there an association 
between high-speed running 
biomechanics and hamstring strain injury? 
A systematic review 

2.1 Outline 
This chapter provides a systematic review of the existing evidence into the relationship between 
running biomechanics and HSI. The review aimed to direct which spatiotemporal, kinematic and/or 
kinetic aspects of running may be investigated as a risk factor for HSI (i.e. future research within 
TRIPP Stage 2). It is presented in the style of the journal where it is published: 

Wolski, L., Pappas, E., Hiller, C., Halaki, M., & Fong Yan, A. (2021). Is there an association between 
high-speed running biomechanics and hamstring strain injury? A systematic review. Sports 
Biomechanics, 23(10), 1313-1339. doi: 10.1080/14763141.2021.1960418 

© 2021 Informa UK Limited, trading as Taylor & Francis Group 
 
This systematic review found limited evidence that athletes with HSIs, whether identified 
retrospectively or prospectively, run differently from uninjured athletes. A number of 
recommendations were made within the Systematic Review discussion regarding considerations for 
future research, including potential variables of interest, study design, use of unaffected side as 
control, and influence of confounding variables. The Systematic review concluded that further 
research using validated biomechanical analysis methods is needed to determine any association 
between running biomechanics and HSI. The next phase of this PhD, therefore, focused on exploring 
methods to quantify running biomechanics, validating them for high-speed running in order to use 
these methods to further investigation the relationship between HSI and high-speed running 
biomechanics. 
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ABSTRACT
Despite increased awareness of the multifactorial nature of 
Hamstring Strain Injury (HSI), the role of running biomechanics 
remains unclear. The aim of this systematic review was to investigate 
whether an association exists between running biomechanics and 
HSI. Five databases were searched from inception to January 2021. 
Eligibility criteria included epidemiological studies that provide data 
on running biomechanics in athletes who have sustained a HSI (retro-
spectively or prospectively) and compared to control data. Searches 
yielded 4,798 articles. Twelve met the selection criteria. 
Biomechanical analysis di!ered considerably across studies, thus 
meta-analyses was not possible. Studies largely found either no 
di!erences or contradicting "ndings between running biomechanics 
of athletes who have sustained a HSI (retrospectively or prospec-
tively) and controls, with the exception of lateral trunk kinematics 
and horizontal propulsive forces. It is important to note some con-
cern regarding the quality of included studies, particularly sample 
size, increasing the risk of bias associated with results. Further 
research utilising validated methods of biomechanical analysis, is 
needed to determine if an association exists between running bio-
mechanics and HSI. Until then, de"nitive conclusions cannot be 
drawn as to whether speci"c biomechanical interventions should 
be included in injury prevention and/or rehabilitation programmes.
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Introduction

Hamstring strain injury (HSI) poses a significant problem for amateur and professional 
athletes, particularly due to its high recurrence rate (Green et al., 2020). Despite an 
increase in HSI prevention and aetiology research, the incidence rate is still particularly 
high in sports involving high-speed running. It is the most prevalent injury in Australian 
Rules (Orchard et al., 2013) and Gaelic football (Murphy et al., 2012), as well as the most 
common muscle injury in soccer (Arnason et al., 2004; Ekstrand et al., 2011) and athletics 
(Bennell & Crossley, 1996). HSI also frequents cricket (Orchard et al., 2017), Rugby 
(Brooks et al., 2006), and North American football (Feeley et al., 2008).
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Two types of HSI have been identified based on mechanism of injury; the stretch type 
and the high-speed running type (Askling & Heiderscheit, 2015). Stretching type injuries 
occur when the hamstrings elongate with hip flexion and knee extension (Danielsson 
et al., 2020), occurring during slow or fast end range movements (Askling et al., 2007b). 
This paper will focus on HSI of the high-speed running type, which is more common in 
sports involving sprinting (Brooks et al., 2006; Woods et al., 2004) and predominantly 
affects the biceps femoris muscle (Askling et al., 2007a).

When trying to prevent the enigma of HSI, it is important to acknowledge its complex and 
multifactorial nature. Older age and previous HSI are the two most evidence-based risk 
factors in the literature (Green et al., 2020), but various plausible modifiable risk factors have 
also been identified. A recent systematic review of only prospective studies reported ‘factors 
relating to sports performance and match play, running and hamstring strength were most 
consistently associated with HSI risk’ (Green et al., 2020). Potential running factors included 
increased high-speed running exposure (Duhig et al., 2016; Ruddy et al., 2018) and variances 
in trunk and pelvic kinematics (Schuermans, Van Tiggelen, et al., 2017b).

The hamstrings play an important role in high-speed running. With increasing 
speed (from 80% to 100%), the biceps femoris long head is reported to have the 
greatest percentage increase in muscle activity of the hamstring group, in the terminal 
swing phase (Silder et al., 2010). During this phase, the hamstring muscles reach peak 
force and peak length (Nagano et al., 2014; G. A. Schache et al., 2012), with the biceps 
femoris exhibiting the greatest peak muscle-tendon strain (G. A. Schache et al., 2012). 
At this point, the primary function of the hamstring muscles is to eccentrically 
decelerate hip flexion and knee extension in preparation for initial contact (Yu et al., 
2008). From initial contact to early stance the hamstring muscles function to stabilise 
the knee (Cleather, 2018) and overcome negative horizontal (braking) force by con-
centrically extending the hip (Stanton & Purdham, 1989). By late stance, horizontal 
forces turn positive (propulsive) with the hamstrings enduring a smaller, second 
eccentric peak, as they elongate with rapid knee extension before toe off (Yu et al., 
2008). After toe-off, hamstring muscle enters a recovery phase (Howard et al., 2018) 
before mid to late stance when the hamstring again prepares the limb for contact.

As comprehensively described in recent systematic and literature reviews 
(Danielsson et al., 2020; Huygaerts et al., 2020), there is much debate about the exact 
running phase in which a HSI occurs. Muscle actuated forward dynamic simulation 
(Thelen et al., 2005) and analysis of real-time HSI (Heiderscheit et al., 2005; 
A. G. Schache et al., 2009) reveal the hamstring to be most susceptive to injury during 
late swing. Eccentric activity of a lengthened muscle increases muscle damage risk due 
to increased sarcomere strain (Lieber & Friden, 2002). Thus, it is likely that the 
mechanism of HSI is one of muscle damage as a result of repetitive eccentric contrac-
tions (rather than force), leading to a clinical muscle strain (Lieber & Friden, 1993). To 
understand how running technique may relate to HSI, running biomechanics should be 
analysed throughout the entire gait cycle (not just late swing) as the functional task of 
running requires continuity through phases. For example, late swing performance may 
be influenced by the mechanics (or technique) of the preceding recovery phase. 
Therefore, the aim of this systematic review was to determine whether an association 
exists between running biomechanics throughout the entire gait cycle and HSI of the 
high-speed running type. It is hypothesised that 1) Running biomechanics will be 
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different in athletes who go on to sustain a HSI when compared to controls 2) Running 
biomechanics will be different in athletes that have a history of HSI when compared to 
controls. The findings of this study will build on the work of Green et al. (2020) and 
may direct whether biomechanical variables should be investigated in future epidemio-
logical and interventional studies.

Methods

This systematic review was performed according to PRISMA guidelines and registered in. 
The SR was registered in PROSPERO (CRD 42016047765) before commencement.

Search strategy

Five databases (CINAHL, Cochrane, Embase, Medline, SPORTDiscus) were searched from 
inception until January 2021, with keywords relating to sport, running, hamstring, injury, and 
biomechanics (see Figure 1 for PRISMA full search strategy). References were imported into 
Endnote (Version X9), where duplicates were deleted. Articles containing ‘ACL’ or ‘cruciate’ 
in the title/abstract and not containing hamstring in the title/abstract were also removed.

Inclusion and exclusion criteria

Strict inclusion and exclusion criteria were established prior to the database searches. 
Inclusion criteria were as follows: studies must be cohort, cross-sectional or case-control 
design, published in peer-reviewed journals, provide data on running biomechanics 
(spatiotemporal, kinematic, kinetic variables), analyse participants with a history of 
HSI (retrospectively or prospectively) that are asymptomatic running at time of testing, 
and have data for a control; either uninjured side or matched, healthy (asymptomatic) 
controls. Papers were excluded if full-text was not available or contained data from 
subjects who had undergone hamstring surgery. No language limitations were applied.

Review process

Two reviewers screened the titles and abstracts independently. All potentially applicable 
articles were obtained for full-text review, by both reviewers. A third reviewer was available 
for any disagreements. Additional records were sourced through hand searching of reference 
lists.

Quality analysis

Quality analysis was also conducted independently by two examiners, with a third 
examiner available for any disagreements. The National Heart, Lung and Blood 
Institute (NHLBI, 2019) study quality assessment tools and critical appraisal guidelines 
were utilised for quality assessment and rating (‘poor’, ‘fair’ or ‘good’). This tool was 
chosen because it was developed via detailed methodology and accounts for differing 
study designs (Quality Assessment for Cohort and Cross-Sectional OR Case-Control 
Studies). Their guidelines for rating were as follows:

SPORTS BIOMECHANICS 3



‘A “good” study has the least risk of bias, and results are considered to be valid. A “fair” study is 
susceptible to some bias deemed not su!cient to invalidate its results. The fair quality category 
is likely to be broad, so studies with this rating will vary in their strengths and weaknesses. 
A “poor” rating indicates significant risk of bias.’

Figure 1. Prisma flow diagram.
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Studies were not excluded based on quality.

Data extraction

Data on demographics, injury definition (anecdotal, professional diagnosis and/or ima-
ging), inclusion/exclusion criteria, biomechanical outcome measures, running protocol, 
and statistical methods were extracted for each study separately by two investigators. 
Findings were then compared and any discrepancies resolved via discussion. A third 
reviewer was available to assist consensus, as required.

If multiple studies reported similar outcome measures, a meta-analysis was planned. 
Means and standard deviations were to be extracted from the injured leg and compared 
with the control group and/or uninjured leg. Data was then to be pooled using 
Comprehensive Meta-Analysis, Version 3, Biostat, Inc. using random effects.

Results

The database search yielded 4798 articles. Fifty-four full-text articles were identified as 
potentially relevant from title and abstract screening. Of these, 12 met the selection 
criteria and were included in the synthesis. One study had two designs, thus was analysed 
as two sub-studies (Schuermans et al., 2017b). Another paper was in Japanese (Kobayashi 
et al., 2009), consequently was reviewed by two independent Japanese reviewers. For 
further search details and results, see Figure 1 for PRISMA Flow Diagram.

Study quality

Eight studies were of a case-control (Barreira et al., 2015; Brughelli et al., 2010; Daly et al., 
2016; Kobayashi et al., 2009; Lord et al., 2018; Mendiguchia et al., 2016;Schuermans et al., 
2017b; Sugimoto et al., 2019)3, three studies cross-sectional (Ciacci et al., 2013; 
Higashihara et al., 2019; Lee et al., 2009) and two prospective cohort design (Kenneally- 
Dabrowski et al., 2019; Schuermans et al., 2017b). Quality analysis revealed three studies 
rated ‘poor’ (Barreira et al., 2015; Ciacci et al., 2013; Sugimoto et al., 2019), seven studies 
‘fair’ (Higashihara et al., 2019; Kenneally-Dabrowski et al., 2019; Kobayashi et al., 2009; 
Lee et al., 2009; Lord et al., 2018; Mendiguchia et al., 2014; Schuermans et al., 2017b) and 
three studies ‘good’ (Brughelli et al., 2010; Daly et al., 2016; Schuermans et al., 2017b). See 
Tables 1 and 2 for full NHBLI quality assessment results. The two most evidence-based 
risk factors for HSI, age and previous history of HSI were considered the key confound-
ing variables. The main issues affecting overall quality rating were small sample size, lack 
of validated measure/s of exposure and non-conventional statistical methods.

Study characteristics

Variances in population demographics, sample characteristics, the definition of HSI and 
running protocol existed between studies (see Table 3). Running was documented as the 
mechanism of injury in five studies (Daly et al., 2016; Higashihara et al., 2019; Kenneally- 
Dabrowski et al., 2019; Kobayashi et al., 2009; Mendiguchia et al., 2014). No other studies 
reported on specific mechanism of injury. Only two studies reported on the exact 
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hamstring muscle injured (Ciacci et al., 2013; Sugimoto et al., 2019). Both cases of HSI in 
the Ciacci et al. (2013) study were in the biceps femoris. Twenty three (66%) out of 35 
cases of HSI in the Sugimoto et al. (2019) study were in the biceps femoris, the remaining 
12 were in the medial muscles (semitendinosus or semimembranosus).

Main !ndings

Running biomechanical outcome measures and main findings are outlined in Table 4. 
These have been divided into spatiotemporal, kinematic and kinetic categories. Meta- 

Table 1. Quality Analysis Case Control Studies.
Ciacci 
et al. 

(2013)33
Higashihara 
et al. (2019)

Kenneally- 
Dabrowski 

et al. (2019)41

Lee 
et al. 

(2009)36

Schuermans 
et al. 

(2017b)39

Q1: Was the research question or objective in this 
paper clearly stated?

Yes Yes Yes Yes Yes

Q2: Was the study population clearly specified and 
defined?

No Yes Yes Yes Yes

Q3: Was the participation rate of eligible persons at 
least 50%?

NR NR NR NR NR

Q4: Were all the subjects selected or recruited from 
the same or similar populations (including the 
same time period)? Were inclusion and exclusion 
criteria for being in the study prespecified and 
applied uniformly to all participants?

NR Yes Yes Yes Yes

Q5: Was a sample size justification, power 
description, or variance and effect estimates 
provided?

No No No No No

Q6: For the analyses in this paper, were the 
exposure(s) of interest measured prior to the 
outcome(s) being measured?

No No Yes No Yes

Q7: Was the timeframe sufficient so that one could 
reasonably expect to see an association between 
the exposure and outcome if it existed?

No No Yes No Yes

Q8: For exposures that can vary in amount or level, 
did the study examine different levels of the 
exposure as related to the outcome (e.g., 
categories of exposure, or exposure measured as 
a continuous variable)?

Yes Yes Yes Yes Yes

Q9: Were the exposure measures (independent 
variables) clearly defined, valid, reliable, and 
implemented consistently across all study 
participants?

Yes Yes Yes Yes Yes

Q10: Was the exposure(s) assessed more than once 
over time?

No No No No No

Q11: Were the outcome measures (dependent 
variables) clearly defined, valid, reliable, and 
implemented consistently across all study 
participants?

No Yes Yes Yes Yes

Q12: Were the outcome assessors blinded to the 
exposure status of the participants?

NR NA NR NA NR

Q13: Was loss to follow-up after baseline 20% or 
less?

NA NA Yes NA Yes

Q14: Were key potential confounding variables 
measured and adjusted statistically for their 
impact on the relationship between exposure(s) 
and outcome(s)?

No No Yes No No

RATING POOR FAIR FAIR FAIR FAIR

NR: Not Reported, NA: Not Applicable
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analyses were not possible given the varying study designs, methodology and outcome 
measures.

Spatiotemporal !ndings

Six studies reported on spatiotemporal characteristics. Three studies compared vari-
ables of speed between athletes with previous HSI and controls (Barreira et al., 2015; 
Kenneally-Dabrowski et al., 2019; Mendiguchia et al., 2014). Mendiguchia et al. 
(2014) reported athletes with previous HSI had a decreased ‘theoretical maximal 
velocity the legs could produce during the same phase under zero load’ (calculated 
via computational methods) than controls at return to sport, but not at follow up 
approximately two months later. At return to sport, average time since injury in the 
Mendiguchia et al. (2014) study was 3.5(1.5) weeks. Barreira et al. (2015) reported no 
significant difference in maximum speed; however, the average time since HSI was 
not reported; only that the HSI occurred within the last two years. The Kenneally- 
Dabrowski et al. (2019) exploratory cohort study reported maximum running velo-
city to be ‘similar’ between HSI athletes and controls, however, this study had 
a notably small sample size (three HSI, six controls). All three studies that investi-
gated ground contact time, found no differences between athletes with a history of 
HSI and controls (Brughelli et al., 2010; Ciacci et al., 2013; Lord et al., 2018). The one 
study that investigated flight time also reported no significant difference between the 
injured and the uninjured sides or the control uninjured group (Lord et al., 2018).

Kinematic !ndings

Four studies investigated trunk kinematics. Both prospective cohort studies reported 
increased late swing ipsilateral thoracic side bending in athletes who sustained a HSI, 
when compared to controls (Kenneally-Dabrowski et al., 2019; Schuermans et al., 2017b). 
Sugimoto et al. (2019) case-control study only analysed trunk flexion, reporting 
decreased trunk flexion in athletes with a history of HSI, when compared to controls. 
It is important to note, however, that participants in this study were running at low 
speeds and assessed by 2D video analysis only. The Schuermans et al. (2017b) case- 
control study reported no significant difference in three-dimensional trunk kinematics 
between athletes with a history of HSI and controls.

Pelvic kinematic findings differed between the five studies that investigated it. 
Increased anterior pelvic tilt was reported in early swing in the Schuermans et al. 
(2017b) prospective cohort study (between-group analysis), and late swing in the Daly 
et al. (2016) case control (within-group analysis) study. Higashihara et al. (2019) reported 
decreased late stance anterior pelvic tilt on the injured side, compared to the uninjured 
side. The Kenneally-Dabrowski et al. (2019) exploratory prospective cohort study and the 
case-control arm of the Schuermans et al. (2017b), however, reported nil significant 
difference between groups.

The seven studies reporting on hip kinematics throughout the gait cycle had conflict-
ing findings. When compared to the uninjured side, Lee et al. (2009) reported signifi-
cantly decreased hip flexion during late swing in the injured side; whereas, Daly et al. 
(2016) and Higashihara et al. (2019) reported increased late swing hip flexion. 
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Conversely, Kenneally-Dabrowski et al. (2019) reported no tendency for late swing hip 
flexion-extension angle to discriminate between injured and uninjured groups. Ciacci 
et al. (2013) reported no differences in hip angle during footstrike, but decreased hip 
extension at toe off on the injured limb, when compared to the uninjured side (note the 
particularly small sample size; 2 HSI, 4 controls). Additionally, Higashihara et al. (2019) 
reported significantly decreased mid-swing hip flexion but no other significant differ-
ences in hip flexion-extension during the other running gait phases. Moreover, the 
Schuermans et al. (2017b) case control and prospective cohort studies both reported 
no significant differences between groups in hip kinematics in the coronal, sagittal and 
transverse planes during the swing and stance phases.

The eight studies investigating knee kinematics throughout the gait cycle also had 
conflicting findings. Lee et al. (2009) reported no significant difference in late swing knee 
flexion angle between injured and uninjured sides. Equally, Kenneally-Dabrowski et al. 
(2019) reported no tendency for late swing knee flexion-extension angle to discriminate 
between injured and uninjured groups. Kobayashi et al. (2009) reported decreased 
maximum swing-phase knee flexion on the injured side, compared to the uninjured 
side. Interestingly, Higashihara et al. (2019) (another cross-sectional, within group 
analysis study), reported significantly increased mid-late swing knee flexion but no 
other significant differences in knee flexion-extension during the other gait phases. 
Kobayashi et al. (2009), however, reported increased maximum late swing knee extension 
on the injured side, compared to the uninjured side. The Ciacci et al. (2013) small cross- 
sectional study reported no significant differences in foot strike knee angle between 
injured and uninjured sides. At toe off, Ciacci et al. (2013) reported greater knee flexion 
in the injured limb while Kobayashi et al. (2009) reported increased knee extension at 
terminal stance on the injured side, compared to the uninjured side. These two studies 
also reported differing findings for the maximum stance-phase knee flexion angle; Ciacci 
et al. (2013) reported no difference between the injured and uninjured sides, whereas 
Kobayashi et al. (2009) reported maximum stance-phase knee flexion to be decreased on 
the injured side, compared to the uninjured side. Daly et al. (2016) reported a significant 
increase in medial knee rotation in injured participants during the early contact phase, 
but no other significant differences in the sagittal plane, when compared to uninjured 
participants. The Schuermans et al. (2017b) cohort and case control reported no sig-
nificant differences in knee kinematics in all phases and planes.

Two studies reported on other kinematic measures (outside of single joint angles). 
Brughelli et al. (2010) (case-control study) reported no significant differences in vertical 
centre of mass displacement, vertical stiffness and leg stiffness between athletes with 
a history of HSI and controls. Another case control, Sugimoto et al. (2019), investigated 
initial contact overstride angle (measured by tibial inclination), reporting a significant 
increase in athletes with a history of HSI compared to controls. They also classified 
participant footstike and noted significantly increased rearfoot strike in athletes with 
a history of HSI.

Kinetic !ndings

The seven studies that investigated running kinetics all had varying methodology. Three 
studies measured force via instrumented, non-motorised treadmill, however the phase of 
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running and speed differed (Barreira et al., 2015; Brughelli et al., 2010; Lord et al., 2018). 
Four studies reported on overground running; three with motion capture systems 
(reporting on rotational kinetic energy)(Higashihara et al., 2019; Kenneally-Dabrowski 
et al., 2019; Lee et al., 2009) and one utilising a validated computational method (force- 
velocity profiling)(Samozino et al., 2016) using radar to generate horizontal force and 
power output (Mendiguchia et al., 2014).

Three out of four studies investigating horizontal propulsive force found reduced 
force in injured participants. Brughelli et al. (2010) reported decreased average peak 
horizontal force (within and between groups) when sprinting on an instrumented, non- 
motorised treadmill. Similarly, Lord et al. (2018) found a greater reduction in mean 
horizontal force production with repeated sprints on the injured side (within and 
between groups), also when sprinting on an instrumented, non-motorised treadmill. 
The third study which utilised the same treadmill, reported no significant difference in 
mean and peak propulsive horizontal force between sides within the injured group for 
both the acceleration and steady state phases of sprint (Barreira et al., 2015). 
Mendiguchia et al. (2014) adopted the computational method to determine theoretical 
horizontal force and horizontal power output. Horizontal force was ‘very likely’ 
decreased in injured participants upon return to sport when compared to controls but 
at follow up approximately 2 months later, the difference between groups was ‘unclear’. 
Horizontal power output was ‘very likely’ decreased (>5–25% of smallest worthwhile 
difference) in injured participants upon return to sport when compared to controls but 
was ‘unclear’ at follow up (<5% of smallest worthwhile difference).

None of the three studies investigating vertical force variables reported significant 
differences within or between groups (Barreira et al., 2015; Brughelli et al., 2010; Lord 
et al., 2018). No within or between group significant differences were reported in impulse 
and positive work in the one study that investigated these variables (Brughelli et al., 
2010).

Three studies investigated lower limb rotational kinetic energy. Kenneally-Dabrowski 
et al. (2019) reported increased late swing hip extensor moment and knee power 
absorption in HSI athletes, when compared to controls. Conversely, Lee et al. (2009) 
and Higashihara et al. (2019) (both cross-sectional studies) reported no significant 
differences; however, only within-group analysis was performed.

Discussion and implications

This systematic review intended to investigate the relationship between running biome-
chanics and HSI of the high-speed running type. There is currently very limited high- 
quality research on this topic that prevents the extraction of firm conclusions, however, 
we identified preliminary findings that may be useful for directing further research. 
Overall, the included studies largely found either no differences or contradicting findings 
between running biomechanics of athletes who retrospectively or prospectively sustained 
a HSI and controls, with the exception of trunk kinematics and horizontal forces. Future 
studies are needed to clarify the clinical implication of these findings.

Two prospective cohort studies reported increased trunk lateral trunk flexion during 
the late swing phase. Both studies were rated ‘fair’ in terms of quality, primarily due to 
small sample size. Other research has suggested that gluteus medius weakness may be 
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present in athletes who sustain a HSI (Franettovich Smith et al., 2017; Schuermans, 
Danneels, et al., 2017a), thus, the increased lateral trunk flexion may be a compensatory 
strategy to account for this (Chang et al., 2005).

Athletes who strained their hamstring retrospectively exhibited decreased horizontal 
propulsive force in three out of four included studies. The hamstrings play a particularly 
important role in horizontal propulsive force production during acceleration (Morin 
et al., 2015). Two single case studies in the literature also reported this finding 
(Mendiguchia et al., 2016; Setuain et al., 2017). Horizontal force deficits may be 
a result of reduced concentric hip extensor ability (Sugiura et al., 2008), altered muscular 
activation patterns (Pinniger et al., 2000) and neuromuscular coordination (Higashihara 
et al., 2010). Morin et al. (2015) identify fast ‘pawing’ drills as a common training method 
used to improve horizontal force. ‘Pawing’ refers to the fast whipping action of the leg 
from maximum hip flexion to initial contact. The authors duly acknowledge, however, 
a lack of research investigating the transfer between ‘pawing’ velocity and horizontal 
force (Morin et al., 2015).

A kinematic explanation for decreased horizontal propulsive force may be an over-
stride running technique. An overstriding athlete will land with their foot too far in front 
of their centre of mass, resulting in increased horizontal braking force (Lieberman et al., 
2015). Only one study in this review investigated this variable, reporting increased 
overstride (as measured by tibial inclination at initial contact) in athletes with a history 
of HSI, when compared to controls (Sugimoto et al., 2019). They also reported an 
increased tendency for athletes with a history of HSI to rearfoot strike, even though 
methodological limitations may have confounded the findings (Sugimoto et al., 2019). 
Nonetheless, the findings align with Lieberman et al. (2015) who reported an association 
between rearfoot strikers and overstride.

It is difficult to infer whether the aforementioned potential biomechanical variations 
are potentially a cause or effect of HSI. A prospective cohort study design is ideal for 
determining causality (Fuller et al., 2006).53 Fuller et al. (2006) suggested that ‘the study 
population should normally consist of more than one team of players and the study 
should last for a minimum period of one season (including preseason), 12 months, or the 
duration of a tournament’. Only two of the included studies were of prospective cohort 
design (although both had small sample size), the remaining ten were retrospective case- 
control or cross-sectional studies in which causation cannot be assumed. Due to sample 
size and other methodological issues, the observational studies in this field have not been 
designed to assess causal inference, thus there is currently a lack of high-quality evidence 
to support running technique training for injury prevention.

A recent Delphi study investigating beliefs and practices of nine AFL physical perfor-
mance coaches regarding sprinting and HSI highlights the need for additional research in 
this injury prevention space. All coaches reported that they ‘assessed and prescribed 
training to improve running mechanics to improve running mechanics in order to 
reduce the risk of HSI’. Overstride and ‘abnormal pelvic motion’ were reported as 
potential key contributors to HSI. It was reported that training strategies to improve 
fatigue tolerance may potentially lessen the effect of these technical contributors, result-
ing in an indirect injury prevention benefit (Freeman et al., 2021).

There are also a number of limitations within the included studies that should also be 
acknowledged. No study included power determination or sample size justification. 
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There was also significant variability between studies in protocol (velocity, phase of sprint 
etc.), statistical methodology and biomechanical testing equipment used and running 
surface. Although research has demonstrated differences in sprinting kinematics between 
conventional treadmill, non-motorised treadmill and overground conditions, there was 
no consensus between studies investigating treadmill or overground running (McKenna 
& Riches, 2007). A further limitation was the use of unaffected side as control or within 
group analysis only, which were methods employed in five of the 12 included studies. Use 
of the unaffected side as control has been discouraged in the literature, as a consequence 
of bilateral impairment findings in unilateral injured athletes (Goerger et al., 2015; 
Wikstrom et al., 2010). Within-group analysis only in the presence of a control group 
also may be of concern, when biomechanical asymmetry has been displayed in large 
proportions of uninjured athletes (Exell et al., 2017; Haugen et al., 2018). In order for 
asymmetry to be relevant, within-side variability must be less than between-side differ-
ences (Giakas & Baltzopoulos, 1997). Further research is needed to clarify clinically 
meaningful asymmetry thresholds for spatiotemporal, kinematic and kinetic variables.

Future observational and interventional biomechanical research should consider the 
influence of fatigue and high speed running exposure as confounding variables. Various 
studies in uninjured athletes have reported changes in high-speed running biomechanics 
with fatigue (Edouard et al., 2016; Pinniger et al., 2000; Small et al., 2009). Biomechanical 
changes as a result of fatigue may be an explanation for the emerging evidence supporting 
an association between increased high speed running exposure and HSI (Duhig et al., 
2016; Ruddy et al., 2018). For example, Huygaerts et al. (2020) describe a ‘Groucho’ 
(decreased knee range of motion) running pattern with fatigue. More research is required 
to determine whether these changes are maladaptive or protective against HSI. Also 
recovery after HSI may be incomplete prior to return to sport, with recent evidence 
displaying supressed running distance in professional footballers (Whiteley et al., 2020). 
Finally, given the multifactorial nature of HSI, upcoming research may also consider 
including biomechanical variables of interest within predictive models, as opposed to 
statistical analysis in isolation.

Conclusions

This systematic review found minimal evidence demonstrating that athletes who strain 
their hamstring (retrospectively or prospectively) run differently to athletes who don’t. 
The dearth of quality evidence in this area should be highlighted, with only twelve studies 
meeting the eligibility criteria, all with varying study designs, methodology and outcome 
measures. Thus, further research utilising validated methods of biomechanical analysis, is 
needed to determine if an association exists between running biomechanics and HSI. 
Until then, definitive conclusions cannot be drawn as to whether specific biomechanical 
interventions should be included in injury prevention and/or rehabilitation programs.
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Chapter 3: Methodological Considerations 
for Quantifying High-Speed Running 
Biomechanics  

3.1 Chapter Outline 
This chapter outlines the journey to developing a field-based method for quantifying running 
biomechanics. It will provide a brief history of biomechanical analysis, define the requirements of a 
field-based system for this research question, review existing field-based biomechanical technology, 
and describe the process of finding a suitable inertial measurement system for kinematic analysis. 

3.2 Past to Present Day Biomechanical Analysis 
The history of biomechanical analysis involved contributions of numerous notable figures 
throughout several time periods. Aristotle (384-322 B.C.) was one of the earliest to describe the 
movement of animals through an analysis of mechanical systems in his book "De Motu Animalium".1 
Around the same period, Archimedes (287-212 B.C.) developed some foundational biomechanical 
principles.1 Skipping to the 15th century, Leonardo da Vinci (1452-1519) laid the groundwork for the 
fundamental understanding of functional anatomy and joint function.1 Galilei (1564-1642) further 
built on this knowledge base by analysing changes in bone integrity with increasing weight.1 Then, in 
1689, Isaac Newton (1642-1726) published the renowned 'Laws of Motion’.2 This monumental work 
was expanded on by Giovanni Alfonso Borelli (1609-1697) who determined the human centre of 
gravity.1 The 19th and 20th century saw several further advances in biomechanical technology (Figure 
3.1); all work of which collectively unpins modern day biomechanical analysis.  

 
 

Figure 3.1: Biomechanical technological advances from early 1800s to late 1900s3-14 
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In the late 20th century, vision-based motion analysis progressed from basic 2D image sequences to 
3D marker-based motion systems, currently referenced as the ‘gold standard’ in the literature.15 
From the late 1990s, synchronisation between force plates and the marker-based motion analysis 
system (MAS) was modernised,16 enabling complex coordination of spatiotemporal, kinematic and 
kinetic data to calculate joint forces, and sophisticated mechanical descriptions of movement.3 
Subsequent years saw the advancement in camera technology, including higher resolutions, and 
increased frame and sampling rates.17,18 These technical developments resulted in improved system 
accuracy, greater reliability of equipment, advanced data collection methods, and enhanced clinical 
translation of findings.19 
 
Recent years have seen the development and availability of marker-less systems rapidly advance.18 
Artificial intelligence and vision-based machine learning have facilitated automatic, fast and non-
invasive biomechanical analysis.20 The technology has even been adopted within sporting stadium 
camera systems for in-game movement recognition and data collection.18 However, although 
marker-less systems are comparable to MAS, they are less accurate and valid for kinematic 
measurements in the transverse and frontal planes.21 Thus, the MAS remains the current gold 
standard, but marker-less systems will likely continue to evolve as an efficient, non-invasive option 
for biomechanical analysis. 
 
The MAS is not without limitations. Externally secured markers are susceptible to soft tissue 
artefact, despite being secured to bony landmarks.22 Soft tissue artifact refers to the mobility or 
‘wobbling’ of markers on the skin with movement.23,24 Particularly with tasks involving high forces 
(e.g. running), there is a risk of measurement errors associated with soft tissue impact.25 Marker 
positioning is also dependent on the clinician's ability to locate landmarks, thus there is also a risk of 
human error. Nevertheless, when the markers are donned securely and correctly, the MAS captures 
exceptional detail of spatiotemporal, kinematic and kinetic biomechanical data. The key issues with 
the MAS for research translation purposes are around practicality. The MAS is expensive and time-
consuming as a result of extensive preparation and processing procedures,17 and the environment is 
constrained to indoor use as the cameras are infra-red, which limits true representation of 
movement in functional, field scenarios. 6  
 
The 21st century has witnessed the introduction of various other technologies for biomechanical 
analysis such as instrumented treadmills,26 active (LED) marker systems,18 action sports cameras,27 
textile-based sensors28,29 and inertial measurement units (IMUs).30 Commercially, the imbalance 
between the ‘tech push’ and the ‘need pull’ is becoming apparent. This is highly characteristic of the 
sports science realm, where coaches and practitioners are regularly approached by commercial 
entities offering novel biomechanical analysis technologies. The practical utility and validity of these 
technologies are highly dependent on respective needs (e.g. outcome measures sought, sensitivity 
and specificity requirements), inhibiting the ability to employ these technologies through a ‘one size 
fits all’ approach.31  

3.3 Biomechanical Analysis Requirements for Current Research Question 
As mentioned in Chapter 1, the aim of this research was to investigate the relationship between 
high-speed running and HSI, and explore whether variations in running biomechanics may contribute 



 
 

49 

to the development of HSI. The secondary aim was to determine how the use of portable technology 
may assist in understanding the complex relationship between running biomechanics and HSI. This 
section details the technical and methodological requirements explored for addressing these 
research questions. 

First and foremost, as detailed in Section 1.5.2, the research should be undertaken in the field, as 
close as possible to real-world conditions, utilising valid and reliable portable technology.15 Secondly, 
since this research focused on the high-speed running type of HSI, the research methodology must 
encompass analysis of running at various high speeds. Contact or stance time decreases as speed 
increases, thus the sampling rate of the biomechanical analysis method needs to be sensitive 
enough to capture this. For brief contact phases, such as those during high-speed running, a 
sampling rate of 200 Hz or higher is recommended.18 Lastly, the field-based system must be 
designed to ensure human interface usability, thereby facilitating the practical translation of 
research.32 

In terms of biomechanical variables of interest, the systematic review in Chapter 2 found minimal 
evidence demonstrating that athletes who strain their hamstrings (retrospectively or prospectively) 
run differently to athletes who do not. A dearth in the number and quality of evidence in the area 
was highlighted. Despite this lack of evidence, the systematic review did provide some direction as 
to which biomechanical variables may be worth investigating in future studies. 

From a kinematic perspective, the included studies within the systematic review reported either no 
differences or contradicting findings between running biomechanics of athletes who retrospectively 
or prospectively sustained an HSI and controls, except for trunk kinematics. Two prospective cohort 
studies reported increased trunk lateral flexion during the late swing phase of gait. Both studies 
were rated ‘fair’ in terms of quality, primarily due to the small sample size. Other research has 
suggested that gluteus medius weakness may be present in athletes who sustain an HSI,33,34 thus, 
the increased lateral trunk flexion may be a compensatory strategy to account for this.35 Further 
clarification is needed to understand better how lumbo-pelvic and lower limb kinematic deviations 
in running biomechanics may be associated with HSI. Therefore, the field-based running analysis 
system should preferentially be able to accurately quantify kinematics. 
 
Kinetically, the systematic review found that horizontal force was an important running 
biomechanical variable to consider in understanding HSI. Three out of four included studies that 
investigated this variable reported decreased horizontal propulsive force in athletes who have 
strained their hamstrings retrospectively. No other kinetic variable showed any correlation with HSI. 
Horizontal propulsive force generation is an integral determinant of sprint performance.36 Although 
vertical ground reaction forces typically exceed average positive horizontal ground reaction forces in 
high-speed running,37,38 the percentage change in horizontal forces when approaching high speeds is 
much greater than that of vertically oriented forces.39-42 During the stance phase, horizontal forces 
are initially negative (braking force), then transition to positive (propulsive force).43 As detailed in 
Chapter 1, the hamstrings play a critical role in both minimising horizontal braking force44 and 
subsequent horizontal force propulsion before toe off.45 As a result of these findings, the field-based 
running analysis system should quantify horizontal propulsive force. 
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The systematic review proposed that overstriding running technique may be a kinematic explanation 
for decreased horizontal propulsive force. At initial contact, an overstriding runner’s foot will land 
too far in front of their centre of gravity.46 Overstriding is considered undesirable as it results in 
increased horizontal braking force at initial contact.47,48 The hamstring muscles are particularly 
relevant here as they work to eccentrically decelerate hip flexion and knee extension in preparation 
for initial contact,45 before overcoming negative horizontal (braking) force by concentrically 
extending the hip.44 Hence, if an athlete is overstriding, the hamstring load is greater.49-51 As such, if 
the field-based running analysis system could quantify overstride, it is possible to further explore 
whether overstride is associated with HSI. 

Lastly, spatiotemporal requirements should be considered for the field-based running analysis 
system. In a perfect world, the field-based system would be able to detail all spatiotemporal 
characteristics but noting biomechanical variables discussed above are largely focused at and around 
point of contact, point of contact detection is the minimum spatiotemporal requirement for the 
purposes of this research. 

3.4 Existing Field-Based Biomechanical Technology 
The existing field-based biomechanical technology alternatives are reviewed in Table 3.1. Unlike 
other wearable technologies, IMUs minimise disturbance to normal running habits by enabling 
runners to wear their regular clothes and footwear, allowing unrestricted joint range of motion. 
Optical fibres are not preferred as they must cross the joint for kinematic analysis,52 thus are 
typically embedded into textiles.29 Insole optical fibres and pressure sensing insoles may also 
negatively affect runners’ normal habits, particularly if they are replacing a preferred orthotic insert. 
Furthermore, insole optical fibres and pressure-sensing insoles only quantify vertically oriented 
kinetics.53-55 Based on the requirements for this thesis, kinetics that are horizontally oriented are of 
greater interest. Although video-based marker-less systems are emerging as a very promising 
method for quantifying field-based biomechanics, there is a lack of validated high quality, large-scale 
data sets to train the high-speed running models.56-58 This thesis did not have the time or resources 
to develop them. In the end, it was determined that IMUs and FVP were the most suitable field-
based biomechanical technologies for the purposes of our research. 

 
 
 

KINEMATIC 
DATA 

KINETIC 
DATA 

SPATIO-
TEMPORAL 
DATA ADVANTAGES LIMITATIONS 

INERTIAL 
MEASUREMENT 
UNITS (IMU) 
 

 ü ü ü 

- Relatively low-cost59 
- Capable of tracking several 

joints simultaneously via 
configuration of multiple 
IMUs29 

- Good evidence for use in 
activity recognition and 
spatiotemporal 
parameters55,59-63  

- Sensor noise64 
- Synchronisation issues65 
- Magnetic disturbances66 
- Environmental 

interferences67 
- Accelerometer data 

affected by surface and 
footwear68 

- Accuracy in ground 
reaction force prediction 
variable69-71 

- Further validation required 
for standardised task and 
participant specific 
kinematic outputs72,73 
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OPTICAL FIBRES 
 

 
ü ü ü 

- Light weight and flexible29 
- Gait phase recognition 

capable through 
monitoring muscle 
activation74 or insole 
optical fibres52 

- Immune to 
electromagnetic 
interference29 

- Remote sensing capable75 

- Must be embedded into 
textile or, affixed using 
straps or tape52 

- For kinematic analysis, 
optical fibre must cross the 
joint/s of interest29 

- Insole optical fibres able to 
determine only vertically 
orientated forces53,54 

- Sensitive to environmental 
factors29,52 

PRESSURE 
SENSING 
INSOLES 
 

 û ü ü 

- Valid and reliable for 
spatiotemporal 
parameters55 

- Low-cost76 
- Capable of real-time 

feedback76,77 

- Athlete comfort variable as 
pressure sensing insoles 
replace insoles of athlete’s 
shoes55 

- For analysis over long 
periods, battery 
technology insufficient77 

- Accuracy of kinetic 
measures dependant on 
system and speed55, and 
able to determine only 
vertically orientated 
forces55 

- Sensitive to humidity77 
VIDEO-BASED 
MARKERLESS 
SYSTEMS 
 

 
 ü ü ü 

- Uses pose estimation 
(deep learning-based 
software) algorithms to 
accurately determine 
spatiotemporal parameters 
(even with normal 
clothing)57 

- Single or multiple camera, 
depth or standard camera 
configurations available57 

- Emerging evidence for 
accurate estimation of 
ground force reaction 
data78,79 

- Use of pose estimation is 
only as accurate as those 
data sets used to train 
them57 

- Lack of large-scale, high-
quality data bases56 

- Kinematic outcome 
measures require further 
validated for clinical 
application on an 
individual basis57,58 

- Multiple cameras enable 
3D analysis and improve 
accuracy of all 
biomechanical 
variables57,80 

SPRINT FORCE-
VELOCITY 
PROFILING 
(FVP) 
 

 û ü ü 

- Validated against gold 
standard for field-based 
use to characterise sprint 
mechanical performance81 

- Details the horizontal 
force-velocity relationship 
in achieving horizontal 
power output82,83 

- Utilises a computational 
method using only 
anthropometric and 
spatiotemporal data81 

- Radar, timing gates and/or 
video cameras (including 
smart phone) may be used 
to collect split times81,84-87 

- More data sets required to 
understand profile 
implication for injury 
prevention and 
performance88 

- Limited to acceleration 
phase of sprinting 
(computational method 
does not characterise 
kinetics during steady state 
or deceleration)81 

- Spatiotemporal data 
limited to velocity metrics 
and total sprint time81 

Table 3.1: A review of existing field-based technology (icons: Flaticon.com) 
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IMUs were chosen as they are lightweight, relatively low-cost and demonstrate good accuracy for 
spatiotemporal parameters. But, for kinematic analysis, they require further refinement and 
validation against the gold standard MAS.72,73 This challenge is addressed in Section 3.5 and Chapter 
4. Given that the ability for IMUs to quantify kinetics is still developing, 69-71 FVP was determined to 
currently be the best option for quantification of horizontally oriented forces. FVP technology is 
already validated and readily available through an iPhone application for split time determination 
and timing gates.87 Both of which, should the technology prove useful for injury prevention 
strategies, can be easily adopted by clinicians and coaching staff in real-world conditions.  

3.5 Journey to Finding a Suitable Inertial Measurement System for Kinematic 
Analysis 
The next task was to find a suitable IMU system for kinematic analysis. The challenge was to find one 
that was valid and reliable for high-speed running in field settings. Thus, the journey began for 
testing and trialling in order to find a system to validate formally.  

3.5.1 Pilot Testing - ‘dorsaVi’ 
The obvious starting point was to pilot the technology that was already held by The University of 
Sydney; dorsaVi’s ViMove IMU system (dorsaVi, Docklands, Victoria, Australia). For running analysis, 
the system comprised of two IMUs worn anteromedially on each lower leg, using a proprietary 
template provided by the manufacturer. The position of the IMU was determined based on the 
participant’s height. Disposable application pads (Dorsavi, Melbourne, Australia) were attached to 
the medial tibia at the designated location, and the IMUs were secured in place. Although the 
viMove™ has an inbuilt triaxial accelerometer with magnetometer and one triaxial gyroscope, the 
programmed running set-up only utilises the accelerometer with a sampling rate of 100, 20 and 
20Hz for the x, y and z axes respectively.89 Predetermined running variable outputs were as follows: 

• Vertical ground reaction force (N) – right and left (R+L) 
• Initial peak acceleration (g) – R+L 
• Average ground contact time (ms) – R+L 
• Limb asymmetry index (%) 
• Cadence (steps per min) 
• Total distance (m) 
• Total time analysed (min / s) 

Since the intent of the IMU was for kinematic analysis (as detailed in Section 3.3), the plan was to 
work with dorsaVi to utilise the viMove’s inbuild gyroscope and access raw data. For squat tasks, the 
viMove was programmed to quantify tibial angle, which was later investigated in other studies.90,91 
The idea was to amend the running program to include the gyroscope data, in order to provide tibial 
inclination at POC when running. 

Prior to contacting dorsaVi, a trial was conducted to better understand the viMove and its’ 
programmed outputs. In November 2016, the viMove was trialled over a 45 m sprint track, which 
passes through the university’s 3D MAS (including force plates). We had planned to preliminary 
review how the viMove system spatiotemporal and kinetic data compared to the MAS. 
Unfortunately, multiple problems were faced before any data comparisons could be made.  
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Issues were encountered with the MAS and our overground running set-up. Noting the limited 
capture volume (including force plate area) and larger step length that occurs with sprinting, data 
from only one or two steps were collected. Thus, limiting the data points for comparison. 
Furthermore, sunlight from having both roller doors open (one for the acceleration track and other 
the deceleration zone) as per Figure 3.2 posed issues. When processing the MAS data, large sunlight 
sections of the capture volume had to be blocked out. Despite this, small sunlight flickers still 
surfaced, which the MAS system detected as a retroreflective marker, further complicating data 
collection. 

Upon reviewing the sprint data captured via the viMove IMU system, multiple data gaps were 
present. Over multiple tests, the IMU system consistently failed to register all steps, likely due to the 
low sampling rate. Missing data and lack of agreement were also reported in subsequent studies.71,92 
Although these overground running studies reported acceptable within-system reliability for dorsaVi 
IMU tibial acclerometer data, data gaps (signal drop out) led to limited agreement with the 
reference standard. 71,92 This issue was presented to dorsaVi’s software engineer, which included an 
enquiry about their algorithms to include gyroscope data. In February 2017, dorsavi advised that a 
research and development algorithm project was underway, but which metrics would be able to be 
assessed was yet to be confirmed. Upon further enquiry in May 2017, no further update was 
available.  

 

Figure 3.2: Overground track set up for Pilot testing the dorsaVi’s ViMove IMU system (affixed to the 
lower leg) against the university’s 3D Motion Analysis System (Eagle and Cortex 1.1.4.368, Motion 

Analysis Corporation, Santa Rosa, CA, USA) 

3.5.2 The University of Sydney Proof of Concept IMU System Development  
In May 2017, a University of Sydney Engineer, advised that he may be able to help us develop our 
own IMU system. We submitted a ‘Software Application Form’ and work started on the project. 

In August 2017, it was informed that the IMU microprocessor in development could only handle 50 
samples per second. Alternative options needed to be investigated as that sampling rate wasn’t high 
enough for high-speed running analysis. It was suggested that we engage Professor Mark Halaki 
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(who later joined the supervisory team), who was advocating for the Discipline of Exercise and Sport 
Science to purchase an IMU system with a high sampling rate. The system proposed was for the 
Noraxon Myomotion but to date the proposal hadn’t got up due to lack of staff support. 

3.5.3 Noraxon Myomotion Pilot Testing 
In September 2017, internal funds were allocated to the Discipline of Exercise and Sport Science for 
the purchase of the Noraxon Myomotion IMU system (Noraxon USA Inc., Scottsdale, United States, 
Model 680 receiver, Model 610 sensor, MR 3.16 software). Initially, the school was allocated the 
Noraxon Myomotion system with one IMU. The initial pilot study evaluated the use of this single 
IMU for shank inclination (as a representative of overstride). Following the MAS issues with 
overground running in the dorsaVi trial, a treadmill was used instead for validation. 

In November 2017, Pilot testing was conducted comparing the Noraxon Myomotion to the MAS 
(Eagle and Cortex 1.1.4.368, Motion Analysis Corporation, Santa Rosa, CA, USA). The IMU was 
secured to the left shank, 3-4 cm above the lateral malleolus (the flattest point of the lateral shank). 
Over twenty-eight strides, the runner built up from 12 to 18 km/h. MAS data was exported into 
Visual 3D (Version 4.95, C-Motion Inc., Germantown, MD, USA) to determine body segments and 
angles as per Appendix 2. Pearson’s ‘r’ statistical testing was used as a preliminary measure of 
correlation between the IMU and MAS. The results from the initial single runner were encouraging, 
as per Figures 3.3 and 3.4. 

 

Figure 3.3: The shank angle at ground contact when the force plate was used to identify 
ground contact were very highly correlated (r=0.95). 

 

Figure 3.4: When using the accelerometer signal to identify ground contact for the Noraxon 
system, the correlation was still high (r=0.86). 



 
 

55 

Following the promising findings from the Noraxon pilot testing, the project was submitted to the 
university’s ethics board for formal investigation. In April 2018, ethics approval was gained 
(Appendix 4). Two months later, ten single trials were conducted of ten different runners, the results 
of which raised several concerns. For most of the trials, the synchronisation between the MAS and 
Noraxon did not function. For those with synchronised data available, one runner had incomplete 
data, and the rest demonstrated a lack of agreement in shank angle between the MAS and Noraxon 
systems. Hence, there was low confidence that this single shank IMU would be appropriate for field-
based testing. Significant refinement and further validation would be required. Furthermore, from a 
kinematic perspective, it was disadvantageous to limit our analysis to the shank alone. 

Fortunately, shortly after, the university acquired four more IMUs. In December 2018, an ethics 
modification was submitted to include validation for knee, hip and pelvis angles. After approval in 
early 2019 (Appendix 4), five further runners were tested. The synchronisation issue was corrected, 
but the agreement between the MAS and Noraxon systems was variable. It was determined that the 
inconsistencies were likely a result of the Noraxon sampling rate, which had defaulted back to 
100Hz. 

Over subsequent months, data collection parameters were further tested and adjusted, increasing 
the sampling rate to 200Hz and refining the calibration method. This ensured a robust and 
consistent procedure as detailed in Appendix 2. With these refinements, a validation study was 
confidently conducted (see Chapter 4). 
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Chapter 4: Validity of an Inertial 
Measurement Unit System to Measure 
Lower Limb Kinematics at Point of Contact 
during Incremental High-Speed Running 

4.1 Outline 
The exploration of technology for field-based high-speed, biomechanical running analysis, as well as 
the extensive pilot testing in the preceding chapter, led to the validation study presented in this 
chapter. The primary aim of this study was to validate the use of a multi-sensor IMU system for 
biomechanical lower limb kinematic analysis at point of contact (POC) during incremental high-speed 
running. It is presented in the style of the journal where it is published: 

Wolski, L., Halaki, M., Hiller, C. E., Pappas, E., & Fong Yan, A. (2024). Validity of an Inertial 
Measurement Unit System to Measure Lower Limb Kinematics at Point of Contact during 
Incremental High-Speed Running. Sensors (Basel, Switzerland), 24(17), 5718. doi: 
10.3390/s24175718 

© 2024 by the authors. Licensee MDPI, Basel, Switzerland. 

This validation study reported the IMU system to reliably identify POC, and accurately measure stride 
time, anterior pelvic tilt and hip flexion angle across all speeds tested. However, it was inaccurate 
and inconsistent in estimating knee flexion and shank angles. The discussion section of this 
publication acknowledges study limitations, including the generalizability of findings given the single 
case study design. It’s important to note that although a runner’s biomechanics may vary with 
extrinsic (e.g. footwear, surface) and intrinsic differences (e.g. foot strike pattern), the purpose of the 
study was not about quantifying running technique, rather whether the two systems are in 
agreement across incremental high-speeds. Ultimately, the findings of this study provided valuable 
insights on the IMU system (both in terms of strengths and weaknesses) to shift to field-based 
research. 

ADDITIONAL NOTE: Additional methodological detail on validation study data collection procedures 
is contained in ‘Appendix 2: Manual of Procedures’. 
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Abstract: There is limited validation for portable methods in evaluating high-speed running biome-
chanics, with inertial measurement unit (IMU) systems commonly used as wearables for this purpose.
This study aimed to evaluate the validity of an IMU system in high-speed running compared to a 3D
motion analysis system (MAS). One runner performed incremental treadmill running, from 12 to
18 km/h, on two separate days. Sagittal angles for the shank, knee, hip and pelvis were measured
simultaneously with three IMUs and the MAS at the point of contact (POC), the timing when the
foot initially hits the ground, as identified by IMU system acceleration, and compared to the POC
identified via force plate. Agreement between the systems was evaluated using intra-class correlation
coefficients, Pearson’s r, Bland–Altman limits of agreements, root mean square error and paired t-tests.
The IMU system reliably determined POC (which subsequently was used to calculate stride time)
and measured hip flexion angle and anterior pelvic tilt accurately and consistently at POC. However,
it displayed inaccuracy and inconsistency in measuring knee flexion and shank angles at POC. This
information provides confidence that a portable IMU system can aid in establishing baseline running
biomechanics for performance optimisation, and/or inform injury prevention programs.

Keywords: sensor; measurement; accelerometer; gait; biomechanics

1. Introduction
Biomechanical analyses of running are frequently utilised by skilled practitioners in

the sports science and medicine realm. Running forms the fundamental basis of numerous
sports, and assessment may enable technical coaching to optimise performance and/or
inform injury prevention programs [1–3]. Running analysis often relies on technology,
as certain gait cycle characteristics are difficult to see with the naked eye. This becomes
particularly relevant as running speed increases, when the stance phase duration of running
approaches 0.1 s [4]. The ongoing challenge for practitioners and coaches is finding a field-
based method of running analysis that is valid and reliable [5], noting the gold standard for
high-speed running analysis is the lab-based motion analysis system (MAS). Although the
MAS provides accurate measures of spatiotemporal, kinematic and kinetic parameters, its
ability for use in the field or outdoors is limited. Furthermore, the MAS is expensive and
time consuming as a result of extensive processing procedures [6].

Inertial measurement units (IMUs) are an emerging portable, inexpensive method
for analysing running biomechanics [7]. IMUs are portable sensors made up of three
components: an accelerometer, gyroscope and magnetometer which, respectively, provide
three-dimensional linear acceleration, angular velocity and orientation outputs. Compu-
tational methods enable various spatiotemporal and kinetic outputs, and two or more
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calibrated IMUs are capable of tracking joint angles, permitting functional activity kine-
matic analysis [8,9].

For IMU use in running, there is not a ‘one size fits all’ algorithm; precision is deter-
mined by user requirement, and accuracy will fluctuate depending on design and calibra-
tion [10,11]. The ability of IMUs to predict running kinetics is variable [12,13], and despite
emerging evidence demonstrating merit in using IMUs for kinematic analysis [14–19], the
majority of studies to date have utilised IMUs for activity recognition and spatiotemporal
parameters [7,20–24]. Furthermore, it is recognised that running biomechanics change with
increasing speed [4,25–27]; but as velocity increases, the precision of IMU outputs may
change [28–30]. Thus, in order to confidently utilise IMUs in the field, it is necessary to
validate relevant biomechanical variables at speeds pertinent to the activity of interest.

The primary aim of this study was to validate the use of a multisensor IMU system for
biomechanical lower limb kinematic analysis at point of contact (POC) during incremental
high-speed running. Sagittal plane angles of the shank, knee, hip and pelvis were evaluated.
The secondary aim of this study was to determine whether the existing IMU system was
able to accurately measure stride time during incremental running.

2. Materials and Methods
The academic institution’s Human Research Ethics Board approved this protocol

(project number 2018/133). One female sprinter (Age: 29 years, height: 1.65 m, weight:
58 kg) was recruited and provided informed consent to participate in two trials involving
incremental running on a conventional treadmill, two weeks apart. She fulfilled the
following approved inclusion criteria: aged between 18–50 years old, regularly participated
(at least 1x/week) in a sport or exercise that requires high-speed running over the last
6 weeks, no musculoskeletal injury within the last 3 months, no neurological conditions, no
lower extremity surgery within the last year and a body mass index less than 30.

The IMU system trialled in this study was the Noraxon ‘MyoMOTION’ sensor and
software (Noraxon USA Inc., Scottsdale, AZ, USA, Model 680 receiver, Model 610 sensor,
MR 3.16 software). The IMUs used for this research had >8 h operating time (3 h to
recharge), were 37.6 mm ⇥ 52 mm ⇥ 18.1 mm in size, weighed 34 g, and could sample at
rates up to 200 Hz and had a Gyro speed of 2000 deg/s with an acceleration range of 16G.

A 14 camera MAS (Eagle and Cortex 1.1.4.368, Motion Analysis Corporation, Santa
Rosa, CA, USA) was utilised as the gold standard comparison for capturing 3D motion of
the shank, thigh and pelvis segments at a sampling rate of 200 Hz. Positioned in the centre
of the 4 m ⇥ 3 m ⇥ 3 m capture volume was a conventional treadmill (Model FQTM250,
Fitquip, Scarborough, Australia). The reference gold standard comparison for POC timing
was determined via a force plate (Model 9287BA, Kistler, Winterthur, Switzerland) sampling
at a rate of 200 Hz mounted directly below the left rear base of the treadmill. Once the
treadmill was in position, the force plate was zeroed. The IMU system and MAS force
platform were time synchronised via the Noraxon MyoSync device (Noraxon USA Inc.).
This device generates a pulse to synchronise signals across multiple systems.

IMUs were secured unilaterally to the runner’s left shank (Sensor 1) and left thigh
(Sensor 2) with double-sided tape (Logemas Pty Ltd., Albion, Australia) and elastic adhesive
bandage (Elastoplast, Beiersdorf Australia Pty Ltd., North Ryde, Australia). Sensor 1 was
positioned approximately 3–4 cm above the lateral malleolus and Sensor 2 on the mid
lateral thigh. The final IMU was worn centrally on the sacrum via a Noraxon myoMOTION
pelvic strap (Sensor 3) and reinforced with rigid tape (Elastoplast, Beiersdorf Australia
Pty Ltd., North Ryde, Australia). Vertical IMU alignment when standing was checked
and ensured.

Twenty-two 12 mm retroreflective markers were adhered via double-sided tape to the
pelvis and left leg (posterior superior iliac spines, anterior superior iliac spines, greater
trochanter, lateral femoral epicondyle, medial femoral condyle, tibial tuberosity, head of
fibula, lateral malleoli and medial malleoli, head of the first and fifth metatarsals, and
the distal end of the hallux), including two 4 marker clusters on their lateral shank and
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lateral thigh for more accurate tracking direction relative to joint centres [31]. Foot markers
were also adhered via double-sided tape to standard running shoes in the corresponding
position to palpated bony landmarks.

Once the retroreflective markers and IMUs were donned (as seen in Figure 1), calibra-
tion of both systems was conducted. Static reference data were collected simultaneously by
the two systems with the runner standing on the centre of a conventional treadmill in order
to determine the anatomical reference (zero) position for the lower limb kinematic data
(Figure 2). A positive shank angle denoted inclination relative to the standing position.
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The runner conducted her own warm up consisting of graduated running and dynamic
stretches before practicing the trial protocol. The runner was given five minutes to rest
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between the practice and the trial. The runner was then instructed to perform incremental
running at speeds of 12, 14, 16 and 18 km/h. The runner controlled the increase in speed,
and once the target speed was achieved, she was instructed to remain in a steady state
(neither accelerating nor decelerating) at each speed for at least 5 s.

Following the trial, MAS markers were reviewed and force plate POC checked for
noise. Any marker switches were rectified and unidentified markers were named. The
MAS trial capture of approximately 40 s (6–10 stride cycles per speed) was next exported
into Visual 3D (Version 4.95, C-Motion Inc., Germantown, MD, USA) for segment definition
and joint angle computation. A biomechanical model was created to develop virtual
markers (based on bony landmark markers) for the pelvis, left hip joint centre, left knee
joint centre, left tibial tuberosity centre and left malleolar centre. Thigh and shank clusters
were utilised as target tracking markers. X, Y and Z axes in Visual 3D correspond to
the medio-lateral, antero-posterior and axial anatomical axes. This biomechanical model
enabled sagittal plane kinematics for the pelvis, hip, knee (Carden sequence X, Y, Z) and
shank to be extracted (Carden sequence Y, Z, X). For joint calculation of the IMU data, the
same segments were used.

Matlab (9.13.0 (R2022B), The MathWorks Inc., Natick, MA, USA) software was utilised
for POC determination for MAS and IMU system trial data. For the MAS force plate data,
POC was determined by a threshold selection of the summed vertical ground reaction
force (Figure 3) and the first data point above the baseline force level. For the IMU system,
POC was identified using the shank IMU’s vertical, earth-based accelerometer data (axial
axes). Shank accelerometer data were chosen to minimise impact transmission time lag
from the collision point/feet to pelvis [32]. The first negative minima in acceleration trace
after maximal hip flexion was manually identified for each stride cycle (Figure 3).
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Biomechanical data from both systems was then exported into Excel (Microsoft Cor-
poration, Redmond, WA, USA, 2019) for visualisation and calculation of stride time (time
between respective POCs). Review of a trial video on the IMU system enabled time stamp
identification of each speed. Running data during transition between speeds were removed
before statistical analysis. This entire trial protocol was repeated with the same participant
on a second day, 2 weeks later. Noting one stride cycle was considered one sample, and at
least six strides were collected for each of the four speeds over two occasions, the sample
size was deemed appropriate for at least 80% power [33,34].

Statistical analysis was conducted via SPSS Statistics (IBM SPSS Software, version 15.0).
Agreement in kinematics (sagittal plane pelvic, hip, knee and shank angle), stride time
and POC between the systems were evaluated using single measures 2-way mixed effects,
intra-class coefficients (ICCs) for absolute agreement, Pearson’s r correlation (with 2-tailed
significance value), root mean square error (RMSE) and paired t-tests. Bland–Altman Plots
were used to evaluate potential directional bias for kinematic variables.

ICC values were a priori categorised as excellent (0.90 to 1.00), good (0.75 to 0.89),
moderate (0.50 to 0.75) or poor (0.00 to 0.49) [35]. The magnitude of Pearson’s r correlation
coefficients were classified as very high (0.90 to 1.00), high (0.70 to 0.89), moderate (0.50 to
0.69), low (0.30 to 0.49) or negligible (0.00 to 0.30) [36]. We determined that a kinematic error
(RMSE) between 2 and 5 degrees was considered an acceptable level based on common
clinical situations [37]. We also calculated IMU system RMSE as a percentage of MAS mean
in order to appreciate the clinical relevance for joint angles of varying size.

3. Results
Over 5 s at each speed (12, 14, 16 and 18 km/h), a total of 38 strides per trial, were

collected. An example of kinematic data obtained through the entire stride cycle as iden-
tified by respective MAS and IMU system methods (before extraction of POC kinematic
data) is displayed in Figure 4. Descriptive statistics for POC identification; sagittal plane
pelvis, hip, knee and shank angle; and stride time are shown in Table 1 and Bland–Altman
plots (Figure 5). Additional data provided in Appendix A include individual plots for each
variable across speed.
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Table 1. ICC, Pearson correlation coefficient, RMSE and t-test results for the IMUS and MAS at POC.

Trial 1 Trial 2

ICC (95% CI), p Value Pearson’s r,
p Value

IMU System RMSE
(% MAS Mean)

Paired t-Test MAS
�
x

(SD), IMU System
�
x (SD), p Value

ICC (95% CI), p Value Pearson’s r,
p Value

IMU System RMSE
(% MAS Mean)

Paired t-Test MAS
�
x

(SD), IMU System
�
x (SD), p Value

POC Detection

12 km/h 1.00 (1.00,1.00), <0.001 * 1.00, <0.001 * 0.005 s ˆ 5.44 (2.12), 5.44
(2.13), 0.003 * 1.00 (1.00,1.00), <0.001 * 1.00, <0.001 * 0.0052 s ˆ 6.15 (2.75), 6.15

(2.75), <0.001 *

14 km/h 1.00 (1.00,1.00), <0.001 * 1.00, <0.001 * 0.0043 s ˆ 18.98 (2.23), 18.98
(2.24), <0.001 * 1.00 (1.00,1.00), <0.001 * 1.00, <0.001 * 0.0052 s ˆ 22.33 (2.29), 22.33

(2.29), <0.001 *

16 km/h 1.00 (1.00,1.00), <0.001 * 1.00, <0.001 * 0.0155 s ˆ 31.40 (1.97), 31.40
(1.97), <0.001 * 1.00 (0.99,1.00), <0.001 * 1.00, <0.001 * 0.0047 s ˆ 34.94 (1.63), 34.94

(1.63), <0.001 *

18 km/h 1.00 (1.00,1.00), <0.001 * 1.00, <0.001 * 0.0038 s ˆ 41.94 (1.32), 41.94
(1.32), 0.030 * 1.00 (0.99,1.00), <0.001 * 1.00, <0.001 * 0.0076 s ˆ 44.70 (1.19), 44.70

(1.19), 0.010 *
POC Shank Angle

12 km/h 0.04 (�0.01,0.26), 0.024 * 0.61, 0.060 6.84� (94.34%) 7.25 (1.44), 0.51
(1.28), <0.001* 0.11 (�0.01,0.44), <0.001 * 0.89, <0.001 * 5.81� (76.56%) 7.59 (1.57), 1.81

(1.46), <0.001 *

14 km/h 0.03 (�0.01,0.18), 0.037 * 0.55, 0.08 8.20� (88.28%) 9.29 (1.55), 1.19
(1.21), <0.001* 0.02 (�0.01,0.14), 0.012 * 0.71, 0.015 * 7.83� (91.96%) 8.51 (1.27), 0.73

(0.81), <0.001 *

16 km/h 0.01 (�0.00,0.06), 0.680 0.48, 0.155 10.09� (88.44%) 11.41 (1.03), 1.36
(0.87), <0.001* 0.05 (�0.01,0.30), 0.004 * 0.82, 0.012 * 8.50� (80.97%) 10.50 (1.64), 2.05

(1.38), <0.001 *

18 km/h 0.01 (�0.01,0.12), 0.202 0.42, 0.35 10.13� (88.71%) 11.42 (0.89), 1.39
(1.70), <0.001* �0.00 (�0.01,0.07), 0.580 �0.09, 0.858 10.08� (83.36%) 12.09 (1.12), 2.12

(1.22), <0.001 *
POC Knee Angle

12 km/h 0.08 (�0.03,0.40), 0.030 * 0.60, 0.067 7.30� (43.17%) 16.90 (2.27), 23.98
(1.78), <0.001 * 0.06 (�0.01,0.31), <0.001 * 0.81, <0.001 * 9.03� (56.98%) 15.85 (1.96), 24.81

(1.73), <0.001 *

14 km/h 0.08 (�0.01,0.39), <0.001 * 0.81, 0.003 * 8.20� (50.37%) 16.28 (2.10), 24.39
(1.80), <0.001 * 0.00 (�0.00,0.04), 0.204 0.27, 0.429 10.89� (68.21%) 15.97 (1.10), 26.80

(0.94), <0.001 *

16 km/h 0.01 (�0.01,0.06), 0.158 0.35, 0.324 10.83� (68.59%) 15.79 (0.99), 26.55
(1.32), <0.001 * 0.00 (�0.00,0.04), 0.338 0.17, 0.68 12.11� (79.94%) 15.15 (1.29), 27.18

(0.89), <0.001 *

18 km/h 0.07 (�0.01,0.42), 0.014 * 0.81, 0.029 * 10.07� (61.74%) 16.31 (1.88), 26.26
(2.65), <0.001 * �0.01 (�0.01,0.04), 0.915 �0.61, 0.195 12.66� (82.23%) 15.40 (1.30), 27.92

(0.94), <0.001 *
POC Hip Angle

12 km/h 0.87 (0.36,0.97), <0.001 * 0.92, <0.001 * 0.86� (3.97%) 21.61 (1.63), 22.19
(1.62), 0.021 * 0.88 (0.64,0.96), <0.001 * 0.88, <0.001 * 0.52� (2.38%) 21.61 (0.94), 21.69

(1.12), 0.579

14 km/h 0.86 (0.49,0.96), <0.001 * 0.90, <0.001 * 0.68� (2.93%) 23.17 (1.26), 23.58
(1.29), 0.041 * 0.53 (�0.09,0.87), <0.001 * 0.84, <0.001 * 1.20� (5.22%) 22.95 (0.94), 24.02

(1.02), <0.001 *

16 km/h 0.69 (0.04,0.92), 0.002 * 0.84, 0.003 * 1.34� (5.66%) 23.66 (1.32), 24.59
(1.81), 0.017 * 0.70 (�0.09,0.94), <0.001 * 0.88, 0.004 * 1.39� (5.82%) 23.95 (1.60), 25.12

(1.65), 0.005 *

18 km/h 0.54 (�0.13,0.90), 0.065 0.74, 0.055 1.31� (5.80%) 22.61 (0.82), 21.93
(1.69), 0.186 0.65 (�0.09,0.94), 0.020 * 0.78, 0.066 1.02� (4.14%) 24.72 (1.17), 25.49

(1.06), 0.052
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Table 1. Cont.

Trial 1 Trial 2

ICC (95% CI), p Value Pearson’s r, p
Value

IMU System RMSE
(% MAS Mean)

Paired t-Test MAS
�
x

(SD), IMU System
�
x

(SD), p Value
ICC (95% CI), p Value Pearson’s r, p

Value
IMU System RMSE

(% MAS Mean)

Paired t-Test MAS
�
x

(SD), IMU System
�
x

(SD), p Value

POC Pelvis Angle

12 km/h 0.96 (0.43,0.99), <0.001 * 0.99, <0.001 * 0.47� (17.11%) 2.77 (1.74), 2.38
(1.77), 0.002 * 0.42 (�0.05,0.81), <0.001 * 0.88, <0.001 * 1.24� (43.04%) 2.89 (0.88), 4.06

(0.72), <0.001 *

14 km/h 0.95 (0.48,0.99), <0.001 * 0.98, <0.001 * 0.46� (17.55%) 2.61 (1.43), 2.26
(1.52), 0.003 * 0.68 (�0.04,0.93), <0.001 * 0.96, <0.001 * 1.04� (39.92%) 2.61 (1.08), 3.60

(1.11), <0.001 *

16 km/h 0.82 (0.13,0.96), <0.001 * 0.91, 0.011 * 0.86� (22.84%) 3.77 (1.30), 3.12
(1.46), 0.008 * 0.84 (0.07,0.97), <0.001 * 0.92, 0.001 * 0.89� (25.99%) 3.44 (1.46), 4.14

(1.54), 0.012 *

18 km/h 0.72 (0.11,0.94), 0.018 * 0.82, 0.023 * 0.73� (13.62%) 5.33 (0.71), 4.97
(1.14), 0.216 0.88 (0.17,0.98), 0.001 * 0.93, 0.006 0.43� (9.58%) 4.51 (0.85), 4.18

(0.85), 0.048 *
Stride Time

12 km/h 0.78 (0.32,0.94), 0.003 * 0.76, 0.01 * 0.0047 s (0.68%) 0.70 (0.01), 0.07
(0.01), 0.758 0.94 (0.80,0.98), <0.001 * 0.94, <0.001 * 0.0039 s (0.56%) 0.71 (0.01), 0.71

(0.01), 1.0

14 km/h 0.88 (0.60,0.96), <0.001 * 0.87, <0.001 * 0.0040 s (0.59%) 0.67 (0.01), 0.67
(0.01), 0.724 0.87 (0.59,0.96), <0.001 * 0.88, <0.001 * 0.0034 s (0.49%) 0.69 (0.01), 0.69

(0.01), 0.676

16 km/h 0.72 (0.19,0.92), 0.008 * 0.76, 0.011 * 0.0042 s (0.64%) 0.65 (0.01), 0.65
(0.00), 0.726 0.99 (0.96,0.99), <0.001 * 0.99, <0.001 * 0.0018 s (0.26%) 0.67 (0.01), 0.67

(0.01), 0.351

18 km/h 0.89 (0.46, 0.98), 0.002 * 0.90, 0.006 * 0.0038 s (0.62%) 0.61 (0.01), 0.61
(0.01), 1.00 0.21 (�0.88,0.85), 0.346 0.19, 0.725 0.0061 s (0.96%) 0.64 (0.01), 0.64

(0.00), 0.771

ˆ No %MAS mean recorded as data reflects a time stamp; * p value < 0.05; ICC—Intraclass Correlation Coefficient; RMSE—Root Mean Square Error; x—Mean; SD—Standard Deviation.
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pair) for (a) point of contact (POC), (b) shank angle, (c) knee flexion angle, (d) hip flexion angle,
(e) anterior pelvic tilt and (f) stride time for Trial 1 (black) and Trial 2 (grey).

POC was consistently determined by the IMU system (ICC 1.0 for all speeds across
both trials) and had a perfect linear correlation with the MAS (Pearson’s r values of 1.0
for all speeds across both trials). RMSE revealed a high level of accuracy (0.0038–0.0155 s
across both trials); however, the paired t-test revealed a significant difference for both trials
(p < 0.030 for all speeds). This may be explained within the Bland–Altman plot, which
displayed a minor offset error (0–0.01 s).

The IMU system was inconsistent in measuring shank inclination (ICC ‘poor’ at
all speeds over both trials). Pearson’s r values were variable and tended to decrease
to ‘negligible’ as speed increased to 18 km/h. Accuracy of shank inclination was also
poor, with RMSE reported as 80–94% of MAS mean and significant differences in paired
t-tests over all speeds in both trials. Both systematic and offset errors were evident on the
Bland–Altman plot.

The IMU system also performed inconsistently in measuring knee flexion (ICC ‘poor’
across all speeds in both trials). Pearson’s r values were inconsistent and varied from ‘poor’
to ‘high’ across speeds and trials. Accuracy was likewise poor and decreased with speed
(RMSE ranged from 7 to 12� or 43–82% MAS mean). The paired t-test also revealed a
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significant difference between variables over all speeds in both trials. The Bland–Altman
plot displayed offset error but no consistent systematic error.

Hip flexion was measured more consistently by the IMU system (ICC ‘high’ to ‘mod-
erate’ with increasing speed for both trials). A strong linear correlation with the reference
MAS was evident (Pearson’s r values were ‘very high’ or ‘high’ across speeds for both trials).
The majority of paired t-tests were significant; however, accuracy was very good, with an
RMSE of <1.4� (<6% of MAS mean) across all speeds in both trials. The Bland–Altman plot
revealed minor offset error.

Sagittal plane pelvic tilt was also measured with reasonable consistency by the IMU
system (ICC T1 speed 12 and 14 km/h ‘very high’, speed 16 km/h ‘high’, speed 18 km/h
‘moderate; T2 speed 12 km/h ‘poor’, speed 14 km/h ‘moderate, speed 16 and 18 km/h
‘high’). Pearson’s r analysis demonstrated a ‘very high’ linear correlation between the
systems across both trials, with the exception of T1 speed 18 km/h and T2 speed 12 km/h,
which were reported as ‘high’. Accuracy was fair, with an RMSE of <0.9� in T1 (13–22%
of MAS mean) and <1.3� in T2 (9–40% of MAS mean). Paired t-tests revealed a significant
difference across all speeds except speed 18 km/h for both trials. Minimal offset error was
evident on the Bland–Altman plot.

The IMU system measured stride time with reasonable consistency as well (ICC varied
between ‘moderate’ to ‘very high’ except for being ‘poor’ for Trail 2 at 18 km/h). A linear
correlation was evident in all speeds across both trials (Pearson’s r values of ‘very high’
or ‘high’) except T2 speed 18 (Pearson’s r ‘negligible’). Accuracy was excellent (RMSE
0.00–0.01 s across all trials, <1% of MAS mean).

4. Discussion
This study assessed the validity in the use of a multisensor IMU system for biomechan-

ical lower limb kinematic analysis at POC and stride time during incremental high-speed
running. The IMU system accurately and consistently determined POC, which subse-
quently was used to calculate stride time. The IMU system demonstrated an acceptable
degree of error and was consistent in measuring hip flexion angle and anterior pelvic tilt,
but was inaccurate and inconsistent for knee flexion and shank angle.

Although our 200 Hz IMU system detected POC with excellent consistency and a very
high level of accuracy, a negligible offset error of approximately one sample (0.005 s) was
evident. Sinclair et al. described similar findings when validating 1000 Hz shank-mounted
accelerometers for POC detection during conventional treadmill running at approximately
14 km/h. They reported very good correspondence between the reference standard force
place and accelerometer methods, but noted an equivalent level of absolute error [38].
Other studies may have attempted to correct this time lag by using sensors closer to the
collision point, i.e., the foot [32], though accuracy of spatiotemporal parameters with foot
mounted sensors is variable and dependant on sensor position on the foot [39,40]. For this
protocol, it would not be worthwhile including an additional foot sensor as, statistically,
the shank sensor detected POC with a high level of accuracy. Nevertheless, algorithmic
adjustment may be an option should a consistent offset (subject, speed or system specific)
be considered pertinent in future trials, particularly if the IMU system has a lower sampling
rate. Sampling rates of 200 Hz or greater are associated with improved agreement levels
when compared to reference systems [41].

From a kinematic perspective, the ability to definitively compare our findings with
other studies is challenging. A limited number of comparable studies exist within the
literature [42], utilising varying IMU systems with differing technical specifications and
methodologies. Nuesch et al. compared outputs from a 400 Hz IMU system against an
optoelectronic MAS during conventional running. Running kinematic data were collected
at a participant-selected average speed of 10.5 km/h [43]. They reported that their IMU
system underestimated both hip and knee flexion angle at POC, with RMSEs of 19.3 and
36.1 degrees, respectively. Conversely, the IMU system in the current study overestimated
knee flexion and demonstrated only a trivial overestimation of hip flexion at POC, but
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with RMSEs at 12 km/h of only 9.03 and 0.52 degrees, respectfully. Lin et al. reported
that their IMU system was effective at estimating hip and knee flexion angles throughout
the gait cycle on a nonmotorised treadmill, but reported poor accuracy for anterior pelvic
tilt (when compared to an optical MAS). However, their participants were running faster
(approximately 19 to 25 km/h), while their IMU system collected data at 100 Hz [44].
Similarly, the 500 Hz IMU system evaluated against the optoelectronic MAS in Ruiz-
Malagon et al.’s validation study tested poorly for pelvic kinematic measurements during
treadmill running at up to 15 km/h [45].

Our results indicate that the IMU system in this study is not recommended for sagittal
plane knee and shank measurements at POC. Noting the shank IMU is a critical determinant
of knee position, it is no surprise that, following poor results for shank angle, knee flexion
also tested poorly. The IMU system significantly overestimated knee flexion and shank
angle at POC by >7�. Particularly at the shank, this offset worsened with increased speed.
Higher levels of validity seem to be associated with how close the sensor was to the area
of interest [41]. This may be an explanation as to why the pelvic sensor alone accurately
measured anterior pelvic tilt; the pelvic and thigh sensors accurately measured hip flexion,
but the thigh and shank sensors inaccurately measured knee and shank angle. It is plausible
that the shank sensor was positioned too distal on the lower leg. More research is needed
to understand the effect of placement and its impact on data collection.

An interesting point to note on the example kinematic data obtained through the entire
stride cycle (Figure 4) is a flip in the shank pitch angle between POCs. Although this issue
was not pertinent for this study (as we were only interested in POC data), upon discussing
this with the manufacturer (Noraxon USA Inc.), it appears that the matter could be related
to sensor saturation and quaternions. Noraxon has stated that their newer model ‘Ultium’
has been configured to address this issue.

When interpreting the results of the present study, we must acknowledge the method-
ological limitations. Firstly, the single case design may affect the generalisability of findings.
The results may vary with gender, age, and extrinsic (footwear, running surface) and
intrinsic differences (e.g., foot strike pattern, velocity) [46]. Peak impact force will vary
depending on foot strike pattern type (e.g., rearfoot, midfoot or forefoot). At slower speeds,
distance runners tend to rear foot strike, whereas sprinters adopt a forefoot strike [47]. At
speeds greater than 18 km/h, most runners who rearfoot strike at slower speeds transition
to a mid or forefoot strike pattern [48]. Strike type tends to also be associated with footwear.
Habitually shod runners mostly have a rearfoot strike, whereas runners who are habitually
barefoot or wear minimalistic shoes mostly strike at the fore or midfoot [49].

Running surface is another factor to consider when interpreting the findings. This
study was conducted on a conventional treadmill. When compared to overground, run-
ners on conventional treadmills elicit biomechanical differences including extended step
(contact) times and increased knee extension at POC. These findings can be attributed
to the hypothesis that a conventional treadmill contributes to hip extension, as the belt
moves the lower extremity backwards [50]. Although overground running would have
been preferred, the conventional treadmill enabled greater control of running velocity in
order to differentiate between speeds for the purposes of incremental validation. Addition-
ally, environmental constraints of the current MAS laboratory disallowed the collection of
multiple strides at different overground speeds.

Another important point to note is the use of externally secured markers and wearable
sensors and the resultant soft tissue artifact risk. Soft tissue artifact refers to the mobility or
‘wobbling’ of markers on the skin with movement [51,52]. IMUs and clusters secured in
the middle of body segments are particularly susceptible to this due to changes in muscle
contour. Despite optimisation of MAS single marker position on bony landmarks, these
too are subject to motion artifact with impact [53]. Thus, with increasing running speed
and subsequent impacts, both systems are suspectable to measurement errors associated
with soft tissue impact [54]. This issue is obviously not unique to this study alone and
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is a limitation that should be considered in all studies utilising wearable markers and
technology.

Overall, the results of this single female participant study suggest that the IMU system
described (Noraxon ‘MyoMOTION’) demonstrated appropriate agreement with the gold
standard MAS for sagittal plane pelvic and hip kinematics at POC and stride time determi-
nation during high-speed running. At the same time, this study found that the IMU system
described is not recommended for knee flexion or shank angle at POC. Further testing of
other IMU systems and additional subjects is required to enable generalisation of findings.
Nonetheless, these preliminary findings suggest that that the IMU system described enables
sophisticated analysis of the validated running variables of interest out-field, which in turn
can be used to optimise performance and/or inform injury prevention programs.
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Chapter 5: Utilising Inertial Measurement 
Units and Force–Velocity Profiling to 
Explore the Relationship Between 
Hamstring Strain Injury and Running 
Biomechanics 

5.1 Outline 
This chapter presents the culminating field-based observational research which investigated running 
biomechanics as a risk factor for HSI. In one combined study, cross sectional comparison of athletes 
with history of HSI compared to healthy controls is presented, followed by a one-year injury 
surveillance period and prospective analysis of the entire cohort. The IMU variables validated in the 
previous chapter, as well as force velocity profiling (previously validated by a separate research 
group) were used as portable methods for evaluating variances in running biomechanics. This 
research nests within Stage 2 of the TRIPP framework (exploring risk factors) and is presented in the 
style of the journal where it is published: 

Wolski, L., Halaki, M., Hiller, C. E., Pappas, E., & Fong Yan, A. (2025). Utilising Inertial Measurement 
Units and Force–Velocity Profiling to Explore the Relationship Between Hamstring Strain Injury and 
Running Biomechanics. Sensors, 25(5), 1518. doi: 10.3390/s25051518 

© 2024 by the authors. Licensee MDPI, Basel, Switzerland. 

This observational study reported, at a cross-sectional level, a potential relationship between 
increased anterior pelvic tilt at POC and HSI and prospectively, an emerging relationship between a 
velocity-orientated profile and HSI. This study was the first of its kind to conduct both FVP and IMU 
kinematic analysis in a field-based settings. However, restrictions imposed with COVID-19 resulted in 
a significantly smaller than planned sample size. Nonetheless, the study was considered a valuable 
feasibility trial, offering several lessons learnt in the practical implementation of field-based 
technologies. 

ADDITIONAL NOTES:  

• Supplementary methodological detail on cross-sectional and cohort study data collection 
procedures, including calculation of clinically meaning differences are contained in ‘Appendix 2: 
Manual of Procedures’ 

• Respective ethics documentation including approval evidence, and template copies of the 
relevant recruitment letter, participant information and consent forms can be found in ‘Appendix 
4: Ethics Documentation’ 

• The two HSIs prospectively sustained in the study were reported by assessing physiotherapists as 
1x ‘long head biceps grade 1’ and 1x ‘Medial HS strain high gd 1/low gd 2’. 
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Abstract: The purpose of this study was to retrospectively and prospectively explore
associations between running biomechanics and hamstring strain injury (HSI) using field-
based technology. Twenty-three amateur sprinters performed 40 m maximum-effort sprints
and then underwent a one-year injury surveillance period. For the first 30 m of acceleration,
sprint mechanics were quantified through force–velocity profiling. In the upright phase of
the sprint, an inertial measurement unit (IMU) system measured sagittal plane pelvic and
hip kinematics at the point of contact (POC), as well as step and stride time. Cross-sectional
analysis revealed no differences between participants with a history of HSI and controls
except for anterior pelvic tilt (increased pelvic tilt on the injured side compared to controls).
Prospectively, two participants sustained HSIs in the surveillance period; thus, the small
sample size limited formal statistical analysis. A review of cohort percentiles, however,
revealed both participants scored in the higher percentiles for variables associated with
a velocity-oriented profile. Overall, this study may be considered a feasibility trial of
novel technology, and the preliminary findings present a case for further investigation.
Several practical insights are offered to direct future research to ultimately inform HSI
prevention strategies.

Keywords: sensor; measurement; accelerometer; gait; biomechanics; sprint; kinematic;
kinetic; spatiotemporal

1. Introduction

Hamstring strain injury (HSI) is of considerable concern in high-speed running sports.
With a particularly high incidence [1–6] and recurrence rate [1,2], HSI presents a significant
challenge for clinicians and coaching staff. Age and previous history of HSI are well-
established risk factors for HSI [3], but several other factors are considered to play a
role, including high-speed running exposure [4], reduced flexibility [5], and decreased
hamstring strength metrics [3]. While the role of the hamstrings in high-speed running is
well researched and understood [6], the connection between running biomechanics and
HSI remains less clear. This connection has been studied in two reviews [7,8], with both
concluding emerging evidence suggests an association between running biomechanics and
HSI, but more research is needed.

Kinematic experimental studies suggest lumbopelvic control, anterior pelvic tilt, for-
ward trunk lean, trunk lateral flexion, and maximal hip flexion angle may be linked to
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HSI [9]. From a kinetic perspective, decreased horizontal propulsive force is suggested to
be associated with HSI [7]. The hamstrings play a major role in horizontal force production
during high-speed running [10], making a compelling case for reduced horizontal force
as a cause and/or consequence of HSI [11–14]. Further field-based evaluation of these
variables is required to define thresholds for injury screening out of the lab environment,
and subsequently inform prevention strategies.

The gold standard for biomechanical analysis is the Motion Analysis System (MAS).
Although the MAS provides exceptional detail on spatiotemporal, kinematic, and kinetic
biomechanical metrics, environmental constraints hinder its ability to accurately replicate
movement in real-world contexts [6]. The 21st century has seen the introduction and devel-
opment of various innovative field-based technologies, such as vision-based measurement
systems [15–18], inertial measurement units (IMUs) [19–21], optical fibre technology [22,23],
pressure sensing insoles [24,25], and force–velocity profiling (FVP) [26,27]. To investigate
the aforementioned kinematic and kinetic variables of interest in a field-based setting,
portable technology that is validated for use in high-speed running is required. Addi-
tionally, the technology should be relatively low-cost to enable adoption by sporting
organisations for potential injury prevention initiatives. For the purposes of this study,
IMU and FVP systems were considered the most appropriate field-based technologies.

Inertial measurement units (IMUs) are a growing, low-cost, portable technology for
quantifying running biomechanics [28]. IMUs include three components: an accelerometer,
a gyroscope, and a magnetometer, which provide measurements of three-dimensional
linear acceleration, angular velocity, and orientation. Multiple calibrated IMUs can track
joint angles, enabling kinematics analysis during functional activities [29,30]. Although
IMUs can produce kinetic outputs through computational methods, their accuracy in
predicting ground reaction forces is variable [31,32]. A recently published study validated
an IMU system against the MAS for use in high-speed running [33]. The IMU system
correctly identified the point of contact (POC), which was subsequently used to calculate
stride time, and accurately measured the sagittal plane pelvic tilt and hip angle at the
POC [33]. Unfortunately, the validation study found the IMU system to be inaccurate and
inconsistent in measuring knee flexion and shank angles at the POC, making it unsuitable
for such measurements [33]. The current study aimed to use the same IMU system in
the field in order to retrospectively and prospectively analyse the relationship between
validated outcomes; namely sagittal plane pelvis and hip kinematics at the POC, and HSI.

Sprint force–velocity profiling (FVP) is an innovative approach to characterising the
kinetics of acceleration and sprint mechanical performance. The relationship between
running velocity and the ability to generate horizontal force on the ground is described by
the linear force–velocity model. Given that power results from force multiplied by velocity,
the slope of the force–velocity relationship displays the contributions of force and velocity
in achieving maximum horizontal power output [26,27]. Although the time over a given
sprint distance may be the same between two athletes, their FVPs may be different, e.g.,
higher force or velocity orientation [34]. In the last decade, a simple computational method
for determining FVP using only anthropometric and spatiotemporal data was validated
against a track embedded with force plates [35]. Initially, high-speed digital cameras, radar
technology, and timing gates were used to calculate times and velocity [35–38]. Shortly
after, a simple iPhone application calculating split times for FVP modelling was also
validated [39]. A secondary aim of our study was to utilise the iPhone application method
in the field to retrospectively and prospectively analyse the relationship between FVP (as a
representation of horizontal force production) and HSI.

The overall purpose of this study was to explore associations between running biome-
chanics and hamstring strain injury (HSI) using field-based technology. We hypothesised
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that running biomechanics, namely spatiotemporal and kinematic variables as measured by
an IMU system and FVP through an iPhone application, may significantly differ between
participants with a history of HSI and controls. Retrospective and prospective analysis via
a one-year injury surveillance will further inform which biomechanics variables may be a
cause or consequence of HSI. Additionally, we aimed to offer ‘lessons learnt’ in using these
novel technologies to direct future research.

2. Materials and Methods

2.1. Testing Protocol

The academic institution’s Human Research Ethics Board approved this protocol
(project number 2018/674). Athletes aged 17–50 years who actively participated in a
sport involving sprinting and did not have a current medical condition or injury that
affected their ability to sprint pain-free were invited to participate in the study. Twenty-
three amateur sprinters were recruited to perform a single maximum-effort 40 m sprint
(mean age 25.7 ± 10.6 years; height 1.76 ± 0.08 m; weight 72.1 ± 10.1 kg; 10 females,
13 males). A significantly larger sample size was originally planned (planned: G-power
output based on power = 0.8, n = 109), including various professional rugby, football, and
soccer clubs. Unfortunately, the occurrence of the COVID-19 pandemic drastically limited
the ability to test and recruit. Therefore, the study reported here is a feasibility study
aimed at providing practical insights and directing future research to ultimately inform
HSI prevention strategies.

Testing was conducted individually over a two-week period (based on participant
availability). Following trial familiarisation (both verbally and through written participant
information), participants provided informed consent and baseline details (age, sex, height,
weight, HSI history).

A 40 m track was set up on grass with a line of tape measure and large blue markers
denoting start and finish. The FVP protocol was conducted in accordance with ‘MySprint’
iPhone application instructions (Version 1.10 installed on iPhone XR running iOS 13). Tall
yellow agility poles were used to denote 5 m intervals for the first 30 m. Poles were offset
to account for parallax error (as per Figure 1). Sprint trials were filmed with the iPhone’s
built-in camera on ‘Slo-mo’ for 1080 p at 240 fps, mounted on a tripod 10 m from the track
enabling smooth rotational movement.

Five Noraxon ‘MyoMOTION’ IMUs and software (Noraxon USA Inc., Scottsdale,
AZ, United States, Model 680 receiver, Model 610 sensor, MR 3.16 software) were used
in this study for kinematic data capture during the steady-state phase of the 40 m sprint.
The IMUs had >8 h operating time (3 h to recharge), were 37.6 mm ⇥ 52 mm ⇥ 18.1 mm
in size, weighed 34 g, had a sampling rate of 200 Hz, a gyroscope speed of 2000 deg/s
and an acceleration range of 16G, with ±1 degree in the sagittal and frontal plane and
±2 degrees in the transverse plane. The IMU system was previously validated against the
gold standard MAS. The current setup replicated that of the validation [33].

IMUs were secured bilaterally to participants’ shanks and thighs with double-sided
tape (Logemas Pty Ltd., Albion, Australia) and an elastic adhesive bandage (Elastoplast,
Beiersdorf Australia Pty Ltd., North Ryde, Australia). The shank sensors were positioned
laterally approximately 3–4 cm above the lateral malleolus and thigh sensors on the mid-
lateral thigh. The final IMU was secured centrally on the sacrum via a Noraxon myoMO-
TION pelvic strap and reinforced with rigid tape (Elastoplast, Beiersdorf Australia Pty
Ltd., North Ryde, Australia). The serial numbers of each IMU were input into the Noraxon
software against the relevant body part where the sensor was placed. Then, body-to-sensor
calibration of the IMUs was performed in the participants’ neutral standing posture.
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Following the FVP and IMU setup, each participant was instructed to complete a self-
directed warm-up which generally consisted of graduated running, dynamic stretches, 
drills, and trial practice. The 40 m sprint trial (encompassing both IMU and FVP capture) 
was subsequently conducted on grass from a crouch start (see Figure 2). Air pressure (hPa) 
and temperature (°C) were recorded at the time of testing with iPhone XR running iOS 13 
(Apple Weather application). 

 

Figure 2. Photographic example of single maximum-effort 40 m sprint. 

  

Figure 1. Force–velocity profiling setup taken from ‘MySprint’ iPhone application instructions
(Version 1.10 installed on iPhone XR running iOS 13). Distances of 5, 10, 15, 20 and 30 metres are
marked by flags.

Following the FVP and IMU setup, each participant was instructed to complete a
self-directed warm-up which generally consisted of graduated running, dynamic stretches,
drills, and trial practice. The 40 m sprint trial (encompassing both IMU and FVP capture)
was subsequently conducted on grass from a crouch start (see Figure 2). Air pressure (hPa)
and temperature (�C) were recorded at the time of testing with iPhone XR running iOS 13
(Apple Weather application).
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2.2. Surveillance Procedure

After the sprint trial, participants were followed for a one-year injury surveillance
period, involving weekly mobile phone text message reporting through a survey admin-
istration platform (Qualtrics 2019–2020, Provo, UT, USA). Participants were asked the
following: ‘In the last week, have you had pain in the hamstring region (back of thigh)
that has affected your ability to train or compete?’ The text message required a ‘yes’ or ‘no’
response. If participants did not respond to the weekly text, they were sent a reminder text
message. If after two reminder text messages, participants still did not respond, they were
contacted by one of the study investigators to confirm ongoing study participation.

If the participant answered ‘yes’, a physiotherapist was notified to contact the par-
ticipant to arrange an appropriate time/day/location to assess the injury free of charge.
This physiotherapist conducted an initial assessment only and did not provide treatment.
Further physiotherapy treatment was at the discretion of the participant. If the participant
sustained an HSI and wanted to report it sooner than when the weekly text message was
due, participants were provided details of the chief investigator for referral to a physiother-
apist for assessment. Physiotherapists conducting injury assessments were not involved in
baseline sprint testing, data processing, or statistical analysis.
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2.3. HSI Reporting

Reporting HSI for cross-sectional analysis was based on self-report only. Although
participants who reported a previous HSI largely had confirmation through medical profes-
sional diagnosis and/or imaging, this evidence was not individually sought. For cohort
analysis, as mentioned above, a physiotherapist confirmed the HSI diagnosis. To be in-
cluded in the study analysis, the HSI must have occurred while training or in competition
during non-contact, high-speed running.

2.4. Data Processing
2.4.1. IMU Data

IMU sprint trial data were exported into Matlab (The MathWorks Inc., Version R2020b,
Natick, MA, USA) software for POC detection, which was performed using the vertical,
earth-referenced accelerometer data (axial axis) from the shank IMU. The first negative
minimum in the acceleration trace following maximal hip flexion was manually determined
for each stride cycle. Anterior pelvic tilt and hip flexion angular data at the POC, as well
as stride and step time, were subsequently exported into Excel (Microsoft Excel 2019,
Microsoft Corporation, Washington, DC, USA). The shank sensor was only used for POC
determination, as it was not accurate enough for use based on previous validation [33].

Six consecutive steps were selected to represent steady-state running for analysis of
kinematic data in the latter part of the 40 m sprint. The root mean square error (RMSE) of
the hip flexion data at the POC of every 6 consecutive steps was calculated, and the 6 steps
with the lowest RMSE were selected (i.e., 3 steps on each side).

2.4.2. FVP Data

Five-meter split times from the first 30 m of the sprint were calculated using the
‘MySprint’ iPhone application (Version 1.10 installed on iPhone XR running iOS 13). The
start of the sprint was the first frame in which the participant’s thumb left the ground.
Split times were determined by scrolling through the captured video using the application,
aligning the participant’s hip with respective agility poles. Each split time was recorded
in milliseconds.

Participant split times, height, and weight, as well as temperature and air pressure at
the time of testing, were inputted into a preformatted, free-access Excel spreadsheet [40]
(Microsoft Excel 2019, Microsoft Corporation, Washington, USA) using the ‘Solver’ add-in
macro to implement validated FVP equations. The following FVP variables were automati-
cally generated for each participant:

• 30 m time (s);
• Vmax: Maximum velocity (m/s);
• F0: Theoretical maximum horizontal force at null velocity (N);
• V0: Theoretical maximum velocity under zero load (m/s);
• Pmax: Maximal mechanical power output (W/kg);
• FV Slope: Linear F-V relationship slope, negative indicates more force-oriented, posi-

tive indicates more velocity-oriented (�1 � 1);
• RFmax: Ratio of horizontal component of ground reaction force (RF) maximum value (%);
• Drf: Rate of decrease in RF (%);
• Vopt: Speed at maximal power output (m/s).

2.5. Statistical Analysis
2.5.1. Cross-Sectional Analysis

Cross-sectional data were analysed using SPSS Statistics (IBM SPSS Software, Version
15.0). Mixed Model Analysis was used to compare kinematic differences between groups
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in each of the IMU variables listed above. A covariance structure of autoregressive AR1
was used with the fixed factor of HSI either coded by side (i.e., coding each side as either
with or without a history of HSI) or by participant (i.e., coding the participant as with
or without a history of HSI), with the step number as repeated measures and participant
ID as the subject identifier. Given the evidence of age and sex differences in sprinting
performance [41], differences in FVP data between groups were analysed through Analysis
of Covariance (ANCOVA), while controlling for age and sex.

2.5.2. Cohort Analysis

The small sample size (as a result of restrictions imposed with COVID-19) precluded
formal prospective statistical analysis. For those who sustained an HSI in the surveillance
period, percentile evaluation was used to compare those who sustained an HSI in the
surveillance period to controls for FVP variables and to compare injured sides to uninjured
sides for IMU variables across the full cohort.

3. Results

3.1. Cross-Sectional Results
3.1.1. IMU Data Findings

Five participants were removed because of unusable IMU data. Thus, 18 participants
in total were included in the cross-sectional IMU data analysis. Eleven had a history of HSI
(mean age 33.1 ± 11.8 years; height 1.73 ± 0.1 m; weight 70.2 ± 13.0 kg; eight females, three
males); seven did not (mean age 19 ± 3.3 years; height 1.76 ± 0.1 cm; weight 72.8 ± 5.8 kg;
two females, five males). Table 1 details the cross-sectional statistical analysis results for
IMU data.

Table 1. Cross-sectional analysis of IMU data by HSI side and by subject, using Mixed Model Analysis
(Type III Fixed Effects).

IMU Variable

HSI History by

Side

µ (95% CI)

Control by

Side

µ (95% CI)

Sig. by

Side

(p Value)

HSI History by

Participant

µ (95% CI)

Control by

Participant

µ (95% CI)

Sig. by

Participant

(p Value)

Anterior
Pelvic Tilt at

POC (o)
3.1 (�0.2, 6.4) 1.7 (�1.6, 5.0) <0.001 * 2.3 (�1.4, 7.1) 1.0 (�4.3, 6.3) 0.573

Hip Flexion at
POC (o) 56.7 (52.4, 61.1) 55.2 (51.0, 59.3) 0.121 53.8 (48.6, 59.0) 58.7 (52.2,

65.2) 0.231

Step time (s) 0.238
(0.231, 0.244)

0.237
(0.232, 0.242) 0.796 0.24

(0.235, 0.246)
0.232

(0.225, 0.239) 0.053

Stride time (s) 0.473
(0.461, 0.485)

0.474
(0.462, 0.486) 0.478 0.48

(0.464, 0.495)
0.465

(0.445, 0.484) 0.216

IMU: inertial measurement unit, HSI: hamstring strain injury, µ: mean, CI: confidence interval, POC: point of
contact, * significant difference between groups.

3.1.2. FVP Data Findings

All participants (n = 23) were included in cross-sectional FVP data analysis. Thirteen
had a history of HSI (mean age 31 ± 11.9 years; height 1.73 ± 0.1 m; weight 70 ± 12.7 kg;
eight females, five males); ten did not (mean age 19 ± 2.7 years; height 1.78 ± 0.1 m;
weight 74 ± 5.9 kg; two females, eight males). Baseline cross-sectional analysis revealed no
significant differences in FVP between participants with and without a history of HSI. Age
and sex covariates, however, influenced the FVP data as indicated in Table 2. Increasing
age was associated with a slower 30 m time and reductions in Pmax and RFmax. For sex,
males had faster 30 m times, as well as increased Vmax, F0, V0, Pmax, and RFmax.



Sensors 2025, 25, 1518 7 of 15

Table 2. Cross-sectional analysis of FVP data by subject, using Analysis of Covariance, controlling for
age and sex.

FVP Variable
HSI History by Side

µ (SD)

Control by Side

µ (SD)
p Value

30 m Time (s) 4.87 (0.36) 4.60 (0.24) 0.463 *ˆ

Vmax (m/s) 7.48 (0.81) 8.01 (0.59) 0.660 ˆ

F0 (N/kg) 8.98 (1.28) 8.90 (0.48) 0.493 ˆ

V0 (m/s) 7.77 (0.93) 8.45 (0.70) 0.663 ˆ

Pmax (W/kg) 17.39 (2.97) 18.80 (1.63) 0.312 *ˆ

FV Slope �1.75 (0.24) �1.06 (0.12) 0.753

RFmax (%) 44.55 (2.98) 46.56 (1.75) 0.582 *ˆ

Drf (%) �10.8 (0.9) �10.5 (0.6) 0.782

Vopt (m/s) 4.01 (0.10) 3.92 (0.14) 0.664
FVP: force–velocity profile, HSI: hamstring strain injury, µ: mean, SD: standard deviation, Vmax: maximum
velocity, F0: theoretical maximum horizontal force at null velocity, V0: theoretical maximum velocity under
zero load, Pmax: maximal mechanical power output, FV Slope: linear F-V relationship slope (negative indicates
more force-oriented, positive indicates more velocity-oriented), RFmax: ratio of horizontal component of ground
reaction force (RF) maximum value, Drf: rate of decrease in RF, Vopt: speed at maximal power output, * significant
difference in age covariant between groups, ˆ significant difference in sex covariant between groups.

3.2. Cohort Results

All participants completed the full surveillance period. Two male participants sus-
tained an HSI of the high-speed running type during the one-year surveillance period
(HSI#1, age: 24 years, height: 1.78 m, weight: 83 kg; HSI#2, age: 18 years, height: 1.75 m,
weight: 77 kg). Both injuries were classified recurrent (not index), affecting the same side
documented at baseline. No HSIs of the stretch type were sustained within the cohort.
Percentile evaluation revealed the two participants who sustained an HSI were in the
higher percentiles for maximum velocity (m/s) for both the entire cohort (HSI#1: 90th
percentile, HSI#2: 85th percentile) and the group with a previous history of HSI (HSI#1:
91st percentile, HSI#2: 82nd percentile). There were IMU variables that seemed to be single
outliers (e.g., reduced anterior pelvic tilt, step time, and stride time), but none that were
consistent across both injured participants. All variable percentiles are detailed in Table 3.

Table 3. Cohort baseline variable percentiles for the two participants who sustained an injury during
the one-year surveillance period.

Variable
HSI Cohort Participant #1

Percentile of Cohort

HSI Cohort Participant #2

Percentile of Cohort

IM
U

D
at

a

Mean Anterior Pelvic Tilt
at POC—Injured Side 14.9% 17.4%

Mean Anterior Pelvic Tilt
at POC—Uninjured Side 0.9% 32.9%

Mean Hip Flexion at POC
—Injured Side 81.3% 14.3%

Mean Hip Flexion at POC
—Uninjured Side 67.9% 61.6%

Step Time—Injured Side 0.0% 19.7%

Step Time—Uninjured Side 77.5% 4.2%

Stride time—Injured Side 16.2% 2.1%

Stride time—Uninjured Side 22.5% 2.8%
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Table 3. Cont.

Variable
HSI Cohort Participant #1

Percentile of Cohort

HSI Cohort Participant #2

Percentile of Cohort

FV
P

D
at

a

30 m Time 20.0% 5.0%

Vmax 90.0% 85.0%

F0 25.0% 85.0%

V0 90.0% 85.0%

Pmax 55.0% 100.0%

FV Slope 90.0% 50.0%

RFmax 65.0% 100.0%

Drf 90.0% 55.0%

Vopt 90.0% 85.0%

IMU: inertial measurement unit, FVP: force–velocity profile, HSI: hamstring strain injury, µ: mean, SD: standard
deviation, Vmax: maximum velocity, F0: theoretical maximum horizontal force at null velocity, V0: theoretical
maximum velocity under zero load, Pmax: maximal mechanical power output, FV Slope: linear F-V relationship
slope (negative indicates more force-oriented, positive indicates more velocity-oriented), RFmax: ratio of horizon-
tal component of ground reaction force (RF) maximum value, Drf: rate of decrease in RF, Vopt: speed at maximal
power output.

4. Discussion

This study retrospectively and prospectively investigated the relationship between
running biomechanics and HSI and reported preliminary findings that anterior pelvic tilt
and FVP may be associated with HSI. Unfortunately, COVID-19 restrictions resulted in
a small sample size, limiting the power and subsequent generalisability of the findings.
Nevertheless, the protocol may be considered a feasibility trial of novel technology (IMUs
and FVP using iPhone app), and the preliminary findings present a case for further investi-
gation. In this section, we will discuss the main findings, as well as offer valuable lessons
learnt to direct future observational research.

4.1. Anterior Pelvic Tilt and HSI

In our study, increased anterior pelvic tilt at the POC (on previously injured side)
during sprinting was associated with HSI. This finding was at the cross-sectional level;
thus, it cannot be determined whether this finding may be a cause or consequence of HSI.
It is important to also acknowledge that for the cross-sectional arm of the study, HSI was
based on retrospective self-report only. Our prospective cohort analysis of two participants
who sustained an HSI did not support increased anterior tilt as a cause of HSI. Rather, one
of these two participants actually scored in the lower percentiles for anterior pelvic tilt at
the POC.

A compelling argument exists for how anterior pelvic tilt may play a role in HSI.
The hamstring muscles (except the short head of the biceps femoris) originate from the
ischial tuberosity within the pelvis; hence, theoretically, any level of pelvic tilt will affect
hamstring length and subsequent tension loads [42]. Moreover, a time series analysis using
video raster stereography demonstrated an inverse relationship between anterior pelvic tilt
and hip and knee flexion in the late swing phase of high-speed running [43]. The authors
proposed that increased anterior pelvic tilt would limit hip flexion, prompting the athlete to
extend the knee further as a compensatory mechanism [43]. Although decreased hip flexion
could be interpreted as protective [44,45], increased knee extension places a significant load
on the hamstrings [46], as they must generate large eccentric forces to decelerate the knee
joint and prepare the limb for contact [47]. Excessive muscle strain associated with this
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late-swing eccentric contraction is what is believed to be the primary mechanism behind
HSIs of the ‘high-speed running’ type [6].

Our findings are comparable to other studies that have also investigated pelvic kine-
matics and HSI. On a retrospective level, Daly et al. (2016) found increased late-swing
anterior pelvic tilt in participants with a history of HSI, when compared to controls [48].
Higashihara et al. (2019) reported decreased late stance anterior pelvic tilt on the injured
side (compared to the uninjured side) [49], and Schuermans et al. (2017) found no difference
in anterior pelvic tilt throughout the gait cycle between participants with and without a
history of HSI [50]. Prospectively, Schuermans et al. (2017) reported increased anterior
pelvic tilt in early swing in participants who sustained an HSI in their cohort study [50],
while Kenneally-Dabrowski et al. (2019) found no difference in late-swing anterior pelvic
tilt between cohort groups [51].

An important consideration when interpreting anterior pelvic tilt findings within
and between studies is calibration protocol. Some studies (including the present study)
calibrate in neutral standing posture, while others calibrate from true vertical. A recent
study measured standing anterior pelvic tilt (relative to vertical) at baseline before a five-
year HSI surveillance period in football players. They reported increased neutral standing
anterior pelvic tilt in those who sustained an HSI during the surveillance period [52].
The current study calibrated zero in neutral standing posture, so running measurements
reflected only the angular deviation from standing.

Owing to variations in running protocols and discrepancies in the running phases
analysed and calibration protocol, the ability to draw definitive conclusions across these
studies is limited. Nevertheless, there is a case for further investigation into the association
between anterior pelvic tilt and HSI. Future studies should consider reporting on anterior
pelvic tilt in neutral standing posture and then documenting the relative change in running
in order to direct the development of relevant preventative strategies, e.g., target static
lumbopelvic control and/or dynamic lumbopelvic control.

4.2. FVP and HSI

Another preliminary finding from our study, warranting further investigation, is the
difference in FVP between participants who prospectively sustained an HSI and the controls.
While our retrospective analysis revealed no difference in FVP between participants with
and without a history of HSI, prospective analysis of two participants revealed both
participants scored in the higher percentiles for variables associated with velocity (Vmax,
V0, and Vopt). One of these participants also rated in high percentiles for horizontal force
propulsion (F0: 85%), power output (Pmax: 100%), and mechanical effectiveness measured
by the rate of decline in reaction force with increasing speed (Drf: 100%). Our findings bear
similarities to a cross-sectional study that also utilised the ‘MySprint’ iPhone application,
reporting higher V0 and Drf in sub-elite male football players who had a history of HSI,
when compared to controls [53].

Other studies found no significant differences in velocity-related variables but reported
an association between low F0 and HSI. A large prospective cohort study used radar or
laser technology for sprint velocity data to compute FVP over two 30 m sprints in university
and professional football players at different time points during the season. They reported
that lower F0 values were significantly associated with HSI risk in the weeks following
the sprint measurement [12]. A case–control study utilising radar technology for FVP also
found reduced F0 (as well as Pmax) in semi-professional football players compared to
controls. Testing was undertaken immediately after clearance of return to play following
HSI, and nil difference between groups was reported upon testing 2 months after [36]. The
same research group later published a paper of two HSI case reports: one soccer player
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with FVP data immediately before and during the injury, and one rugby player with FVP
data seven days before HSI and after return to sport. They found that the horizontal
force was reduced before and after the respective HSIs [11]. Finally, a prospective cohort
study recorded only F0 using radar technology for FVP over two 30 m sprints. They
reported an association between lower F0 and HSI occurring between pre- and mid-season
in premier division male Finnish football players [14]. The absence of velocity-related
data limits the comparability of findings. Nevertheless, the findings of our study and
those aforementioned above present emerging evidence for a relationship between sprint
mechanical output and HSI. Ultimately, more research is needed to better understand
normative data and clarify which FVP variables are of relevance to HSI for varying sports
(or field positions), demographics, and stages of injury (e.g., for primary, secondary, or
tertiary prevention).

For better research translation, future studies may consider adopting the FVP classifi-
cation method presented by Hicks and colleagues [54]. Their classification system explains
the interaction between velocity and force-orientated profiles by categorising FVP into four
quadrants: 1: high F0 and V0, 2: high F0 and low V0, 3: low relative F0 and V0, 4: low F0
and high V0. Thresholds should be determined relative to the specific cohort. For each
quadrant, they propose the effect on sprint performance (initial steps versus upright maxi-
mal velocity), including technical characteristics (e.g., level of forward lean) and suggested
training recommendations to enhance performance [54]. If future epidemiological studies
determine these FVP quadrants are relevant in the context of HSI, Hicks et al.’s training
recommendations may be a good starting point for interventional studies [54].

4.3. Direction for Future Studies
4.3.1. Use of IMUs

Several lessons learnt from this study regarding the use of IMUs can be shared. Al-
though our IMU data were validated [33], and in agreement with other studies involving
overground sprinting [55–59], there were data gaps in five participants resulting in ex-
clusion from analysis. Noraxon’s newer version ‘Ultium’ provides in-sensor data storage
which may mitigate this issue by filling gaps where live transmission is interrupted [60].
Nonetheless, several factors may have contributed to the incompleteness of these data sets,
particularly those related to field-based usage.

The IMU system was validated in a laboratory environment against a gold standard
motion analysis system [33]. In this setting, a variety of common IMU issues can be
controlled. Using IMUs in the field presents various concerns, including power supply
problems [29], sensor noise [61], synchronisation issues [62], magnetic disturbances [63],
and environmental interferences [19], all of which may contribute to the intermittent
cessation of recording leading to missing data. Furthermore, the validation was conducted
on a motorised treadmill with a controlled speed, slope, and surface, all of which are
variables that cannot be controlled in field-based, overground conditions.

For future studies using IMUs for running, we recommend several mitigation strate-
gies to address these issues. Firstly, data should be validated in environments that closely
replicate real-world conditions, e.g., in overground conditions or outside the laboratory
(where feasible). Guidelines and a standardised measurement process for IMUs are needed
to enhance the accuracy of running measurements and improve comparability across stud-
ies [21]. Although high sampling rates are advised for a greater accuracy of high-speed
speeding analysis [64], they can result in data overload. Thus, it is advisable to minimise the
number of sensors used [65]. On testing day, check for local magnetic disturbance and de-
lay/move tests accordingly [55], or consider developing a magnetometer-free method [20].
As for calibration, the procedure for overground running should incorporate assumptions
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to simplify the global reference frame of the IMU to minimise drift errors [65]. Finally, a
full battery charge should always be ensured.

4.3.2. Protocol Considerations

Upon completion and reflection of this study, key takeaways can be offered in terms
of study design and methodology to enhance data reliability and generalisability. On top of
having a prospective cohort design and large sample size, future studies should test over
several time periods, quantify exposure, and extend running data capture distance.

In real-life conditions, the assessment of running biomechanics may be considered
as part of musculoskeletal screening for both injury risk reduction and performance [66].
Time and costing constraints can limit musculoskeletal screening to only one occasion at
baseline, but in reality, screening should be conducted regularly as results can fluctuate
throughout the season [67]. Variables such as isometric hamstring strength have been
used as an in-season monitoring secondary prevention tool for HSI, with testing after
every match informing training volume for the subsequent week [68]. Indeed, this level
of testing frequency is currently not feasible for running biomechanical analysis due to
longer setup and processing time. However, future technological advances may permit
simultaneous running analysis within competition and training, e.g., through validation
of vision machine learning methods [17,69]. In the meantime, it is recommended to test
throughout the surveillance period as often as practicable.

The collection of exposure data may also help us understand potential fluctuations
in results throughout the season and other confounding factors for injury. In sports per-
formance, the term “exposure” commonly refers to the intensity and duration of physical
activity, which together contribute to an athlete’s overall workload. It encompasses the
time spent in training or competition and can include a detailed breakdown of specific tasks
performed [70]. Sudden increases in high-speed running can increase HSI risk [3], and
equally, not enough high-speed conditioning can increase HSI risk [4]. An explanation for
this disparity in findings is likely related to fatigue, and that a certain level of high-speed
running load may be protective in nature [71,72].

Finally, it may be worth extending the running data capture distance. Our testing
distance was 30 m for FVP, with an additional 10 m for kinematic data capture (40 m in
total). This may be sufficient for many multi-directional team sports, where the average
sprint effort is less than 30 m [73], but may be insufficient for track sprinters who compete
over distances of 100 m or greater. Furthermore, as a result of IMU validation constraints,
we only captured sagittal plane pelvis and hip kinematic data at the point of contact in
upright running. Future studies may look to investigate whether there is a link between
kinematics in the early phases of acceleration [74], force–velocity profile, and HSI.

5. Conclusions

This combined cross-sectional and prospective cohort study demonstrated preliminary
findings that present a case for further research investigating running biomechanics and
HSI. Cross-sectional analysis revealed participants with a history of HSI exhibited increased
anterior pelvic tilt at the point of contact (on the injured side) during upright sprinting
when compared to controls. Prospectively, participants who sustained an HSI scored in the
higher percentiles for variables associated with a velocity-oriented profile (Vmax, V0, and
Vopt). The sample size was limited; thus, the findings should be interpreted for feasibility
purposes only. Therefore, several practical insights were suggested for the use of novel
technology (IMU and FVP) to quantify running biomechanics for future observational
research, which ultimately aims to inform HSI prevention strategies.
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Chapter 6: Research Summary, Discussion 
and Conclusion 

6.1 Summary of Research Findings 
This thesis aimed to bridge the gap between performance and clinical perspectives and address the 
divergence in beliefs between sprint coaches and sports physiotherapists, investigating the 
relationship between running biomechanics and HSI.  

After framing the problem (Chapter 1), the existing evidence and literature were reviewed (Chapter 
2). The systematic review revealed emerging evidence that there was an association between 
running biomechanics and HSI, but there was concern regarding the quality of included studies 
(particularly in regards to sample size). Additionally, significant variability was noted between the 12 
studies in terms of protocol and methodology. As such, the ability to compare or develop a synopsis 
across studies was limited. Furthermore, only two of the studies were prospective cohort studies, 
thus we were unable to infer whether the preliminary findings may be a cause and/or consequence of 
HSI. In the end, it was recommended that further studies, adopting validated measures of 
biomechanical analysis, were needed to clarify if a relationship exists between running biomechanics 
and HSI – which was the driver behind the subsequent studies in this thesis. 

With the aim of obtaining accurate data in real-world, field-based settings, the methodological 
considerations for quantifying high-speed running biomechanics were examined (Chapter 3). The 
history of human biomechanical analysis was explored, and existing field-based technologies were 
reviewed. It was determined that sprint FVP would be most suitable for quantifying kinetic variables 
of interest and an inertial measurement unit (IMU) system for quantifying kinematic variables of 
interest. Both methods also provided spatiotemporal information. Unlike sprint FVP which was 
previously validated and ready for use in observational research, an IMU system required trial and 
testing. The arduous journey to finding suitable IMU system to validate was subsequently described. 
The key challenge was identifying an IMU system with a sampling rate high enough to capture the 
kinematics of high-speed running. 

Next, a validation study of the selected IMU system was conducted (Chapter 4). It was compared 
against the gold standard MAS for determination of point of contact (POC), sagittal plane lower limb 
kinematics at POC, as well as stride time during incremental high-speed running. The IMU system 
reliably identified POC, and accurately measured stride time, anterior pelvic tilt and hip flexion angle. 
But it was inaccurate and inconsistent in estimating knee flexion and shank angles. Nevertheless, the 
validated variables could be confidently quantified by the portable IMU system for subsequent field-
based observational research (Chapter 5). 

The culminating research study was a combined cross-sectional and prospective cohort trial 
investigating the association between running biomechanics and HSI. Twenty-three sprinters’ 
running biomechanics were quantified during a 40m sprint effort, before a one-year HSI surveillance 
period. The first 30m of the sprint were used to calculate FVP and, in the latter, more steady-state of 
the sprint, pelvic tilt and hip flexion angle at POC was measured together with step and stride time. 
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In summary, anterior pelvic tilt was demonstrated as a variable of interest at a cross-sectional level, 
and prospectively, the two participants who sustained an HSI exhibited a velocity-oriented profile 
when compared to controls. Since the sample size was limited (as a result of restrictions associated 
with COVID-19), the study itself was considered more of a feasibility trial of novel technology rather 
than a properly powered observational study (as per the original plan). As some of the most valuable 
lessons come from setbacks, a key advantage of this research was that not only did it contribute to 
the literature on the association between running biomechanics and HSI, it also offered several 
practical insights into the implementation of novel technology to inform HSI prevention strategies. 

6.2 Discussion 

6.2.1 Practical Implications 
Clinicians and coaches should make informed decisions based on the best evidence available. In 
1996, Sackett and colleagues wrote on evidence-based practice, ‘... it requires a bottom-up 
approach that integrates the best external evidence with individual clinical expertise and patients’ 
choice, it cannot result in slavish, cookbook approaches to individual patient care’. This article, cited 
over 20,000 times, describes how it is impracticable to expect clinicians to base all decisions on 
evidence, especially if limited evidence is available.1 Rather, evidence-based practice encompasses 
careful consideration of the best up-to-date research, combined with clinical expertise, whilst 
balancing patient preference and expectations.2 Our preliminary findings offer considerations for 
clinicians and coaches across two key themes; running variables associated with HSI, and adoption of 
field-based methods of running analysis. 

In Chapter 5, two running biomechanical features demonstrated possible relationships with HSI; 
anterior pelvic tilt and FVP. At a cross-sectional level, increased anterior pelvic tilt at POC (on the 
previously injured side) was associated with HSI. When synthesised against the limited other 
research in this space, the research is conflicting,3-6 and an evidence-based synthesis on whether 
anterior tilt may be a cause or consequence of HSI is not yet possible. Nevertheless, clinicians and 
coaches should use their combined expertise to take an individualised approach, critically analysing 
whether running retraining techniques aimed at reducing anterior pelvic tilt should be considered in 
HSI prevention strategies. General considerations for running analysis and retraining are presented 
in a feature article I wrote for Sport Health (Sport Medicine Australia’s quarterly magazine), drawing 
on my knowledge of the evidence as well as my expertise as a physiotherapist and athlete (Appendix 
3).7 Running drills are discussed as a valuable tool for neuromuscular retraining. For example, cues 
such as ‘tail under’ during running drills conducted as part of a warm-up may reduce anterior pelvic 
tilt, and subsequent hamstring load when running at high speeds. 

FVP also emerged in Chapter 5 as potentially related to HSI. The pilot prospective study revealed 
that participants who sustained an HSI scored in the higher percentiles for variables associated with 
velocity (i.e. the contribution of velocity in achieving maximum horizontal power output was greater 
than that of force). Again, when synthesised against other research,8-11 a definitive consensus on the 
association between FVP and HSI, is yet to be determined. As discussed in Chapter 5, our findings 
bear similarities to the limited research that exists in this space; with reports of a velocity-oriented 
profile,8 or lower horizontal force propulsion outputs in athletes who retrospectively10,12 or 
prospectively9,11,12 sustained a HSI. Until further research is conducted to clarify which variables may 
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be of interest in different demographics, Hicks and colleagues offer excellent practical 
considerations for implementing FVP assessment for performance. They propose a performance-
based conceptual framework, including technical training recommendations. For example, for 
athletes exhibiting a more velocity-based FVP (as opposed to force-based), suggestions are provided 
to increase horizontal propulsion through targeted training in the gym and running retraining 
techniques.13 Hicks and Colleagues propose that these FVP interventions not only improve 
performance, but may also be applicable for HSI prevention. However, in the absence of clear 
direction from the literature, such as that recommended for anterior pelvic tilt, clinicians and 
coaches must approach the association between FVP and HSI on a case-by-case basis, employing 
their collective practical knowledge to determine if the translation of available evidence is 
appropriate.  

The other major practical theme that can be drawn from this thesis are the lessons learnt for the use 
of field-based methods of running analysis. Adoption of field-based technology is pertinent, 
particularly as running speed increases and the naked eye cannot be relied upon.14 The practical 
advice that can be offered from this thesis to coaches and clinicians ‘on the ground’ is to know what 
you are testing and why, choose reliable and valid methods, and when it comes to vision machine 
learning and artificial intelligent technology understand that the strength of the data sets is only as 
accurate as the data used to train them (i.e. the inputs).15 For IMUs specifically, ensure sampling rate 
is appropriate (i.e. at least 200 Hz for high speed running),16 but be conscious that too high a 
sampling rate can result in data overload. Thus, the use of the fewest possible sensors is 
recommended.17 Consider safeguarding against factors that may increase sensor noise18 and 
negatively affect synchronisation.19 Treatments include controlling the environmental influences 
when possible20 and verify that sensors are securely attached.21,22 Also, conduct local magnetic 
disturbance checks,23 move or adjust testing accordingly, or consider using a magnetometer-free 
system.24 Recent ‘technological forward leaps’ such as increased computer processing speeds, 
microchip miniaturisation and improved data storage techniques, will likely rectify many of the 
aforementioned suggestions. However, it is more important than ever that reliance is not placed on 
the technology but on the skills to use it appropriately. 

6.2.2 Limitations 
The key limitations of this PhD were technological constraints associated with the IMU system, and 
low participant recruitment because of restrictions imposed by COVID-19. For the IMU system, 
various challenges were confronted around funding, validation and unusable observational study 
data. The consequences of low participant recruitment negatively impacted sample size and 
subsequent power. These key limitations, as well as their resultant second-order effects, will be 
discussed in this section.  

Various obstacles were faced in finding an appropriate IMU system to utilise in real-life, field-based 
settings. Only a limited number of IMU sensors for the system that was deemed valid were funded 
for use. Thus, kinematic variables were limited by the number of sensors. Pelvic, hip and knee 
kinematics, as well as shank inclination (representing overstride) were prioritised. If funding for 
more sensors were available, measurement of trunk kinematics would have also been included 
(based on the findings from the systematic review). Formal validation revealed that the IMU system 
was inaccurate and inconsistent in measuring knee flexion and shank inclination at POC. 
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Consequently, these variables were removed from subsequent field-based studies. Thus, the thesis 
findings are limited to the available variables tested.  

Low participant recruitment in the culminating observational study was another key limitation of 
this thesis. The principal cause of this was restrictions imposed during the COVID-19 pandemic. 
Fortunately, 23 sprinters were tested prior to the implementation of measures to control the spread 
of COVID-19 in March 2020 (i.e. social distancing, travel limits and lockdowns). Multiple teams with 
an abundant number of potential participants were lined up for the following sporting season 
through professional networks, but testing was not possible due to ongoing restrictions through to 
the end of 2021 (and further testing once restrictions were removed was not feasible due to 
candidature suspension/travel limitations with work commitments). Nevertheless, the study still 
went ahead, albeit with a smaller sample size and reduced statistical power. 

In the subsequent field-based observational study whereby the validated IMU system was utilised, 
data gaps were present in five of the 23 participants’ trials. As a result, five participants were 
removed from kinematic data analysis. A plausible reason for this unusable data is measurement 
error associated with increased running speed. The previous treadmill-based validation was limited 
to a maximal belt speed of 18km/hr, whereas the peak velocities observed during the field-based 
sprint was up to 7-8m/s (25-28km/h). As accuracy showed a tendency to decrease at higher 
velocities in the validation, the data gaps in the observational study could suggest that data quality is 
affected at speeds beyond the validated range. Nevertheless, the treadmill validation provided a 
conservative reference, and the overall pattern of measurements was informative in interpreting the 
remaining 18 trials within the field-based study. Suggestions to mitigate technological constraints 
such as these are discussed further in Section 6.2.4. 

6.2.3 Strengths 
This thesis exhibits two chief strengths. First, the part-time nature of the PhD candidature permitted 
time for each step of the process to be completed with due diligence, informing the next phase and 
enabling a logical progression of studies. Second, this research contributed a novel perspective 
through the use of portable, field-based technology.  

The steps taken in this thesis would not have been possible if I had been enrolled full-time. The part-
time nature allowed additional time to ensure evidence-informed, logical progression of studies. 
Rather than skipping immediately to an observation study, a review of the current literature was 
conducted first to identify gaps and inform variables of interest. The ability to test these variables in 
the field was then carefully considered and trialled through validation of portable technologies, 
before observational research was completed. Each stage of this process was timely, involving 
vigilant planning ahead of ethics submission, approval, study execution and finally, publication. The 
part-time nature of the study also permitted extra time along the way to explore alternative 
technologies, accommodate processing and funding delays, and facilitate the conduct of a year-long 
surveillance period for the culminating observational study. 

This thesis aimed to utilise field-based technology to replicate real-life conditions and ensure 
maximum research translation potential. Even with general running, many biomechanical 
characteristics are difficult to estimate with the naked eye. Since the emphasis was on 
biomechanical analysis of high-speed running, the speed of movement makes it particularly difficult 
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to focus and differentiate between phases of running. Finding valid and reliable field-based methods 
for biomechanical analysis is an ongoing challenge for coaches and clinicians. Fortunately, some 
technologies are already validated, with the validation details published for dissemination and use 
(such as the FVP method in this thesis). But numerous other technologies, such as the wide array of 
IMU systems on the market, are only tested internally without publicly available data and results.25 
The studies conducted in this thesis provide transparency of methods used to validate one IMU 
system, including ‘lessons learnt’, that future researchers can use to build on as technology 
continues to evolve.  

6.2.4 Directions for Future Research 
‘Using the TRIPP Framework as a model for sports injury prevention (introduced in Chapter 1), more 
work is still required within TRIPP Stage 2 to better understand the association between running 
biomechanics and HSI. This thesis offers important findings to inform future planning and trials at 
both TRIPP Stage 2 and 3. This section proposes the next phase; where we hope to go with this 
research in the foreseeable future.’ 

For future work within TRIPP Stage 2, given the multifactorial nature of HSI, future prospective 
studies should include biomechanical variables of interest in all-inclusive predictive models alongside 
other potential risk factors such as increased age, previous injury (HSI and others), and reduced 
strength.26,27 To understand the link between risk factors and HSI across sporting disciplines, large 
sample sizes are needed across varying levels and demographics. The sample size should ensure 
sufficient statistical power and generalisability of results. Further, the study population should 
include multiple teams, and span at least one season (including the preseason) or one year.28 
Providentially, a large, prospective cohort study with a three-year surveillance period is currently 
underway in collegiate football players. The protocol aims to develop HSI risk prevention models 
based on demographic, clinical, patient reported outcomes, strength, magnetic resonance imaging 
and on-field sprint biomechanical data. It is not stated which on-field sprint biomechanical collection 
method would be utilised nor which variables analysed, but our systematic review was referenced 
thus hopefully assisting to inform the protocol.29 

Recent advantages in technology will enable more exhaustive kinematic risk factor analysis in future 
studies. For the IMU system we used, the Noraxon ‘MyoMOTION’ (Noraxon USA Inc., Scottsdale, AZ, 
United States), there was an 8 sensor limit for an optimal sampling rate of 200 Hz using two 
receivers.30 Noraxon’s newer model, the ‘Ultium’, is capable of using 16 sensors using only one 
receiver at a sampling rate of 300 Hz.31 Sensor and sampling rate limits vary across products, but 
typically there is an inverse relationship between the number of sensors and possible sampling 
rate.32 Nevertheless, technological advances permit evaluation of more kinematic variables. 
Variables that should be accounted for in future research into the association between running 
biomechanics and HSI are trunk kinematics, knee angle and measures of overstride. Knee angle and 
shank inclination (as a representative of overstride) were planned to be included in our 
observational study, however validation testing revealed that our IMU system was not 
recommended for evaluating these variables. Newer iterations of technology may improve the 
accuracy and consistency of these variables through enhanced processing, refined synchronisation 
and in-sensor data storage.31 
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Technology will continue to refine methods for kinetic analysis too. Currently FVP is a feasible option 
but with the advancement of vision-based machine learning and AI, the process will likely become 
more streamlined into the future. And while IMUs are not currently recommended for high-speed 
kinetic running analysis,33,34 the possibilities for the future are limitless. The relationship between 
kinematics and kinetics has been described at slower running speeds in laboratory settings.35,36 The 
opportunity to correlate step-by-step kinematic and kinetic outcomes during high-speed running in 
field-based settings present significant opportunity to better understand the association between 
running biomechanics and HSI. Step-by-step analysis will also determine which phase of sprinting 
injury prevention strategies should focus on.37 
 
It is recommended that once biomechanical variables of interest are decided and validation is 
required, researchers should contact respective technological companies directly to source a ‘beta 
product’ or one that is under development. Although some publishers are expediting methods of 
publication and knowledge share, this PhD journey demonstrates how protracted the academic 
process prior to knowledge share can be. In the period from pilot testing to formal validation, then 
observational testing to the end of surveillance, a newer IMU version arose. Working with the 
industry to test what they are about to release (rather than what is already released) will safeguard 
researchers work with a product that has the best chance of extended real-world application. Finally, 
as well as sharing research findings, future studies should ensure the dissemination of lessons 
learned from working with technology. This will inform the ongoing research and development that 
is needed to stay updated in the technology realm. 
 
Although more work is required at TRIPP Stage 2, HSI prevention work at TRIPP Stage 3 is well 
underway both in academia38-40 and by clinicians ‘on the ground’. Future inclusion of running 
biomechanical interventions in these trials, may be approached from three angles; primary 
prevention, secondary prevention and tertiary prevention.41 For primary and tertiary prevention, 
running biomechanical interventions aim to eliminate or reduce factors which respectively 
contribute to HSI causation and consequence. Noting all participants in our observational study who 
sustained a hamstring strain injury (both respectively and prospectively) had a history of HSI, it 
cannot be determined whether the preliminary biomechanical findings maybe a cause or 
consequence of HSI. Nevertheless, further research at TRIPP Stage 2, will inform whether 
interventions to reduce anterior tilt or increase horizontal force will fall into the primary prevention, 
tertiary prevention or both prevention realms. I foresee these future interventions utilising 
technology as assessment but also as re-retraining tools.42,43 For example, an IMU worn on the pelvis 
may vibrate whenever a sprinter drops into excessive anterior tilt, or an IMU worn on the shank may 
‘beep’ whenever an athlete overstrides. Nevertheless, before this can be achieved, further work at 
TRIPP Stage 2, needs to first clarify variables and thresholds of interest. 
 
As for the secondary prevention realm, some great work has been started by Wollin and 
colleagues.44 They used hamstring isometric strength testing as an early indicator for HSI. If a 
significant reduction in strength was evident, the athlete’s subsequent training load was managed 
until strength was restored. In their proof-of-concept pilot study, this secondary prevention strategy 
demonstrated potential in reducing HSI occurrence when compared to controls.44 Future studies 
may consider whether these fluctuations in hamstring isometric strength are related to FVP, and 
thus whether changes in FVP may also be an early indicator for HSI.  
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6.3 Concluding Remarks 
This thesis provided insights into the relationship between high-speed running and HSI, and how the 
use of portable technology may assist in understanding this complex relationship. Emerging 
evidence revealed that how an athlete runs (specifically increased anterior pelvic tilt and a velocity-
oriented FVP) may be associated with HSI. Our findings and lessons learnt will pave the way for 
future research in this space. The thesis also offered practical insights into using technology for 
running biomechanical analysis in field-based, real-world settings. I look forward to seeing how our 
novel contribution informs future research and is translated into effective injury prevention 
strategies. 
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A1.1 Permissions for Figures / Images  
Figures / images not taken or created by this thesis’ author: 

• Figure 1.1: Patrick Johnson 
Permission granted via text from Patrick Johnson 19 Sept 23 

• Figure 1.2: Right posterior thigh with hamstrings bony attachment detail on left 
License details: 

 
• Figure 1.3: Running Phases 

This image was adapted with permission by ‘Centre for Open Science’. Original paper: 
Kalkhoven JT, Sides DL, McLean B, Watsford ML. The evidence indicates that the 
hamstrings do not behave isometrically during the swing phase of the sprint cycle: a 
narrative review. SportRxiv. 2020;doi:10.31236/osf.io/8ujt2 
License: 

Creative Commons Attribution 4.0 International Public License 

 

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the 
terms and conditions of this Creative Commons Attribution 4.0 International Public License 
("Public License"). To the extent this Public License may be interpreted as a contract, You 
are granted the Licensed Rights in consideration of Your acceptance of these terms and 
conditions, and the Licensor grants You such rights in consideration of benefits the Licensor 
receives from making the Licensed Material available under these terms and conditions. 
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Section 1 – Definitions. 

 

Adapted Material means material subject to Copyright and Similar Rights that is derived 
from or based upon the Licensed Material and in which the Licensed Material is translated, 
altered, arranged, transformed, or otherwise modified in a manner requiring permission under 
the Copyright and Similar Rights held by the Licensor. For purposes of this Public License, 
where the Licensed Material is a musical work, performance, or sound recording, Adapted 
Material is always produced where the Licensed Material is synched in timed relation with 
a moving image. 

Adapter's License means the license You apply to Your Copyright and Similar Rights in Your 
contributions to Adapted Material in accordance with the terms and conditions of this Public 
License. 

Copyright and Similar Rights means copyright and/or similar rights closely related to 
copyright including, without limitation, performance, broadcast, sound recording, and Sui 
Generis Database Rights, without regard to how the rights are labeled or categorized. For 
purposes of this Public License, the rights specified in Section 2(b)(1)-(2) are not 
Copyright and Similar Rights. 

Effective Technological Measures means those measures that, in the absence of proper 
authority, may not be circumvented under laws fulfilling obligations under Article 11 of 
the WIPO Copyright Treaty adopted on December 20, 1996, and/or similar international 
agreements. 

Exceptions and Limitations means fair use, fair dealing, and/or any other exception or 
limitation to Copyright and Similar Rights that applies to Your use of the Licensed Material. 

Licensed Material means the artistic or literary work, database, or other material to which 
the Licensor applied this Public License. 

Licensed Rights means the rights granted to You subject to the terms and conditions of this 
Public License, which are limited to all Copyright and Similar Rights that apply to Your 
use of the Licensed Material and that the Licensor has authority to license. 

Licensor means the individual(s) or entity(ies) granting rights under this Public License. 

Share means to provide material to the public by any means or process that requires 
permission under the Licensed Rights, such as reproduction, public display, public 
performance, distribution, dissemination, communication, or importation, and to make 
material available to the public including in ways that members of the public may access 
the material from a place and at a time individually chosen by them. 

Sui Generis Database Rights means rights other than copyright resulting from Directive 
96/9/EC of the European Parliament and of the Council of 11 March 1996 on the legal protection 
of databases, as amended and/or succeeded, as well as other essentially equivalent rights 
anywhere in the world. 

You means the individual or entity exercising the Licensed Rights under this Public License. 
Your has a corresponding meaning. 

Section 2 – Scope. 

 

License grant. 

Subject to the terms and conditions of this Public License, the Licensor hereby grants You 
a worldwide, royalty-free, non-sublicensable, non-exclusive, irrevocable license to exercise 
the Licensed Rights in the Licensed Material to: 

reproduce and Share the Licensed Material, in whole or in part; and 

produce, reproduce, and Share Adapted Material. 

Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations 
apply to Your use, this Public License does not apply, and You do not need to comply with 
its terms and conditions. 

Term. The term of this Public License is specified in Section 6(a). 

Media and formats; technical modifications allowed. The Licensor authorizes You to exercise 
the Licensed Rights in all media and formats whether now known or hereafter created, and to 
make technical modifications necessary to do so. The Licensor waives and/or agrees not to 
assert any right or authority to forbid You from making technical modifications necessary 
to exercise the Licensed Rights, including technical modifications necessary to circumvent 
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Effective Technological Measures. For purposes of this Public License, simply making 
modifications authorized by this Section 2(a)(4) never produces Adapted Material. 

Downstream recipients. 

Offer from the Licensor – Licensed Material. Every recipient of the Licensed Material 
automatically receives an offer from the Licensor to exercise the Licensed Rights under the 
terms and conditions of this Public License. 

No downstream restrictions. You may not offer or impose any additional or different terms 
or conditions on, or apply any Effective Technological Measures to, the Licensed Material 
if doing so restricts exercise of the Licensed Rights by any recipient of the Licensed 
Material. 

No endorsement. Nothing in this Public License constitutes or may be construed as permission 
to assert or imply that You are, or that Your use of the Licensed Material is, connected 
with, or sponsored, endorsed, or granted official status by, the Licensor or others 
designated to receive attribution as provided in Section 3(a)(1)(A)(i). 

Other rights. 

 

Moral rights, such as the right of integrity, are not licensed under this Public License, 
nor are publicity, privacy, and/or other similar personality rights; however, to the extent 
possible, the Licensor waives and/or agrees not to assert any such rights held by the 
Licensor to the limited extent necessary to allow You to exercise the Licensed Rights, but 
not otherwise. 

Patent and trademark rights are not licensed under this Public License. 

To the extent possible, the Licensor waives any right to collect royalties from You for the 
exercise of the Licensed Rights, whether directly or through a collecting society under any 
voluntary or waivable statutory or compulsory licensing scheme. In all other cases the 
Licensor expressly reserves any right to collect such royalties. 

Section 3 – License Conditions. 

 

Your exercise of the Licensed Rights is expressly made subject to the following conditions. 

 

Attribution. 

 

If You Share the Licensed Material (including in modified form), You must: 

 

retain the following if it is supplied by the Licensor with the Licensed Material: 

identification of the creator(s) of the Licensed Material and any others designated to 
receive attribution, in any reasonable manner requested by the Licensor (including by 
pseudonym if designated); 

a copyright notice; 

a notice that refers to this Public License; 

a notice that refers to the disclaimer of warranties; 

a URI or hyperlink to the Licensed Material to the extent reasonably practicable; 

indicate if You modified the Licensed Material and retain an indication of any previous 
modifications; and 

indicate the Licensed Material is licensed under this Public License, and include the text 
of, or the URI or hyperlink to, this Public License. 

You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the 
medium, means, and context in which You Share the Licensed Material. For example, it may be 
reasonable to satisfy the conditions by providing a URI or hyperlink to a resource that 
includes the required information. 

If requested by the Licensor, You must remove any of the information required by Section 
3(a)(1)(A) to the extent reasonably practicable. 
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If You Share Adapted Material You produce, the Adapter's License You apply must not prevent 
recipients of the Adapted Material from complying with this Public License. 

Section 4 – Sui Generis Database Rights. 

 

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the 
Licensed Material: 

 

for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, 
reproduce, and Share all or a substantial portion of the contents of the database; 

if You include all or a substantial portion of the database contents in a database in which 
You have Sui Generis Database Rights, then the database in which You have Sui Generis 
Database Rights (but not its individual contents) is Adapted Material; and 

You must comply with the conditions in Section 3(a) if You Share all or a substantial 
portion of the contents of the database. 

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations 
under this Public License where the Licensed Rights include other Copyright and Similar 
Rights. 

Section 5 – Disclaimer of Warranties and Limitation of Liability. 

 

Unless otherwise separately undertaken by the Licensor, to the extent possible, the Licensor 
offers the Licensed Material as-is and as-available, and makes no representations or 
warranties of any kind concerning the Licensed Material, whether express, implied, 
statutory, or other. This includes, without limitation, warranties of title, 
merchantability, fitness for a particular purpose, non-infringement, absence of latent or 
other defects, accuracy, or the presence or absence of errors, whether or not known or 
discoverable. Where disclaimers of warranties are not allowed in full or in part, this 
disclaimer may not apply to You. 

To the extent possible, in no event will the Licensor be liable to You on any legal theory 
(including, without limitation, negligence) or otherwise for any direct, special, indirect, 
incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or damages 
arising out of this Public License or use of the Licensed Material, even if the Licensor 
has been advised of the possibility of such losses, costs, expenses, or damages. Where a 
limitation of liability is not allowed in full or in part, this limitation may not apply to 
You. 

The disclaimer of warranties and limitation of liability provided above shall be interpreted 
in a manner that, to the extent possible, most closely approximates an absolute disclaimer 
and waiver of all liability. 

Section 6 – Term and Termination. 

 

This Public License applies for the term of the Copyright and Similar Rights licensed here. 
However, if You fail to comply with this Public License, then Your rights under this Public 
License terminate automatically. 

Where Your right to use the Licensed Material has terminated under Section 6(a), it 
reinstates: 

 

automatically as of the date the violation is cured, provided it is cured within 30 days of 
Your discovery of the violation; or 

upon express reinstatement by the Licensor. 

For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may 
have to seek remedies for Your violations of this Public License. 

For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate 
terms or conditions or stop distributing the Licensed Material at any time; however, doing 
so will not terminate this Public License. 

Sections 1, 5, 6, 7, and 8 survive termination of this Public License. 

Section 7 – Other Terms and Conditions. 
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The Licensor shall not be bound by any additional or different terms or conditions 
communicated by You unless expressly agreed. 

Any arrangements, understandings, or agreements regarding the Licensed Material not stated 
herein are separate from and independent of the terms and conditions of this Public License. 

Section 8 – Interpretation. 

 

For the avoidance of doubt, this Public License does not, and shall not be interpreted to, 
reduce, limit, restrict, or impose conditions on any use of the Licensed Material that could 
lawfully be made without permission under this Public License. 

To the extent possible, if any provision of this Public License is deemed unenforceable, it 
shall be automatically reformed to the minimum extent necessary to make it enforceable. If 
the provision cannot be reformed, it shall be severed from this Public License without 
affecting the enforceability of the remaining terms and conditions. 

No term or condition of this Public License will be waived and no failure to comply consented 
to unless expressly agreed to by the Licensor. 

Nothing in this Public License constitutes or may be interpreted as a limitation upon, or 
waiver of, any privileges and immunities that apply to the Licensor or You, including from 
the legal processes of any jurisdiction or authority. 

• Figure 1.4: ‘Prevention Continuum’ or Natural History of Disease 
License details: 
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Appendix 2: Manual of Procedures 

A2.1 Validation Study Data Collection Procedures 

A2.1.1 Motion Analysis System (MAS) Setup and Calibration 

i) Check air conditioning units are working and set to an appropriate temperature. 
ii) Turn on Camera Power Box (at least 1 hour before data collection to warm up the system) 
iii) Log-on to the lab computer 
iv) Open the Cortex program: C:/ProgramFiles/Cortex 
v) Create a new folder for each participant  

• Load template project file (R:\ESSusers\Lisa\ValidationStudy) and save in new folder 
(yyyymmdd) 

• Save the new file in yyyymmdd format 

vi) Click File > Load Project, open the project file in the new folder.  Save the project file. 
vii) Position Cameras 

Camera Height 
1 Neck raised Legs half length 
2 Neck raised Legs half length 
3 Neck lowered Legs extended 
4 Neck raised Legs half length 
5 High Rig 
6 High Rig 
7 Ceiling 
8 High Rig 
9 High Rig 
10 Neck raised Legs half length 
11 Neck lowered Legs extended 
12 High Rig 
13 High Rig 
14 Ceiling 

Table A2.1: Camera Orientation 

viii) Check Camera Settings 
• Setup. Eagle Settings: 

o Frame Rate: 200  
o Shutter Speed: 500 

• Zoom: ‘zoom out’ to maximum setting.  
• Focus: Infinity 
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Camera Focal Length Brightness Threshold 
1 24 100 500 

2 30 100 500 

3 35 100 500 

4 18 100 500 

5 18 100 500 

6 35 100 500 

7 21 100 500 

8 18 100 500 

9 28 100 500 

10 35 100 500 

11 18 100 500 

12 35 100 500 

13 35 100 500 

14 21 100 500 

Table A2.2: Camera settings 

ix) Configure Force Plate. 
• Kistler Large Yellow Dot (9287B SN 925969) 
• FxFy Range: 3, Fz Range: 3 
• Frequency: 200Hz 
• Dimensions: 600x900mm 
• Check all four corners of force plate functioning 

Channel 1  2  3  4  5  6  7  8  

Signal  X1+X  X3+4  Y1+4  Y2+3  Z1  Z2  Z3  Z4  
Range 1 (mv/N)  38.745  38.399  39.028  38.628  19.250  19.591  19.599  19.289  
Range 2 (mv/N)  19.372  19.200  19.514  19.314  9.625  9.795  9.799  9.644  
Range 3 (mv/N)  3.875  3.841  3.883  3.845  1.918  1.951  1.953  1.922  
Range 4 (mv/N)  1.937  1.921  1.942  1.922  0.959  0.976  0.976  0.961  

Table A2.3: Force Plate Sensitivity Matrix 



 
 

108 

 
Figure A2.1: Force plate configuration 

x) Perform Seed Calibration. The origin is directly over the third force sensor of the Green Dot 
force plate. 

+X towards the acceleration track roller door (West) 

+Y towards the back wall of the lab (South) 

+Z upwards 

 
Figure A2.2: Seed axis configuration: Red – X, Green – Y, Blue - Z 

(Picture also displays position of force plate) 
xi) Perform Wand Calibration 

• Use the 504 mm wand.  
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• Move the wand through the capture volume so it is aligned with the X, Y and Z axis for an 
even amount of time, i.e. 30 seconds for each axis (total 90 seconds) 

• Accuracy should be less than 0.5 mm, i.e. < 504.5 and > 503.5 

• Save the Cortex Project File after the Seed & Wand calibrations are complete 

xii) Position treadmill (Model FQTM250, Fitquip, Australia) facing East over force plate, under left 
rear base as per Figure A1.3 

xiii) Zero force plate using manual switch 
xiv) Check settings ready for trail: 

Tracking > Centroid Parameters > Min Horizontal Lines per Marker:  2 

 Max Horizontal Lines per Marker:  50 

 Shape Analysis:     normal 

 > Tracking Parameters > Max Residual (mm):    15 

  Max Speed (mm/frame):   350 

  Marker Size (mm):   15 

  Max Prediction Error (mm):  30 

  Min. Cameras to use:   3 

 > Identifying Parameters > To reconsider (std.dev.):   10 

  Max Acceptable (std.dev.):  4 

xv) MAS ready for trial 

 

Figure A2.3: Treadmill in position 
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A2.1.2 Noraxon IMU System Setup 
i) IMU system: 

• Noraxon’s ‘MyoMotion’ sensor, receiver and software (Noraxon USA Inc., Model 680 
receiver, Model 610 sensor) 

• IMUs specifications: 
o >8 hours operating time (3 hours to re-charge) 
o Size: 37.6mm x 52mm x 18.1mm in size 
o Weight: 34g 
o Sampling rate up to 200Hz 
o Gyro speed up to 2000 degrees/second 
o Acceleration range up to 16G. 

 
Figure A2.4: Noraxon MyoMotion sensor 

ii) Ensure three sensors are fully charged using charging station 
iii) Load Noraxon MR3 Software Windows laptop 
iv) Connect single receiver to SS (high speed) USB port of the computer 

 
Figure A2.5: Noraxon receiver set up 

v) Configure hardware 
• Input serial numbers against relevant body part where sensor will be placed 
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vi) Open device settings: 
• Select sampling rate of 200Hz 
• Enable acceleration data 
• Connect Noraxon Myosync (as per Figure A1.6) 

o Channel 2 Sync Out to receiver 
o Channel 1 Sync Out to Channel 9 on MAS 

• Check Hardware sync box on Noraxon software  

 

Figure A2.6: Noraxon Myosync connection to Receiver and MAS 
vii) Create a new subject. 

• Naming conventions: ‘Validation_SubX’ 
• Configure available devices, select ‘Pelvis’, ‘Left thigh’ and ‘Left Shank’ body segments  
• Select ‘Measure’ to activate sensors  

viii) Noraxon system ready for trial 

A2.1.3 Administration 

i) Information sheet provided for participant to read. 
ii) General introduction of the procedures explained to the participant. 
iii) Informed consent signed by participant. 
iv) Participant’s name, age, sex, height and body mass are measured / recorded 
v) First Aid Assistance. 

• In a medical emergency, dial 0-000 and ask for an ambulance. Provide the ambulance 
with instructions as to which gate to enter University grounds. Indicate the nature of the 
emergency. A member of staff or another person should go to that gate to direct the 
ambulance when it arrives. Notify Security - Dial 3 

• In a situation requiring first aid, the nearest First Aid Officer should be contacted to 
render assistance.  

• First aid officers / kit locations: 
o Gatehouse (24 hours) - All Security Officers: 19230 
o H Block - Ground Floor Corridor  -  Diane Eager: 19142 
o There is a basic First Aid room (including a bed) in E Block. 
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o A wheelchair is located in E Block for transport if required.  
• Nearest External Medical Services: 

o John Street Medical Centre - 56 John St. Lidcombe.  Ph. 9649 7201 or 9649 9391 (M-
F 8am - 6pm) 

o Auburn Hospital - Norval St. Auburn.  Ph. 9563 9500  (24 hours) 
o Bankstown Hospital - Eldridge Rd. Bankstown.  Ph. 9722 8000  (24 hours) 

• Poison Information Centre telephone assistance 13 11 26 

A2.1.4 Biomechanical Data Collection 

i) Participants change into minimal clothing and own running shoes (participant advised of 
appropriate clothing requirements prior to trial day) 

ii) Cover any reflective strips on clothing and/or running shoes 
iii) Fix IMUs to left shank, left thigh and pelvis. Instructions as follows: 

• Left shank (Sensor 1 – with marks on the top and bottom indicating the midline of the 
sensor) 

o Mark a dot in the centre of the runner’s left head of fibula and left lateral 
malleolus 

o Draw a line connecting these two dots 
o Take the sensor out of the charging dock and place double sided tape on back 
o With the green light flashing on the top of the sensor, stick the sensor 3-4cm 

above the lateral malleolus (on the flattest surface possible). The two marks of 
on the top and bottom should align with the line drawn on the shank. Note the 
X axis on the sensor should point up 

o Reinforce with elastic adhesive bandage 
• Left thigh (Sensor 2) 

o With the green light flashing on the top of the sensor, stick the sensor using 
double sided tape on the mid, lateral thigh. Note the X axis on the sensor should 
point up 

o Reinforce with elastic adhesive bandage 
• Pelvis (Sensor 3) 

o With the green light flashing up, place the sensor into the bracket within the 
Noraxon pelvic strap. Reinforce small piece of tape. 

o Affix pelvic strap to participant using clips. Adjust straps to ensure secure fit. 
The front of strap should rest at/ slightly below anterior superior iliac spines. 
The sensor at the back should rest at the top of the sacrum (slightly below L5). 
The strap to be in contact with the skin below clothing so it does not slide from 
its position 

iv) Fix retro-reflective markers to anatomical landmarks using double sided tape 

Number Marker name Location 

1 L_ASIS Left ASIS 
2 R_ASIS Right ASIS 
3 L_PSIS Left PSIS 
4 R_PSIS Right PSIS 
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5 L_GT Left greater trochanter 
6 L_TH_1 Left mid-thigh (cluster top left) 
7 L_TH_2 Left mid-thigh (cluster top right) 
8 L_TH_3 Left mid-thigh (cluster bottom right) 
9 L_TH_4 Left mid-thigh (cluster bottom left) 

10 L_LAT_KNEE Left lateral condyle 
11 L_MED_KNEE Left medial condyle 
12 L_TTUB Left tibial tuberosity 
13 L_HFIB Left head of fibula 
14 L_LEG_1 Left lower leg (cluster top left) 
15 L_LEG_2 Left lower leg (cluster top right) 
16 L_LEG_3 Left lower leg (cluster bottom right) 
17 L_LEG_4 Left lower leg (cluster bottom left) 
18 L_LMAL Left lateral malleolus 
19 L_MMAL Left medial malleolus 
20 L_D5MT Left 5th metatarsal joint 
21 L_D1MT Left 1st metatarsal joint 
22 L_HLX Left hallux 

Table A2.4: Marker names and locations 

 

Figure A2.7: Marker and IMU placement 
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v) Static Reference Data (collected for both Cortex and Noraxon simultaneously) 
• Static Reference Trial to determine the following: 

o Marker and IMU Identification Template 
o An anatomical reference position for subsequent trials 
o Sagittal Plane Static Lower Limb Posture  

• The participant stands on the centre of the treadmill belt facing East, hands on hips with 
even weight distribution for at least 4 seconds 

vi) Dynamic Reference Data (for Cortex only) 
• Movement of the pelvis, hip joint, knee joint and ankle joint complex will be recorded by 

the motion analysis system  
• Participant is asked to march on the spot with hands on hips for 30 seconds 

vii) Motion Analysis of Running 
• Warm up: Participant conducts self-determined warm up 
• Participant instructed on treadmill safety and how to change speeds 
• Participant given time to practice trial procedure before allowed up to 5 mins to rest / 

prepare for data collection 
• Test data: Running at 12, 14, 16 and 18 km/hr (at least 5 seconds at each speed) 

o Start Cortex before Noraxon 
o Once complete stop Noraxon before Cortex 

viii) Cortex Biomechanical Data Processing 
• Ensure marker names are correct 

o Check trial data for any marker switchers and unidentified markers then rectify 
as necessary 

• Review Point of Contact data 
o Check force plate data for noise 

• Save copy to a ‘Clean’ folder. Output files:   
o Raw video (.vc*) 
o Tracked ASCII (.trc) 
o Tracked binary (.trb) 
o 3D motion capture (.c3d) 
o Force (.anb) 

• Export to Visual 3D (V3D) 
• Click file à Export to V3D 

o Static only (for static export) 
o Dynamic only (for dynamic export) 

ix) Noraxon Biomechanical Data Processing 
• Check all signals and export record to (.mat) Matlab file 

A2.1.5 Visual 3D - Data Processing 
i) Create biomechanical model 

• Enter markers / anatomical landmarks (as per Table A1.5) 
• Enter virtual marker calculations: 

o LEFT_HIP 
§ ML: -0.36*ASIS_Distance*RPV_ML_Direction 
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§ AP: -0.19*ASIS_Distance*RPV_AP_Direction 
§ AXIAL: -0.30*ASIS_Distance*RPV_Axial_Direction 

o L_TTUB_Projected: 
§ Starting Point: L_HFIB 
§ Ending Point: L_LMAL 
§ Lateral object: L_MMAL 
§ Project from: L_TTUB 

o L_MAL_Centre: 
§ Starting Point: L_LMAL 
§ Ending Point: L_MMAL 

o L_KNEE 
§ Starting Point: L_TTUB_Projected 
§ Ending Point: L_TTUB 
§ Lateral object: L_MAL_Centre 
§ Project from: L_HFIB 

• Enter pelvic coda segment (used for hip angle relative to pelvis) 
o R.ASIS: R_ASIS 
o L.ASIS: L_ASIS 
o R.PSIS: R_PSIS 
o L.PSIS: L_PSIS 
o Calibration targets: Box checked to use calibration targets for tracking 

• Input V3D body segment definitions (bilateral pelvis with a unilateral lower limb 
biomechanical model) 

Segments Properties: Segment 

Mass / Segment 

Geometry 

Proximal definition Distal 
markers 

Target 
Tracking 
Marker 

Pelvis2 0.142*Mass 

/ Cylinder 

NA  NA NA 

Left thigh 0.1*Mass / Cone 

  

Lateral: L_GT 

Joint Centre: LEFT_HIP 

Lateral: 

L_LAT_KNEE 

Medial: 

L_M_KNEE 

L_TH_1 

L_TH_2 

L_TH_3 

L_TH_4 

Left Shank  0.0465*Mass / 

Cone 

Lateral: L_LAT_KNEE 

Medial: 

L_M_KNEE 

Lateral: 

L_LMAL 

Medial: 

L_MMAL 

L_LEG_1 

L_LEG_2 

L_LEG_3 

L_LEG_4 

Table A2.5: Body segment definitions 
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Figure A2.8: V3D Static Reference (view from left side) 

ii) Save as ‘left side’ model file 
iii) Find and open relevant V3D trail file 
iv) Create / add static calibration file 

• Select hybrid model from .c3d file à check static reference à OK 
v) Prepare software workspace 

• Click on picture file MDH (model template file) with dark green arrow 
• Open V3D ‘left side MDH’ model file 
• Select Models tab à click on black à click on skeleton picture to turn on 

vi) Click on Signals and Events à check video (scroll on mouse for zoom or hold left button for 
rotation) 

 

Figure A1.9: V3D Trail (view from left side). Left lower limb swing phase. Red arrow denotes right 
ground contact. 

vii) Export to Matlab 
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• Click on pipeline picture à open pipeline à open 

 

Figure A.2.10: Copy of Pipeline 

• Under Export data to Matfile (click on)à edit à change file name à change output file 
to browse 

• Return to original subject file à rename same as step above .mat 
• Click on execute pipeline button à OK 

viii) Save V3D à File à Save Workspace as à same name in same file (as .cmz file) 

A2.1.6 Visual 3D - Data Processing 
i) Matlab (The MathWorks Inc., Natick, USA) software is utilised for further data processing and 

POC detection 
• Open working file (Matlab .m code file and current trial directory must be in same folder) 
• Open .m code file (see Annex A) 
• Click ‘Run’ 
• Select .mat trial file for Noraxon then select corresponding .mat trial file for MAS 
• The script will find the synchronisation pulse and align the data from both systems. Check 

alignment (as per Figure A1.11) 

Export_Data_To_Matfile 
/SIGNAL_TYPES=TARGET+TARGET+TARGET+ANALOG+ANALOG+ANALOG+ANALOG
+ANALOG+ANALOG+ANALOG+ANALOG+ANALOG+LINK_MODEL_BASED+DERIVED 
/SIGNAL_FOLDER=ORIGINAL+ORIGINAL+ORIGINAL+ORIGINAL+ORIGINAL+ORIGINA
L+ORIGINAL+ORIGINAL+ORIGINAL+ORIGINAL+ORIGINAL+ORIGINAL+ORIGINAL+PR
OCESSED 
/SIGNAL_NAMES=L_D1MT+L_GT+L_HLX+F1X1+F1X3+F1Y1+F1Y2+F1Z1+F1Z2+F1Z3+
F1Z4+Sync+Shank_Angle+Hip_Toe_X 
/FILE_NAME=c:\users\mhal8291\desktop\lisa pilot\lisa_pilot.mat 
! /FOLDER= 
! /CREATE_FOLDER_PATH=FALSE 
/MATLAB_NAMES=L_D1MT+L_GT+L_HLX+F1X1+F1X3+F1Y1+F1Y2+F1Z1+F1Z2+F1Z3
+F1Z4+Sync+Shank_Angle+Hip_Toe_X 
! /PARAMETER_NAMES= 
! /PARAMETER_GROUPS= 
! /OUTPUT_PARAMETER_NAMES= 
/USE_NAN_FOR_DATANOTFOUND=TRUE 
; 
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Figure A2.11: Example Matlab output visualising V3D and Noraxon kinematic data (shank angle) and 
Synchronisation Signal 

• Select start and end of running data to be analysed 
• A graph displaying the summed vertical force will be displayed (Figure A1.12) 
• Select a threshold force to be used to detect POC using the force plate 

 

Figure A2.12: Selection of force threshold to identify POC 

• Check each cycle and adjust contact time as appropriate (Figure A1.13) 
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Figure A2.13: POC identification and checking using force plate data 

• A graph with hip flexion and knee flexion angle from the Noraxon data will appear  
• Identify POC (as determined by Noraxon) using shank acceleration (earth-based Y axis) 

and hip flexion data. The first negative minima in acceleration trace after maximal hip 
flexion is manually identified for each stride cycle by moving curser as appropriate and 
confirming with space bar 

 
Figure A2.14: POC detection method 

• Continue step above for all stride cycles  
• Shank acceleration (earth-based Y axis), hip flexion and knee flexion graphs of all cycles 

continuously (with POC marked) will then appear. Review then close 
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Figure A2.15: Continuous output cycle graphs 
• The code will then be running in the background, to create an excel file of all data. Once 

done the command window will clear 
• New ‘output’ (Matlab figure, Matlab data and Excel) files will be saved in same working 

folder 

A2.2 Cross-sectional and Cohort Study Data Collection Procedures 

A2.2.1 Force Velocity Profiling Set Up 
i) The validated MySprint iPhone application was utilised to quantify sprint FVP in order to 

characterise kinetics of acceleration (for first 30m only). 
• MySprint user specifications: 

o Developed by Pedro Jimenez Reyes 
o Version 1.10 installed on iPhone XR running iOS 13 
o Videos filmed with iPhone’s build in camera on ‘Slo-mo’ for 1080p at 240fps 

ii) Grass track set up as per MySprint application instructions: 
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Figure A2.16 : MySprint FVP reference system 
• Blue cones mark start (0m) and finish (40m) 
• Yellow poles denote 5, 10, 15, 20, 25 and 30m. These poles are offset in accordance with 

Figure A1.16 to correct parallax 
• iPhone mounted on tripod 10m from the track enabling smooth rotational movement 

during the sprint recording (athlete maintained in centre of video image) 
iii) On Home screen click ‘Tests’ then select FVP icon 
iv) Add User 

• Name: Participant initials (add number after if duplicates) 
• Complete weight and height, and save 

v) To prepare for recording, click on user and mount phone horizontal orientation on tripod 

A2.2.2 Noraxon Setup 
i) IMU system: 

• Detail as per validation study (Section 1.2) 
ii) Ensure five sensors fully charged using charging station 
iii) Load Noraxon MR3 Software Windows laptop 
iv) Connect dual receiver to USB port of the computer 

(Note: Only single receiver used for Validation Study) 
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Figure A2.17: Noraxon MyoMotion dual receiver 

 
v) Configure hardware 

• Input serial numbers against relevant body part where sensor will be placed 
• Detail as per validation study (Chapter 4) with addition of second thigh (Sensor 2) and 

shank (Sensor 1) IMUs for bilateral data collection 
vi) Open device settings: 

• Select sampling rate of 200Hz 
• Enable acceleration data 

vii) Create a new subject: 
• Naming conventions: Participant number followed by initials e.g. 1 AB 
• Configure available devices, select ‘Pelvis’, ‘Left thigh’, ‘Right thigh’, ‘Left Shank’ and 

‘Right Shank’ body segments  
• Select ‘Measure’ to activate sensors  

viii) Noraxon system ready for trial 

A2.2.3 Administration   

i) Information sheet provided for participant to read 
ii) Informed consent signed by participant 
iii) General introduction of the procedures explained to the participant 
iv) Participant’s name, age, gender, height and weight are measured / recorded 
v) Record current temperature (°C) and air pressure (hPa) – measured with iPhone XR running 

iOS 13 (Apple weather application) 
vi) First Aid Assistance: 

• In a medical emergency, dial 0-000 and follow directions of operator 
• In a situation requiring first aid, the nearest first aid post at the sporting ground should 

be contacted to render assistance. If there is no first aid post, the researcher will provide 
support 
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A2.2.4 Biomechanical Data Collection 

i) Participants change into minimal clothing and own running shoes (participant advised of 
appropriate clothing requirements prior to trial day) 

ii) IMUs fixed to pelvis, and left and right thigh using double-sided tape, elastic adhesive bandage 
and straps as per Figure A1.7 (but on both sides and no retroreflective markers) 

iii) Static Reference Data (for Noraxon) 
• Static Reference Trial to determine the following: 

o IMU Identification Template 
o Sagittal Plane Static Lower Limb Posture  

• The participant stands still, hands on hips with even weight distribution for 30 seconds 
iv) Complete 40m Sprint Trial 

• Warm up: Participant conducts own warm up 
• Participant given time to practice trial procedure before allowed up to 5 mins to rest / 

prepare for data collection 
• Prior to trial, commence Noraxon recording 
• Test data: One 40m maximal sprint from a 3-point crouch start (initiated by participant) 
• Trail is filmed using MySprint application while Noraxon MyoMotion data recorded 

simultaneously 
• Noraxon recording is stopped before IMUs are removed 

A2.2.5 Biomechanical Data Processing  
i) Force-Velocity Profiling  

• The MySprint application is used to determine start and, 5, 10, 15, 20, 25 and 30m split 
times.  

o Scroll through captured video on MySprint application to select appropriate 
frames 

o The start of sprint is the first frame when to their thumb leaves the ground 
o Subsequent splits are determined by aligning the participant’s hip with the 

respective agility poles 
o Record each split time in milliseconds 
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Figure A2.18: Screenshot from MySprint application (determining split times) 

• Download ‘fvpsprint_splits-and-speed’ Excel spreadsheet from 
https://jbmorin.net/downloads-/ 

o Input height, weight, temperature, air pressure and split times in relevant 
yellow boxes 

o Follow instructions on spreadsheet to run Excel solver in order to generate full 
profile including graphs 

ii) Kinematic data processing 
• Noraxon trail data saved as both .slk and .mat files 

iii) Matlab (The MathWorks Inc., Natick, USA) software is utilised for further data processing and 
 POC detection 

• Open working file (Matlab .m code file and current trial directory must be in same folder) 
• Open .m code file (see Annex B) 
• Click ‘Run’ 
• Select start and end of running data to be analysed 
• A graph with hip flexion and knee flexion angle from the Noraxon data will appear  
• Identify POC (as determined by Noraxon) using shank acceleration (earth-based Y axis) 

and hip flexion data. The first negative minima in acceleration trace after maximal hip 
flexion is manually identified for each stride cycle by moving curser as appropriate and 
confirming with space bar 
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Figure A2.19: POC detection method 

• Continue step above for all stride cycles. Once complete, the normalised cycle graphs will 
appear for shank acceleration (earth-based Y axis), hip flexion and knee flexion. Review 
then close 

 
Figure A2.20: Normalised output cycle graphs 

• Shank acceleration (earth-based Y axis), hip flexion and knee flexion graphs of all cycles 
continuously (with POC marked) will then appear. Review then close 
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Figure A2.21: Continuous output cycle graphs 

• The code will then be running in the background, to create an excel file of all data. Once 
done the command window will clear 

• New ‘output’ (Matlab figure, Matlab data and Excel) files will be saved in same working 
folder 

iv) Variability tests for calculation of clinically meaningful difference (to supplement Table 1 on 
Page 6 of the Observational Paper publication in Chapter 5) 

• Table A2.6 and A2.7 below detail measures of minimal detectable change (SWC: Smallest 
Worthwhile Change; MWC: Moderate Worthwhile Change; LWC: Largest Worthwhile 
Change; TE: Typical Error of Measurement; CV%: Coefficient of Variation Percentage) for 
variables of interest 

• For anterior pelvic tilt (the variable which demonstrated a potential relationship with 
retrospective HSI), the calculated smallest worthwhile change was very close to the 
actual the mean difference between the groups, however future studies may consider 
using MWC or LWC noting TE is greater than the SWC. CV% is also not reliable for anterior 
pelvic tilt as the mean is very close to zero (thus exaggerating the percentile variation) 

IMU Variable HSI History by Side 
µ (SD) 

Control by Side 
µ (SD) SWC MWC LWC TE CV% Recommendation 

Anterior Pelvic 
Tilt at POC (º) 

3.1 (5.6) 1.7 (7.1) 1.5 4.3 8.6 1.7 420.2 
Use MWC/LWC (TE > SWC). CV large 
because µ close to zero 

Hip Flexion at 
POC (º) 

56.7 (7.4) 55.2 (9.0) 1.8 5.4 10.8 2.1 16.3 Use MWC/LWC 

Step time (s) 0.238 (0.011) 0.237 (0.011) 0.002 0.006 0.013 0.002 4.6 SWC acceptable 

Stride time (s) 0.473 (0.02) 0.474 (0.026) 0.005 0.016 0.031 0.006 5.5 SWC acceptable 

Table A2.6: Minimal detectable change calculations for HSI History by Side 

IMU Variable HSI History by 
Participant µ (SD) 

Control by 
Participant µ (SD) SWC MWC LWC TE CV% Recommendation 

Anterior Pelvic 
Tilt at POC (º) 

3.1 (7.2) 1.7 (10.1) 2.0 6.1 12.1 2.7 1011.8 
Use MWC/LWC (TE > SWC). CV large 
because µ close to zero 

Hip Flexion at 
POC (º) 

56.7 (8.8) 55.2 (12.4) 2.5 7.4 14.9 3.3 21.1 Use MWC/LWC (TE > SWC) 

Step time (s) 0.238 (0.001) 0.237 (0.013) 0.003 0.008 0.016 0.004 5.8 SWC acceptable 

Stride time (s) 0.473 (0.026) 0.474 (0.037) 0.007 0.022 0.045 0.010 8.0 SWC acceptable 

Table A2.7: Minimal detectable change calculations for HSI History by Participant 
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A2.Annex A Matlab code – Validation 
clear 
close all 
 
[FileName_Noraxon,PathName_Noraxon] = uigetfile('*.mat','Select the Noraxon file'); 
cd(PathName_Noraxon) 
load([PathName_Noraxon FileName_Noraxon]) 
 
[FileName_V3d,PathName_V3D] = uigetfile('*.mat','Select the motion capture file'); 
load([PathName_V3D FileName_V3d]) 
%% 
 start_sync=find(Sync{1}>0.3,1); 
 start_sync_Noraxon=find(Data{1,2}>0.1,1); 
 time_V3D=(0:1/FRAME_RATE{1}:(length(Sync{1})-1)/FRAME_RATE{1})-(start_sync-1)/FRAME_RATE{1}; 
 time_Noraxon=(0:1/samplingRate:(length(Data{1,2})-1)/samplingRate)-(start_sync_Noraxon-1)/samplingRate; 
 subplot(2,1,1) 
 plot(time_V3D(start_sync:length(Sync{1})),Shank_Angle{1}(start_sync:length(Sync{1}),1),... 
     time_Noraxon(start_sync_Noraxon:length(Data{1,20})),Data{1,20}(start_sync_Noraxon:length(Data{1,20}),1)) 
 title('Select start and end of data to be analysed') 
 ylabel('Shank Angl (deg)') 
 legend({'V3D','Noraxon'}) 
 subplot(2,1,2) 
 plot(time_V3D(start_sync:length(Sync{1})),Sync{1}(start_sync:length(Sync{1}),1),... 
     time_Noraxon(start_sync_Noraxon:length(Data{1,2})),Data{1,2}(start_sync_Noraxon:length(Data{1,20}),1)) 
%% 
[start_stop,~,~]=ginput(2); 
start_stop_V3D=round(start_stop*FRAME_RATE{1}); 
start_stop_Noraxon=round(start_stop*samplingRate); 
 
%% 
x=[start_stop_V3D(1)+start_sync start_stop_V3D(2)+start_sync]; 
X=[start_stop_Noraxon(1)+start_sync_Noraxon start_stop_Noraxon(2)+start_sync_Noraxon]; 
t1=0:1/FRAME_RATE{1}:(x(2)-x(1))/FRAME_RATE{1}; 
t2=0:1/samplingRate:(X(2)-X(1))/samplingRate; 
Force=-(F1Z1{1}(:)+F1Z2{1}(:)+F1Z3{1}(:)+F1Z4{1}(:)); 
subplot(1,1,1) 
plot(Force(x(1):x(1)+1000)) 
ylabel('Force (N)') 
title('Select min force level to subtract 2 points') 
[x_min_force,~,~]=ginput(2); 
x_min_force=round(x_min_force); 
Force=Force-mean(Force(x_min_force(1)+x(1):x_min_force(2)+x(1))); 
plot(Force(x(1):x(1)+1000)) 
ylabel('Force (N)') 
title('Select Threshold') 
[~,threshold_Force,~]=ginput(1); 
close all 
 
%% 
figure(1) 
subplot(5,1,1);plot(t1,Force(x(1):x(2)), t2, Data{1,29}(X(1):X(2))/10); ylabel({'Force (N)';'Acc Y (cG)'}); legend({'Force'; 'Acc'}) 
subplot(5,1,2);plot(t1,Hip_Toe_X{1}(x(1):x(2))); ylabel('Hip to Toe X distance (m)') 
subplot(5,1,3);plot(t1,Shank_Angle{1}(x(1):x(2),1),t2, Data{1,20}(X(1):X(2))); ylabel('Shank Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
subplot(5,1,4);plot(t1,Knee_Angle{1}(x(1):x(2),1),t2, Data{1,6}(X(1):X(2))); ylabel('Knee Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
subplot(5,1,5);plot(t1,Hip_Angle{1}(x(1):x(2),1),t2, Data{1,3}(X(1):X(2))); ylabel('Hip Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
%% 
%Finding ground Contact 
indx_search_FORCE=find(Force(x(1):x(2))>threshold_Force); 
indx_bigjumps_FORCE_Start=indx_search_FORCE(find(diff(indx_search_FORCE)>1)+1); 
indx_bigjumps_FORCE_End=[indx_search_FORCE(find(diff(indx_search_FORCE)>1)); indx_search_FORCE(length(indx_search_FORCE))]; 
if length(indx_bigjumps_FORCE_End)>length(indx_bigjumps_FORCE_Start) 
    indx_bigjumps_FORCE_End(1)=[]; 
end 
indx_bigjumps_FORCE=[indx_bigjumps_FORCE_Start,indx_bigjumps_FORCE_End]-1; 
 
 
%Finding Peak hip-tow X distance (V3D) 
threshold_hip_toe=0; 
indx_search_hip_toe=find(Hip_Toe_X{1}(x(1):x(2))>threshold_hip_toe); 
indx_bigjumps_hip_toe_Start=indx_search_hip_toe(find(diff(indx_search_hip_toe)>1)+1); 
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indx_bigjumps_hip_toe_End=[indx_search_hip_toe(find(diff(indx_search_hip_toe)>1)); 
indx_search_hip_toe(length(indx_search_hip_toe))]; 
if length(indx_bigjumps_hip_toe_End)>length(indx_bigjumps_hip_toe_Start) 
    indx_bigjumps_hip_toe_End(1)=[]; 
end 
indx_bigjumps_hip_toe=[indx_bigjumps_hip_toe_Start,indx_bigjumps_hip_toe_End]; 
Indx_bigjumps_hip_toe=indx_bigjumps_hip_toe; 
clear indx_bigjumps_hip_toe 
%% 
%Finding Peak Shank angle (V3D) 
threshold_V3D=0; 
indx_search_V3D=find(Shank_Angle{1}(x(1):x(2),1)>threshold_V3D); 
indx_bigjumps_V3D_Start=indx_search_V3D(find(diff(indx_search_V3D)>1)+1); 
indx_bigjumps_V3D_End=[indx_search_V3D(find(diff(indx_search_V3D)>1)); indx_search_V3D(length(indx_search_V3D))]; 
if length(indx_bigjumps_V3D_End)>length(indx_bigjumps_V3D_Start) 
    indx_bigjumps_V3D_End(1)=[]; 
end 
indx_bigjumps_V3D=[indx_bigjumps_V3D_Start,indx_bigjumps_V3D_End]; 
for i=1:size(indx_bigjumps_V3D,1) 
    peak_knee_ext_index(i)=find(Shank_Angle{1}(indx_bigjumps_V3D(i,1)+x(1):indx_bigjumps_V3D(i,2)+x(1),1)==... 
        max(Shank_Angle{1}(indx_bigjumps_V3D(i,1)+x(1):indx_bigjumps_V3D(i,2)+x(1),1)))+indx_bigjumps_V3D(i,1); 
    %finding the same cycles for the force and hip-toe as shank 
    Ground_contact_index(i,:)=indx_bigjumps_FORCE(find(indx_bigjumps_FORCE(:,1)>peak_knee_ext_index(i)-2,1),:); 
    indx_bigjumps_hip_toe(i,:)=Indx_bigjumps_hip_toe(find(Indx_bigjumps_hip_toe(:,1)+50>peak_knee_ext_index(i),1),:); 
    peak_hip_toe_index(i)=find(Hip_Toe_X{1}(indx_bigjumps_hip_toe(i,1)+x(1):indx_bigjumps_hip_toe(i,2)+x(1))==... 
        max(Hip_Toe_X{1}(indx_bigjumps_hip_toe(i,1)+x(1):indx_bigjumps_hip_toe(i,2)+x(1))))+indx_bigjumps_hip_toe(i,1); 
 
end 
Ground_contact_index=Ground_contact_index+1; 
  
%%  
%Finding Peak Shank angle (Noraxon) 
threshold_Noraxon=0; 
indx_search_Noraxon=find(Data{1,20}(X(1):X(2))>threshold_Noraxon); 
indx_bigjumps_Noraxon_Start=indx_search_Noraxon(find(diff(indx_search_Noraxon)>1)+1); 
indx_bigjumps_Noraxon_End=[indx_search_Noraxon(find(diff(indx_search_Noraxon)>1)); 
indx_search_Noraxon(length(indx_search_Noraxon))]; 
if length(indx_bigjumps_Noraxon_End)>length(indx_bigjumps_Noraxon_Start) 
    indx_bigjumps_Noraxon_End(1)=[]; 
end 
indx_bigjumps_Noraxon=[indx_bigjumps_Noraxon_Start,indx_bigjumps_Noraxon_End]; 
for i=1:size(indx_bigjumps_Noraxon,1) 
    peak_Noraxon_index(i)=find(Data{1,20}(indx_bigjumps_Noraxon(i,1)+X(1):indx_bigjumps_Noraxon(i,2)+X(1))==... 
        max(Data{1,20}(indx_bigjumps_Noraxon(i,1)+X(1):indx_bigjumps_Noraxon(i,2)+X(1))),1)+indx_bigjumps_Noraxon(i,1); 
    %finding the same cycles for acc as shank 
    Ground_contact_Acc_index(i,1)=find(Data{1,30}(indx_bigjumps_Noraxon(i,1)+X(1):indx_bigjumps_Noraxon(i,2)+X(1))==... 
        max(Data{1,30}(indx_bigjumps_Noraxon(i,1)+X(1):indx_bigjumps_Noraxon(i,2)+X(1))),1)+indx_bigjumps_Noraxon(i,1); 
 
end 
 
 
 
%% CHECK FORCE GROUND CONTACT 
Ground_contact_index=Ground_contact_index-1; 
for i=1:size(Ground_contact_index,1) 
    Force_OK=0;  
    figure(99) 
    while Force_OK==0 
        plot(t1(Ground_contact_index(i,1)-20:Ground_contact_index(i,1)+20),Force(Ground_contact_index(i,1)+x(1)-1-
20:Ground_contact_index(i,1)+x(1)-1+20)) 
        hold on 
        plot(t1(Ground_contact_index(i,1)),Force(Ground_contact_index(i,1)+x(1)-1),'gx') 
        hold off 
        ylabel('Force (N)') 
        title('Press spacebar if OK otherwise select ground contact') 
        [x_force,~,button]=ginput(1); 
        if button == 32 
            Force_OK=1; 
        elseif button==1 
            Ground_contact_index(i,1)=find(t1>x_force,1); 
        end   
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    end 
end 
close (99) 
%% 
    clear Indx_bigjumps_hip_toe 
 
peak_shank_angle=Shank_Angle{1}(peak_knee_ext_index+x(1)-1,1); 
peak_hip_toe_x=Hip_Toe_X{1}(peak_hip_toe_index+x(1)-1); 
contact_shank_angle=Shank_Angle{1}(Ground_contact_index(:,1)+x(1)-1,1); 
contact_hip_toe_x=Hip_Toe_X{1}(Ground_contact_index(:,1)+x(1)-1); 
 
contact_knee_angle=Knee_Angle{1}(Ground_contact_index(:,1)+x(1)-1,1); 
contact_hip_angle=Hip_Angle{1}(Ground_contact_index(:,1)+x(1)-1,1); 
contact_pelvis_angle=Pelvis_Angle{1}(Ground_contact_index(:,1)+x(1)-1,1); 
%% 
 
%% 
% figure(1) 
% subplot(5,1,1);plot(t1,Force(x(1):x(2)), t2, Data{1,29}(X(1):X(2))/10); ylabel({'Force (N)';'Acc Y (cG)'}); legend({'Force'; 'Acc'}) 
% subplot(5,1,2);plot(t1,Hip_Toe_X{1}(x(1):x(2))); ylabel('Hip to Toe X distance (m)') 
% subplot(5,1,3);plot(t1,Shank_Angle{1}(x(1):x(2),1),t2, Data{1,20}(X(1):X(2))); ylabel('Shank Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
% subplot(5,1,4);plot(t1,Knee_Angle{1}(x(1):x(2),1),t2, Data{1,6}(X(1):X(2))); ylabel('Knee Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
% subplot(5,1,5);plot(t1,Hip_Angle{1}(x(1):x(2),1),t2, Data{1,3}(X(1):X(2))); ylabel('Hip Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
%  
% subplot(5,1,1) 
% hold on 
% plot(t1(Ground_contact_index(:,1)),Force(Ground_contact_index(:,1)+x(1)-1),'gx') 
% hold off 
%  
% subplot(5,1,3) 
% hold on 
%  
% plot(t1(peak_knee_ext_index),Shank_Angle{1}(peak_knee_ext_index+x(1)-1,1),'k+') 
% plot(t1(Ground_contact_index(:,1)),Shank_Angle{1}(Ground_contact_index(:,1)+x(1)-1,1),'gx') 
% hold off 
%  
% subplot(5,1,2) 
% hold on 
% plot(t1(peak_hip_toe_index),Hip_Toe_X{1}(peak_hip_toe_index+x(1)-1),'k+') 
% plot(t1(Ground_contact_index(:,1)),Hip_Toe_X{1}(Ground_contact_index(:,1)+x(1)-1),'gx') 
% hold off 
%  
% subplot(5,1,4) 
% hold on 
%  
% plot(t1(peak_knee_ext_index),Knee_Angle{1}(peak_knee_ext_index+x(1)-1,1),'k+') 
% plot(t1(Ground_contact_index(:,1)),Knee_Angle{1}(Ground_contact_index(:,1)+x(1)-1,1),'gx') 
% hold off 
%  
% subplot(5,1,5) 
% hold on 
%  
% plot(t1(peak_knee_ext_index),Hip_Angle{1}(peak_knee_ext_index+x(1)-1,1),'k+') 
% plot(t1(Ground_contact_index(:,1)),Hip_Angle{1}(Ground_contact_index(:,1)+x(1)-1,1),'gx') 
% hold off 
 
%% CHECK ACC GROUND CONTACT 
 
for i=2:size(Ground_contact_Acc_index,1) 
    ACC_OK=0; 
    figure(99) 
    while ACC_OK==0 
        subplot(2,1,1) 
        plot(t2(Ground_contact_Acc_index(i,1)-100:Ground_contact_Acc_index(i,1)+100),Data{1,29}(Ground_contact_Acc_index(i,1)+X(1)-1-
100:Ground_contact_Acc_index(i,1)+X(1)-1+100)) 
        title(['Cycle ' num2str(i)]) 
        ylabel(channelNames{1,29}) 
        hold on 
        plot(t2(Ground_contact_Acc_index(i,1)),Data{1,29}(Ground_contact_Acc_index(i,1)+X(1)-1),'gx') 
        title('Press spacebar if OK otherwise select ground contact') 
        hold off 
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        subplot(2,1,2) 
        plot(t2(Ground_contact_Acc_index(i,1)-100:Ground_contact_Acc_index(i,1)+100),... 
            Data{1,3}(Ground_contact_Acc_index(i,1)-100:Ground_contact_Acc_index(i,1)+100)) 
        title(['Cycle ' num2str(i)]) 
        ylabel(channelNames{1,3}) 
        hold on 
        plot(t2(Ground_contact_Acc_index(i,1)),Data{1,3}(Ground_contact_Acc_index(i,1)),'gx') 
        hold off 
        [x_acc,~,button]=ginput(1);  
        if button == 32 
            ACC_OK=1; 
        elseif button==1 
            Ground_contact_Acc_index(i,1)= round(x_acc*samplingRate); 
        end   
    end 
end 
close (99) 
 
 
%% 
peak_shank_angle_Noraxon=Data{1,20}(peak_knee_ext_index*samplingRate/FRAME_RATE{1}+X(1)-1); 
%find correct peak angle for shank using Noraxon 
%% 
contact_shank_angle_Noraxon=Data{1,20}(Ground_contact_Acc_index(:,1)+X(1)-1); 
contact_shank_angle_Noraxon_Force=Data{1,20}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}+X(1)-1); 
 
contact_knee_angle_Noraxon=Data{1,6}(Ground_contact_Acc_index(:,1)+X(1)-1); 
contact_knee_angle_Noraxon_Force=Data{1,6}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}+X(1)-1); 
 
contact_hip_angle_Noraxon=Data{1,3}(Ground_contact_Acc_index(:,1)+X(1)-1); 
contact_hip_angle_Noraxon_Force=Data{1,3}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}+X(1)-1); 
 
contact_pelvis_angle_Noraxon=Data{1,14}(Ground_contact_Acc_index(:,1)+X(1)-1); 
contact_pelvis_angle_Noraxon_Force=Data{1,14}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}+X(1)-1); 
 
time_contact=(Ground_contact_index(:,1)+x(1)-1)/FRAME_RATE{1}; 
%% 
close(1) 
figure(1) 
subplot(5,1,1);plot(t1,Force(x(1):x(2)), t2, Data{1,29}(X(1):X(2))/10); ylabel({'Force (N)';'Acc Y (cG)'}); legend({'Force'; 'Acc'}) 
subplot(5,1,2);plot(t1,Hip_Toe_X{1}(x(1):x(2))); ylabel('Hip to Toe X distance (m)') 
subplot(5,1,3);plot(t1,Shank_Angle{1}(x(1):x(2),1),t2, Data{1,20}(X(1):X(2))); ylabel('Shank Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
subplot(5,1,4);plot(t1,Knee_Angle{1}(x(1):x(2),1),t2, Data{1,6}(X(1):X(2))); ylabel('Knee Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
subplot(5,1,5);plot(t1,Hip_Angle{1}(x(1):x(2),1),t2, Data{1,3}(X(1):X(2))); ylabel('Hip Angl (deg)'); legend({'V3D'; 'Noraxon'}) 
subplot(5,1,1) 
hold on 
plot(t1(Ground_contact_index(:,1)),Force(Ground_contact_index(:,1)+x(1)-1),'b+') 
%plot(t2(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}),Data{1,29}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{
1}+X(1)-1),'b+') 
plot(t2(Ground_contact_Acc_index(:,1)),Data{1,29}(Ground_contact_Acc_index(:,1)+X(1)-1)/10,'go') 
hold off 
%% 
subplot(5,1,1) 
legend({'V3D'; 'Noraxon'; 'POC Force'; 'POC ACC'}) 
%% 
subplot(5,1,2) 
hold on 
plot(t1(Ground_contact_index(:,1)),Hip_Toe_X{1}(Ground_contact_index(:,1)+x(1)-1),'b+') 
plot(t1(Ground_contact_index(:,1)),Hip_Toe_X{1}(Ground_contact_index(:,1)+x(1)-1),'go') 
hold off 
 
subplot(5,1,3) 
hold on 
plot(t2(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}),Data{1,20}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}
+X(1)-1),'b+') 
plot(t2(Ground_contact_Acc_index(:,1)),Data{1,20}(Ground_contact_Acc_index(:,1)+X(1)-1),'go') 
hold off 
legend({'V3D'; 'Noraxon'; 'POC Force'; 'POC ACC'}) 
 
subplot(5,1,4); 
hold on 
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plot(t2(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}),Data{1,6}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}+
X(1)-1),'b+') 
plot(t2(Ground_contact_Acc_index(:,1)),Data{1,6}(Ground_contact_Acc_index(:,1)+X(1)-1),'go') 
hold off 
legend({'V3D'; 'Noraxon'; 'POC Force'; 'POC ACC'}) 
 
subplot(5,1,5); 
hold on 
plot(t2(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}),Data{1,3}(Ground_contact_index(:,1)*samplingRate/FRAME_RATE{1}+
X(1)-1),'b+') 
plot(t2(Ground_contact_Acc_index(:,1)),Data{1,3}(Ground_contact_Acc_index(:,1)+X(1)-1),'go') 
hold off 
legend({'V3D'; 'Noraxon'; 'POC Force'; 'POC ACC'}) 
 
%% 
 
%Variables to export 
if FRAME_RATE{1}==samplingRate 
    Ground_contact_YN(1:length(t1))=0; Ground_contact_YN(Ground_contact_index(:,1))=1; 
    Ground_contact_Acc_YN(1:length(t1))=0; Ground_contact_Acc_YN(Ground_contact_Acc_index(:,1))=1; 
    export_data=[Data{1,1}(X(1):X(2)),Ground_contact_YN', Ground_contact_Acc_YN', Force(x(1):x(2)),Data{1,30}(X(1):X(2)),... 
        Hip_Toe_X{1}(x(1):x(2)),Shank_Angle{1}(x(1):x(2),1),Data{1,20}(X(1):X(2)),... 
        Knee_Angle{1}(x(1):x(2),1),Data{1,6}(X(1):X(2)), Hip_Angle{1}(x(1):x(2),1),Data{1,3}(X(1):X(2)),... 
        Pelvis_Angle{1}(x(1):x(2),1),Data{1,14}(X(1):X(2))]; 
    export_data_legend={'Time (s)','Ground_contact_YN', 'Ground_contact_Acc_YN','Total Force Z (N)', 'Acc Y Earth based (mG)', 'Hip-Toe 
(m)',... 
        'Shank Angle V3D (deg)', 'Shank Angle Noraxon (deg)', 'Knee Angle V3D (deg)', 'Knee Angle Noraxon (deg)',... 
        'Hip Angle V3D (deg)', 'Hip Angle Noraxon (deg)','Pelvis Tilt V3D (deg)', 'Pelvis Pitch Noraxon (deg)'}; 
end 
 
export_data_points=[time_contact,peak_shank_angle, peak_shank_angle_Noraxon, peak_hip_toe_x, contact_shank_angle, 
contact_shank_angle_Noraxon, ... 
    contact_hip_toe_x,contact_knee_angle,contact_knee_angle_Noraxon, ... 
    contact_hip_angle,contact_hip_angle_Noraxon, contact_pelvis_angle,contact_pelvis_angle_Noraxon]; 
export_data_points_legend={'Time of contact (s)','peak shank angle (deg)', 'peak shank angle Noraxon (deg)', 'peak hip toe X distance (m)', 
'contact shank angle (deg)',... 
    'contact shank angle Noraxon using acc (deg)', 'contact hip toe X distance (m)','contact knee angle (deg)',... 
    'contact knee angle Noraxon using acc (deg)', 'contact hip angle (deg)',... 
    'contact hip angle Noraxon using acc (deg)', 'contact pelvis angle (deg)',... 
    'contact pelvis angle Noraxon using acc (deg)'}; 
 
%% 
cd(PathName_Noraxon) 
hgsave ([FileName_Noraxon(1:length(FileName_Noraxon)-4) '_output']) 
save ([FileName_Noraxon(1:length(FileName_Noraxon)-4) '_output']) 
%% 
filename_xls=[FileName_Noraxon(1:length(FileName_Noraxon)-4) '_output.xlsx']; 
if FRAME_RATE{1}==samplingRate 
    xlswrite(filename_xls,export_data_legend, 'Data', 'A1'); 
    xlswrite(filename_xls,export_data, 'Data', 'A2'); 
end 
xlswrite(filename_xls,export_data_points_legend, 'Data points', 'A1'); 
xlswrite(filename_xls,export_data_points, 'Data points', 'A2'); 
  
clc 
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A2.Annex B Matlab code – Cohort 
clear 
 
 
[FileName_Noraxon,PathName_Noraxon] = uigetfile('*.mat','Select the Noraxon file'); 
cd(PathName_Noraxon) 
load([PathName_Noraxon FileName_Noraxon]) 
 
%adjust_angle=input('Enter the angle measured during calibration from photo ...   ');%from the photo 
%Data{1,20}(:)=Data{1,20}(:)-adjust_angle; 
%% Calcualating velocities 
j=51; 
for i=[2:9,16:18] 
    Data{1,j}(:,1)=[0;diff(Data{1,i}(:))/(1/samplingRate)]; 
    channelNames{1,j}(:)=['Vel ' channelNames{1,i}(:)' '/s']; 
    j=j+1; 
    
end 
 
%% 
figure(1) 
subplot(2,1,1) 
    plot(Data{1, 1},Data{1, 2},Data{1, 1},Data{1, 3}) 
    title('Select start and end of data to be analysed') 
    ylabel('Hip Flexion angles (degrees)') 
    legend({channelNames{1,2},channelNames{1,3}}) 
subplot(2,1,2) 
    plot(Data{1, 1},Data{1, 8},Data{1, 1},Data{1, 9}) 
    ylabel('Knee Flexion angles(degrees)') 
    legend({channelNames{1,8},channelNames{1,9}}) 
[start_stop,~,~]=ginput(2); 
X=round(start_stop*samplingRate); 
 
%%  
%Finding Peak L hip angle (Noraxon) 
threshold_Noraxon=10; 
L_indx_search_Noraxon=find(Data{1,2}(X(1):X(2))>threshold_Noraxon); 
L_indx_bigjumps_Noraxon_Start=L_indx_search_Noraxon(find(diff(L_indx_search_Noraxon)>1)+1); 
L_indx_bigjumps_Noraxon_End=[L_indx_search_Noraxon(diff(L_indx_search_Noraxon)>1); 
L_indx_search_Noraxon(length(L_indx_search_Noraxon))]; 
if length(L_indx_bigjumps_Noraxon_End)>length(L_indx_bigjumps_Noraxon_Start) 
    L_indx_bigjumps_Noraxon_End(1)=[]; 
end 
L_indx_bigjumps_Noraxon=[L_indx_bigjumps_Noraxon_Start,L_indx_bigjumps_Noraxon_End]; 
for i=1:size(L_indx_bigjumps_Noraxon,1) 
    L_peak_Noraxon_index(i)=find(Data{1,2}(L_indx_bigjumps_Noraxon(i,1)+X(1):L_indx_bigjumps_Noraxon(i,2)+X(1))==... 
        max(Data{1,2}(L_indx_bigjumps_Noraxon(i,1)+X(1):L_indx_bigjumps_Noraxon(i,2)+X(1))),1)+L_indx_bigjumps_Noraxon(i,1); 
    L_Ground_contact_Acc_index(i,1)=find(Data{1,37}(L_indx_bigjumps_Noraxon(i,1)+X(1):L_indx_bigjumps_Noraxon(i,2)+X(1))==... 
        min(Data{1,37}(L_indx_bigjumps_Noraxon(i,1)+X(1):L_indx_bigjumps_Noraxon(i,2)+X(1))),1)+L_indx_bigjumps_Noraxon(i,1); 
end 
L_Ground_contact_Acc_index=L_Ground_contact_Acc_index+X(1)-1; 
L_Ground_contact_Acc_index(length(L_Ground_contact_Acc_index))=[]; 
%% 
%Finding Peak R hip angle (Noraxon) 
threshold_Noraxon=10; 
R_indx_search_Noraxon=find(Data{1,3}(X(1):X(2))>threshold_Noraxon); 
R_indx_bigjumps_Noraxon_Start=R_indx_search_Noraxon(find(diff(R_indx_search_Noraxon)>1)+1); 
R_indx_bigjumps_Noraxon_End=[R_indx_search_Noraxon(find(diff(R_indx_search_Noraxon)>1)); 
R_indx_search_Noraxon(length(R_indx_search_Noraxon))]; 
if length(R_indx_bigjumps_Noraxon_End)>length(R_indx_bigjumps_Noraxon_Start) 
    R_indx_bigjumps_Noraxon_End(1)=[]; 
end 
R_indx_bigjumps_Noraxon=[R_indx_bigjumps_Noraxon_Start,R_indx_bigjumps_Noraxon_End]; 
for i=1:size(R_indx_bigjumps_Noraxon,1) 
    R_peak_Noraxon_index(i)=find(Data{1,3}(R_indx_bigjumps_Noraxon(i,1)+X(1):R_indx_bigjumps_Noraxon(i,2)+X(1))==... 
        max(Data{1,3}(R_indx_bigjumps_Noraxon(i,1)+X(1):R_indx_bigjumps_Noraxon(i,2)+X(1))),1)+R_indx_bigjumps_Noraxon(i,1); 
    R_Ground_contact_Acc_index(i,1)=find(Data{1,43}(R_indx_bigjumps_Noraxon(i,1)+X(1):R_indx_bigjumps_Noraxon(i,2)+X(1))==... 
        min(Data{1,43}(R_indx_bigjumps_Noraxon(i,1)+X(1):R_indx_bigjumps_Noraxon(i,2)+X(1))),1)+R_indx_bigjumps_Noraxon(i,1); 
end 
R_Ground_contact_Acc_index=R_Ground_contact_Acc_index+X(1)-1; 
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R_Ground_contact_Acc_index(length(R_Ground_contact_Acc_index))=[]; 
%% CHECK ACC L GROUND CONTACT 
 
for i=1:size(L_Ground_contact_Acc_index,1) 
    ACC_OK=0; 
    figure(99) 
    while ACC_OK==0 
        subplot(2,1,1) 
        plot(Data{1,1}(L_Ground_contact_Acc_index(i,1)-100:L_Ground_contact_Acc_index(i,1)+100),... 
            Data{1,37}(L_Ground_contact_Acc_index(i,1)-100:L_Ground_contact_Acc_index(i,1)+100)) 
        title(['Cycle ' num2str(i)]) 
        ylabel(channelNames{1,37}) 
        hold on 
        plot(Data{1,1}(L_Ground_contact_Acc_index(i,1)),Data{1,37}(L_Ground_contact_Acc_index(i,1)),'gx') 
        title('Press spacebar if OK otherwise select ground contact') 
        hold off 
        subplot(2,1,2) 
        plot(Data{1,1}(L_Ground_contact_Acc_index(i,1)-100:L_Ground_contact_Acc_index(i,1)+100),... 
            Data{1,2}(L_Ground_contact_Acc_index(i,1)-100:L_Ground_contact_Acc_index(i,1)+100)) 
        title(['Cycle ' num2str(i)]) 
        ylabel(channelNames{1,2}) 
        hold on 
        plot(Data{1,1}(L_Ground_contact_Acc_index(i,1)),Data{1,2}(L_Ground_contact_Acc_index(i,1)),'gx') 
        hold off 
        [x_acc,~,button]=ginput(1);  
        if button == 32 
            ACC_OK=1; 
        elseif button==1 
            L_Ground_contact_Acc_index(i,1)= round(x_acc*samplingRate); 
        end   
    end 
end 
close (99) 
 
%% CHECK ACC R GROUND CONTACT 
for i=1:size(R_Ground_contact_Acc_index,1) 
    ACC_OK=0;  
    figure(99) 
    while ACC_OK==0 
        subplot(2,1,1) 
        plot(Data{1,1}(R_Ground_contact_Acc_index(i,1)-100:R_Ground_contact_Acc_index(i,1)+100),... 
            Data{1,43}(R_Ground_contact_Acc_index(i,1)-100:R_Ground_contact_Acc_index(i,1)+100)) 
        title(['Cycle ' num2str(i)]) 
        ylabel(channelNames{1,43}) 
        hold on 
        plot(Data{1,1}(R_Ground_contact_Acc_index(i,1)),Data{1,43}(R_Ground_contact_Acc_index(i,1)),'gx') 
        title('Press spacebar if OK otherwise select ground contact') 
        hold off 
        subplot(2,1,2) 
        plot(Data{1,1}(R_Ground_contact_Acc_index(i,1)-100:R_Ground_contact_Acc_index(i,1)+100),... 
            Data{1,3}(R_Ground_contact_Acc_index(i,1)-100:R_Ground_contact_Acc_index(i,1)+100)) 
        title(['Cycle ' num2str(i)]) 
        ylabel(channelNames{1,3}) 
        hold on 
        plot(Data{1,1}(R_Ground_contact_Acc_index(i,1)),Data{1,3}(R_Ground_contact_Acc_index(i,1)),'gx') 
        hold off 
        [x_acc,~,button]=ginput(1);  
        if button == 32 
            ACC_OK=1; 
        elseif button ==1 
            R_Ground_contact_Acc_index(i,1)= round(x_acc*samplingRate); 
        end   
    end 
end 
close (99) 
 
%% 
figure(1) 
%Shank ACC 
subplot(3,1,1) 
plot(Data{1,1}(X(1):X(2)),Data{1,37}(X(1):X(2))/10,'k') 
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hold on 
plot(Data{1,1}(X(1):X(2)),Data{1,43}(X(1):X(2))/10,'r') 
plot(Data{1,1}(L_Ground_contact_Acc_index(:,1)),Data{1,37}(L_Ground_contact_Acc_index(:,1))/10,'ko') 
plot(Data{1,1}(R_Ground_contact_Acc_index(:,1)),Data{1,43}(R_Ground_contact_Acc_index(:,1))/10,'ro') 
hold off 
legend({channelNames{1,37},channelNames{1,43}}) 
%Hip 
subplot(3,1,2) 
plot(Data{1,1}(X(1):X(2)),Data{1,2}(X(1):X(2))/10,'k') 
hold on 
plot(Data{1,1}(X(1):X(2)),Data{1,3}(X(1):X(2))/10,'r') 
plot(Data{1,1}(L_Ground_contact_Acc_index(:,1)),Data{1,2}(L_Ground_contact_Acc_index(:,1))/10,'ko') 
plot(Data{1,1}(R_Ground_contact_Acc_index(:,1)),Data{1,3}(R_Ground_contact_Acc_index(:,1))/10,'ro') 
hold off 
legend({channelNames{1,2},channelNames{1,3}}) 
%Knee 
subplot(3,1,3) 
plot(Data{1,1}(X(1):X(2)),Data{1,8}(X(1):X(2))/10,'k') 
hold on 
plot(Data{1,1}(X(1):X(2)),Data{1,9}(X(1):X(2))/10,'r') 
plot(Data{1,1}(L_Ground_contact_Acc_index(:,1)),Data{1,8}(L_Ground_contact_Acc_index(:,1))/10,'ko') 
plot(Data{1,1}(R_Ground_contact_Acc_index(:,1)),Data{1,9}(R_Ground_contact_Acc_index(:,1))/10,'ro') 
hold off 
legend({channelNames{1,8},channelNames{1,9}}) 
 
%% 
%time normalise signals 
clear norm_data 
 
num_cycles = min(length(L_Ground_contact_Acc_index),length(R_Ground_contact_Acc_index)); 
for i=[2,4,6,8,19:24,33:38,2+49,4+49,6+49,8+49] 
    norm_data(:,i,:)=time_norm_data(Data{1,i}, 101, L_Ground_contact_Acc_index(1:num_cycles-1),... 
        L_Ground_contact_Acc_index(2:num_cycles)-1); 
end 
%for pelvis (time normalised for each left and right) 
for i=16:18 
    norm_data(:,i+29,:)=time_norm_data(Data{1,i}, 101, L_Ground_contact_Acc_index(1:num_cycles-1),... 
        L_Ground_contact_Acc_index(2:num_cycles)-1); 
    channelNames{1,i+29}=[channelNames{1,i}(1:find(channelNames{1,i}(:)==',')-1) ' LT,']; 
    norm_data(:,i+32,:)=time_norm_data(Data{1,i}, 101, R_Ground_contact_Acc_index(1:num_cycles-1),... 
         R_Ground_contact_Acc_index(2:num_cycles)-1); 
     channelNames{1,i+32}=[channelNames{1,i}(1:find(channelNames{1,i}(:)==',')-1) ' RT,']; 
end 
for i=59:61 
    norm_data(:,i+3,:)=time_norm_data(Data{1,i}, 101, L_Ground_contact_Acc_index(1:num_cycles-1),... 
        L_Ground_contact_Acc_index(2:num_cycles)-1); 
    channelNames{1,i+3}=[channelNames{1,i}(1:find(channelNames{1,i}(:)==',')-1) ' LT,']; 
    norm_data(:,i+6,:)=time_norm_data(Data{1,i}, 101, R_Ground_contact_Acc_index(1:num_cycles-1),... 
         R_Ground_contact_Acc_index(2:num_cycles)-1); 
     channelNames{1,i+6}=[channelNames{1,i}(1:find(channelNames{1,i}(:)==',')-1) ' RT,']; 
end 
 
for i=[3,5,7,9,25:29,39:44,3+49,5+49,7+49,9+49] 
     norm_data(:,i,:)=time_norm_data(Data{1,i}, 101, R_Ground_contact_Acc_index(1:num_cycles-1),... 
         R_Ground_contact_Acc_index(2:num_cycles)-1); 
end 
 
%% 
figure(2) 
%Shank ACC 
subplot(4,2,1) 
plot(squeeze(norm_data(:,37,:))) 
ylabel(channelNames{1,37}) 
 
subplot(3,2,2) 
plot(squeeze(norm_data(:,43,:))) 
ylabel(channelNames{1,43}) 
 
%Hip F/E 
subplot(3,2,3) 
plot(squeeze(norm_data(:,2,:))) 
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ylabel(channelNames{1,2}) 
 
subplot(3,2,4) 
plot(squeeze(norm_data(:,3,:))) 
ylabel(channelNames{1,3}) 
 
%Knee F/E 
subplot(3,2,5) 
plot(squeeze(norm_data(:,8,:))) 
ylabel(channelNames{1,8}) 
 
subplot(3,2,6) 
plot(squeeze(norm_data(:,8,:))) 
ylabel(channelNames{1,8}) 
 
%% 
%Variables to export 
     
L_Ground_contact_Acc_YN(1:length(Data{1,1}))=0; L_Ground_contact_Acc_YN(L_Ground_contact_Acc_index(:,1))=1; 
R_Ground_contact_Acc_YN(1:length(Data{1,1}))=0; R_Ground_contact_Acc_YN(R_Ground_contact_Acc_index(:,1))=1; 
export_data=[Data{1,1}(X(1):X(2)),L_Ground_contact_Acc_YN(X(1):X(2))', R_Ground_contact_Acc_YN(X(1):X(2))', Data{1,37}(X(1):X(2)),... 
    Data{1,43}(X(1):X(2)),Data{1,2}(X(1):X(2)), Data{1,3}(X(1):X(2)),Data{1,4}(X(1):X(2)),Data{1,5}(X(1):X(2)),Data{1,6}(X(1):X(2)),... 
    Data{1,7}(X(1):X(2)),Data{1,8}(X(1):X(2)), Data{1,9}(X(1):X(2)),Data{1,16}(X(1):X(2)),Data{1,17}(X(1):X(2)),Data{1,18}(X(1):X(2)),... 
    Data{1,51}(X(1):X(2)),Data{1,52}(X(1):X(2)),Data{1,53}(X(1):X(2)),Data{1,54}(X(1):X(2)),Data{1,55}(X(1):X(2)),... 
    Data{1,56}(X(1):X(2)),Data{1,57}(X(1):X(2)),Data{1,58}(X(1):X(2)),Data{1,59}(X(1):X(2)),Data{1,60}(X(1):X(2)),Data{1,61}(X(1):X(2))]; 
export_data_legend={'Time (s)','L_Ground_contact_YN', 'R_Ground_contact_Acc_YN',channelNames{1,37},... 
    channelNames{1,43},channelNames{1,2}, channelNames{1,3},channelNames{1,4},channelNames{1,5},channelNames{1,6},... 
    channelNames{1,7},channelNames{1,8}, 
channelNames{1,9},channelNames{1,16},channelNames{1,17},channelNames{1,18},channelNames{1,51},... 
    channelNames{1,52},channelNames{1,53},channelNames{1,54},channelNames{1,55},channelNames{1,56},channelNames{1,57},... 
    channelNames{1,58},channelNames{1,59},channelNames{1,60},channelNames{1,61}}; 
 
export_data_points_L=[Data{1,1}(L_Ground_contact_Acc_index(:,1)),Data{1,2}(L_Ground_contact_Acc_index(:,1)),... 
    Data{1,4}(L_Ground_contact_Acc_index(:,1)),Data{1,6}(L_Ground_contact_Acc_index(:,1)),... 
    Data{1,8}(L_Ground_contact_Acc_index(:,1)), Data{1,16}(L_Ground_contact_Acc_index(:,1)),... 
    Data{1,17}(L_Ground_contact_Acc_index(:,1)),Data{1,18}(L_Ground_contact_Acc_index(:,1)),... 
    Data{1,51}(L_Ground_contact_Acc_index(:,1)),Data{1,53}(L_Ground_contact_Acc_index(:,1)),... 
    Data{1,55}(L_Ground_contact_Acc_index(:,1)),Data{1,57}(L_Ground_contact_Acc_index(:,1)),... 
    Data{1,59}(L_Ground_contact_Acc_index(:,1)),Data{1,60}(L_Ground_contact_Acc_index(:,1)),... 
    Data{1,61}(L_Ground_contact_Acc_index(:,1))]; 
export_data_points_R=[Data{1,1}(R_Ground_contact_Acc_index(:,1)),Data{1,3}(R_Ground_contact_Acc_index(:,1)),... 
    Data{1,5}(R_Ground_contact_Acc_index(:,1)), Data{1,7}(R_Ground_contact_Acc_index(:,1)),... 
    Data{1,9}(R_Ground_contact_Acc_index(:,1)), Data{1,16}(R_Ground_contact_Acc_index(:,1)),... 
    Data{1,17}(R_Ground_contact_Acc_index(:,1)),Data{1,18}(R_Ground_contact_Acc_index(:,1)),... 
    Data{1,52}(R_Ground_contact_Acc_index(:,1)),Data{1,54}(R_Ground_contact_Acc_index(:,1)),... 
    Data{1,56}(R_Ground_contact_Acc_index(:,1)),Data{1,58}(R_Ground_contact_Acc_index(:,1)),... 
    Data{1,59}(R_Ground_contact_Acc_index(:,1)),Data{1,60}(R_Ground_contact_Acc_index(:,1)),... 
    Data{1,61}(R_Ground_contact_Acc_index(:,1))]; 
export_data_points_legend_L={'Time of contact Left(s)',channelNames{1,2},... 
    channelNames{1,4},channelNames{1,6},channelNames{1,8}, channelNames{1,16},... 
    channelNames{1,17},channelNames{1,18},channelNames{1,51},channelNames{1,53},... 
    channelNames{1,55},channelNames{1,57},channelNames{1,59},channelNames{1,60},channelNames{1,61}}; 
export_data_points_legend_R={'Time of contact Right(s)',channelNames{1,3},... 
    channelNames{1,5},channelNames{1,7},channelNames{1,9}, channelNames{1,16},... 
    channelNames{1,17},channelNames{1,18},channelNames{1,52},channelNames{1,54},... 
    channelNames{1,56},channelNames{1,58},channelNames{1,59},channelNames{1,60},channelNames{1,61}}; 
 
 
 
%% saving data 
cd(PathName_Noraxon) 
figure(1) 
hgsave ([FileName_Noraxon(1:length(FileName_Noraxon)-4) '_output']) 
figure(2) 
hgsave ([FileName_Noraxon(1:length(FileName_Noraxon)-4) '_normalised_output']) 
save ([FileName_Noraxon(1:length(FileName_Noraxon)-4) '_output']) 
%%  
filename_xls=[FileName_Noraxon(1:length(FileName_Noraxon)-4) '_output.xlsx']; 
 
xlswrite(filename_xls,export_data_legend, 'Data', 'A1'); 
xlswrite(filename_xls,export_data, 'Data', 'A2'); 
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xlswrite(filename_xls,export_data_points_legend_L, 'Data points', 'A1'); 
xlswrite(filename_xls,export_data_points_L, 'Data points', 'A2'); 
xlswrite(filename_xls,export_data_points_legend_R, 'Data points', 'Q1'); 
xlswrite(filename_xls,export_data_points_R, 'Data points', 'Q2'); 
 
t_norm=0:100; 
cycles{1,1}='Normalised time (% Cycle)'; 
for j=1:size(norm_data,3) 
    cycles{1,j+1}=['Cycle ' num2str(j)]; 
end 
%% 
for i =[2:9,45:50,51:58,62:67] 
    xlswrite(filename_xls,cycles, channelNames{1,i}(1:find(channelNames{1,i}(:)==',')-1), 'A1'); 
    xlswrite(filename_xls,[t_norm',squeeze(norm_data(:,i,:))], channelNames{1,i}(1:find(channelNames{1,i}(:)==',')-1),'A2'); 
end 
%   
clc 
 
clear 
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Appendix 3: Sport Health Feature Article 

A3.1 Outline 
Below is a feature article I was asked to write for Sport Health (Sport Medicine Australia’s quarterly 
magazine). It details general considerations for running analysis and retraining, drawing on my 
knowledge of the evidence as well as my expertise as a physiotherapist and athlete: 

Wolski, L. Running drills: As part of hamstring injury management. The nuts and bolts. Journal 
Article. Sport Health. 2020;38(1):26-29. doi: 10.3316/informit.237341120323269 

© Victoria University of Wellington



as part of hamstring 
injury management. 
The nuts and bolts…

Hamstring strain injury (HSI) 
poses a significant problem 
for sports involving high 
speed running. We know 

the cause of HSI is multifactorial 
and even with a goal-orientated, 
evidence-based rehab program, 
there’s still a reasonable chance HSI 
may become a recurrent issue. 

You have addressed muscle strength 
and graduated speed exposure (in 
the rehab program). You have also 
likely considered fitness, power, motor 
control, stability, mobility, sleep habits, 
and fear avoidance. What else is there?

Preliminary research suggests a 
potential link between running 
biomechanics and subsequent 
technique variations and HSI. Trunk 
kinematics appear to play an important 
role, with lateral trunk sway being a 
recurrent finding across prospective 
studies. There is also emerging 
evidence indicating that athletes who 
sustain HSI generate less horizontal 
propulsive force. More research 
is needed to determine if these 
preliminary findings are either caused 
by or a consequence of HSI. Either 
way, the way an athlete runs could be 
a factor influencing HSI recurrence.

So how do we address running 
technique in our HSI rehab programs? 

Running drills

A Skip

It’s hard to break old habits. You 
essentially need to make new 
habits that override them. Technical 
changes are difficult to focus on at 
high speeds. Running drills are a 
valuable gait retraining technique that 
allow a runner to create new habits 
through neuromuscular retraining.  

Lauren Shelley and I presented 
the workshop ‘Learn to Drill like 
Bolt! Running Drills for Hamstring 
Injury Management’ at the 2019 
ASICS SMA National Conference. 

The findings we presented were 
informed by a recent systematic 
review undertaken, combined with 
extensive clinical experience working 
with high performance athletes. 
The following is a synopsis of what 
was covered in the workshop.

Two types of HSI have been identified 
based on mechanism of injury; the 
stretch type and the high-speed 
running type. Stretching type HSIs 
occur when the hamstrings elongate, 
occurring during slow or fast end-range 
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movements. High-speed running 
type is typically more common and 
sustained during non-contact sprinting. 
This information will mostly pertain to 
HSI of the highspeed running type.

Understanding the hamstring activity 
throughout the gait cycle is essential 
in order to appreciate the concept 
of what you aim to achieve when 
prescribing drills. The biceps femoris is 
the muscle most commonly affected 
by high-speed running HSIs. It endures 
an eccentric contraction double peak, 

first during late stance, and secondly 
during late swing. The biceps femoris 
reaches maximal length during the 
second half of the swing phase whilst 
working eccentrically to decelerate 
hip flexion and knee extension in 
preparation for initial contact. Muscle 
actuated forward dynamic simulation 
and analysis of real-time HSI reveal the 
hamstring to be most susceptible to 
injury during terminal swing. Based on 
this, the tendency could be to focus 
on correcting ‘front side mechanics’; 
however, there are many other factors 

to consider throughout the gait cycle 
that may be contributing to cumulative 
hamstring fatigue and ultimate strain.

Once the athlete has progressed to the 
stage in their rehab where they can run, 
the first step is to conduct a baseline 
assessment of their biomechanics. 
Sports clubs don’t always have the 
money, resources, or time to employ 
research-grade methods of analysis 
(3D motion analysis, high sampling 
rate inertial measure units, etc.) so 
we must resort to more practical 

Running drills Amateurs practice 
till they get it right. 

Professionals 
practice till they 

can’t get it wrong.
Anonymous
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methods, like video analysis or the 
trained naked eye. Your approach 
should aim to objectively assess 
sagittal (side on) and frontal (front on) 
planes of view, focusing particular 
attention on the following areas:

 ٚ Trunk. At top speed, are there 
any signs of excessive lateral 
deviation or trunk flexion?

 ٚ Pelvis. Most fast runners 
will normally have a certain 
degree of anterior tilt, but does 
it increase with fatigue?

 ٚ Front side mechanics. Is the athlete 
over-striding and landing too far 
in-front of their centre of mass at 
initial contact? In upright running, 
the lower limb should be close to 
vertical at initial contact to ensure 
maximum friction, minimising 
braking forces allowing for peak 
horizontal force propulsion.

 ٚ Back side mechanics. Inefficient 
swing mechanics can result 
in suboptimal late swing limb 
placement in preparation for 
contact. The phase of sprint is 
important here. During acceleration 
leg clearance should be low. In 
upright running there should be 
simultaneous hip and knee flexion.

 ٚ Foot placement at initial 
contact. Which part of the foot 
hits the ground first? The athlete 
should be on their mid-forefoot 
if running fast. Heel striking 

when sprinting is commonly 
associated with over-stride.

 ٚ Arms. A reflex linkage exists between 
the arms and legs. A common fault 
acknowledged by sprint coaches 
is poor control of elbow extension, 
which will affect turnover efficiency 
at top speed. After the initial drive 
phase, shoulder extension should 
be achieved by driving the elbow 
back (not forearm). Also, encourage 
closure of the forearm at the front.

 ٚ Ankle stiffness. To optimise the 
‘stretch-shortening cycle’, the ankle 
needs to maintain dorsiflexion from 
mid-swing to initial contact. Landing 
on an excessively plantarflexed or 
‘compliant’ ankle will increase braking 
forces, increasing hamstring load.

This list is not exhaustive but provides 
a start to biomechanical analysis. Your 
findings in these areas will direct the 
focus of your running drills. But first, 
reflect on the relevance of findings in a 
multifactorial context. Some technical 
variations may be protective, others 
maladaptive and mediating potential 

ongoing symptoms. Some may have 
no relevance at all to your athlete’s HSI! 
Prioritise findings via careful critical 
reasoning on a case-by-case basis 
(preferably with a multidisciplinary 
performance team) before you 
consider changing anything.

If you determine that running 
technique may be a risk factor 
to address in your athlete, what 
drills do you prescribe to fix it?
The best drills to consider are those 
that the athlete is already familiar 
with and undertakes as part of their 
regular training. Your aim is to simply 
change the emphasis of the drill with 
a complementary objective in mind. 
Ask the athlete to show you their 
‘regular’ drills, then refine as you see 
appropriate. For instance, if you note 
excessive trunk sway, you may ask the 
athlete to concentrate on having a 
stable core. If the athlete is overstriding, 
you could ask them to focus their 
attention on push (not reach) or 
landing under their hips. You may 
consider prescribing additional drills 
with a specific objective in mind. For 
example, the ‘A Run’ drill can be great 
for correcting ‘back-side mechanics’.

Photos – common/
handy running drills.
After each drill, ask your athlete to 
do a ‘conversion’ run through over a 
distance that is reflective of their sport, 
focusing on the feedback received. 
The type of start (standing, crouch, 
rolling, etc.) should also be sport 
specific. If you have knowledge of the 

A RUN

‘Toe up, heel up,  
knee up’

Emil Rizk 
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mechanism of injury and the phase 
of sprint in which the injury occurred 
(acceleration, top speed, deceleration), 
place particular focus on that area. 

As per the standard stages of skill 
acquisition, the goal would be that 
the ‘habit’ developed from conscious 
repetition would eventually evolve 
into unconscious mastery during 
running. The old saying that practice 
makes perfect is incorrect; only 
perfect practice makes perfect. 
Quality repetition is key to success 
with these programs. If one verbal cue 
isn’t working, try another. If it can’t be 
corrected with a cue, step back into the 
clinic and consider addressing potential 
movement restrictions or weaknesses. 
The following are other factors that 
should be considered:

 ٚ Feedback types. If the athlete isn’t 
responding to verbal feedback, 
try another form such as practical 
demonstration (just make sure you 
are competent!) or video review.

 ٚ Velocity. Initially, the drill may be 
conducted at low intensities in 
a tempo or ‘rhythmical’ style (or 
even start with a walkthrough), 
before progressing to faster 
speeds. Force propulsion can 
be cued at higher intensities.

 ٚ Range of motion. As coordination 
and outer range strength improve, 
you may increase the range of 
motion of the drill. The ‘B’ skip and 
straight leg drills are great drills to 
work on outer range hamstring 

control but ensure the ‘claw’ or 
‘pull back’ before contact.

 ٚ Distance.  What distance does 
the athlete usually do drills 
over? What distance can they 
maintain form before fatigue?

 ٚ Surface. Are drills being completed 
on the same running surface 
as the competition goal?

 ٚ Shoes. What shoes would 
they normally wear for drills 
and competition?

 ٚ Equipment. What equipment 
does the athlete use in their 
sport? Progress drills by adding a 
distraction, such as holding a ball.

 ٚ Direction. Most athletes complete 
their drills in a linear fashion; however, 
you may choose to progress drills 
by adding a change of direction.

Finally, there are many modifiable and 
non-modifiable risk factors for HSI. 
Running biomechanics may be a five 
percenter; it may be zero percenter, or 
it may represent a significant risk factor 
for HSI recurrence. A comprehensive 
case-by-case assessment is required 
to determine whether a particular 
running technique is relevant to 
address. If so, then refinement of 
running drills may be useful tool to 
utilise for running gait retraining. Who 
knows, with some specific running 
coaching, they could even end up 
running faster than they did before…

B SKIP
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Appendix 4: Ethics Documentation 

A4.1 Outline 
Attached below are the ethics approval letters for the validation and observational studies (detailed 
in Chapter 4 and 5 respectively), as well as template copies of the relevant recruitment letter, 
participant information and consent forms used for the observational study. 



 

Research Integrity & Ethics Administration 
Level 2, Margaret Telfer Building (K07) 
The University of Sydney  
NSW 2006 Australia 

T +61 2 9036 9161 
E human.ethics@sydney.edu.au 
W sydney.edu.au/ethics 

ABN 15 211 513 464 
CRICOS 00026A 

 

 
Research Integrity & Ethics Administration 
Human Research Ethics Committee 
 
 
Wednesday, 18 April 2018 
 
 
Dr Alycia Fong Yan 
Exercise Health and Performance; Faculty of Health Sciences 
Email: alycia.fongyan@sydney.edu.au 
 
 
Dear Alycia 
 
The University of Sydney Human Research Ethics Committee (HREC) has considered your 
application. 
 
After consideration of your response to the comments raised your project has been approved. 
 
Approval is granted for a period of four years from 17/04/2018 to 17/04/2022 
 
Project title:  Validation and Reliability study of the Noraxon sensor during  
   Running at Different Speeds 
 
Project no.:  2018/133 
 
First Annual Report due: 17/04/2019 
 
Authorised Personnel: Fong Yan Alycia; Wolski Lisa; Pappas Evangelos; Hiller Claire; 
   Halaki Mark; 
 
Documents Approved:  
 
Date Uploaded Version number Document Name 
09/02/2018 Version 1 Participation Consent Form - Reliability Study 

09/02/2018 Version 1 Recruitment Poster - Reliability Study 

12/04/2018 Version 2 Validation Recruitment Poster Clean 

12/04/2018 Version 2 PIS Validation Clean 

12/04/2018 Version 2 Participant Consent Form Validation Clean 

12/04/2018 Version 2 PIS Reliability Clean 

 
Condition/s of Approval 
 

x Research must be conducted according to the approved proposal. 
 

x An annual progress report must be submitted to the Ethics Office on or before the 
anniversary of approval and on completion of the project.  
 

x You must report as soon as practicable anything that might warrant review of ethical 
approval of the project including: 
¾ Serious or unexpected adverse events (which should be reported within 72 hours). 
¾ Unforeseen events that might affect continued ethical acceptability of the project. 

 
x Any changes to the proposal must be approved prior to their implementation (except 

where an amendment is undertaken to eliminate immediate risk to participants). 
 

mailto:alycia.fongyan@sydney.edu.au
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x Personnel working on this project must be sufficiently qualified by education, training 
and experience for their role, or adequately supervised. Changes to personnel must be 
reported and approved.  
 

x Personnel must disclose any actual or potential conflicts of interest, including any 
financial or other interest or affiliation, as relevant to this project. 
 

x Data and primary materials must be retained and stored in accordance with the 
relevant legislation and University guidelines. 
 

x Ethics approval is dependent upon ongoing compliance of the research with the National 
Statement on Ethical Conduct in Human Research, the Australian Code for the Responsible 
Conduct of Research, applicable legal requirements, and with University policies, procedures 
and governance requirements. 
 

x The Ethics Office may conduct audits on approved projects. 
 

x The Chief Investigator has ultimate responsibility for the conduct of the research and is 
responsible for ensuring all others involved will conduct the research in accordance 
with the above.  

 
 
This letter constitutes ethical approval only.  
 
Please contact the Ethics Office should you require further information or clarification. 
 
Sincerely 

 
Associate Professor Rita Shackel 
Chair 
Human Research Ethics Committee (HREC 3) 

 

The University of Sydney HRECs are constituted and operate in accordance with the National 
Health and Medical Research Council’s (NHMRC) National Statement on Ethical Conduct in 
Human Research (2007) and the NHMRC’s Australian Code for the Responsible Conduct of 

Research (2007). 

 



Research Integrity & Ethics Administration 
HUMAN RESEARCH ETHICS COMMITTEE 

 
Friday, 18 January 2019 

 

Research Integrity & Ethics Administration 
Research Portfolio 
Level 3, F23 Administration Building 
The University of Sydney  
NSW 2006 Australia 

T +61 2 9036 9161 
E human.ethics@sydney.edu.au 
W sydney.edu.au/ethics 

ABN 15 211 513 464 
CRICOS 00026A 

 

Dr Alycia Fong Yan 
Exercise Health and Performance; Faculty of Health Sciences  
Email: alycia.fongyan@sydney.edu.au 
 
 
Dear Alycia, 

Your request to modify this project, which was submitted on 23/12/2018, has been considered.  

This project has been approved to proceed with the proposed amendments.  

Protocol Number: 2018/133 

Protocol Title: Validation and Reliability study of the Noraxon sensor during Running 
at Different Speeds 

Annual Report Due: 17/04/2019 
 
Documents Approved: 

Date Uploaded Version Number Document Name 
23/12/2018  Version 003 PIS Clean  

 

Please contact the ethics office should you require further information. 
 
 
Sincerely, 
 
 
 
 
 
 
 
 
 
Assoc Prof Mark Arnold 
Chair, Modification Review Committee (MRC 2) 
 

The University of Sydney of Sydney HRECs are constituted and operate in accordance with 
the National Health and Medical Research Council’s (NHMRC) National Statement on Ethical 
Conduct in Human Research (2007) and the NHMRC’s Australian Code for the Responsible 
Conduct of Research (2007) 

 
 

https://www.nhmrc.gov.au/guidelines-publications/e72
https://www.nhmrc.gov.au/guidelines-publications/e72
https://www.nhmrc.gov.au/guidelines-publications/r39
https://www.nhmrc.gov.au/guidelines-publications/r39
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Discipline of Exercise & Sports 

Science 
Faculty of Health Sciences 

   ABN 15 211 513 464  
  DR ALYCIA FONG YAN, PhD 

 Lecturer, Exercise and Sports Science  
Room 110A 

Building H 
The University of Sydney  

NSW 2006 AUSTRALIA 
Telephone:   +61 2 90367404 
Facsimile:  +61 2 93519204 

Email: 
alycia.fongyan@sydney.edu.au 

Web: http://www.sydney.edu.au/ 
 

 
 Attn:  
 
 
 

To Whom It May Concern, 
 
 
RE: ‘Prospective Cohort Study Investigating Aberrant Running Biomechanics as a Risk Factor for Hamstring 
Strain Injury’ 
 
 
We would like to invite your sporting club/squad to participate in a research study investigating the way 
athletes run as a risk factor for Hamstring Strain Injury (HSI). As you are likely already aware, HSI poses a 
significant problem for amateur and professional athletes, particularly due to its high recurrence rate. 
 
 
There is emerging evidence that the way athletes run may be a contributing risk factor for HSI. A large 
cohort prospective study utilising Force-Velocity Profiling and the Noraxon Myomotion inertial 
measurement units (IMUs) System is planned to determine whether a relationship exists between HSI and 
aberrant running biomechanics. Five IMUs will be used to capture players’ running biomechanics. This will 
be completed at the club’s local ground and will take approximately 5 minutes per player (excluding warm 
up). The research team is available to complete this testing over a number of sessions (to minimise 
disruption to regular training). Once the testing of each player is complete, the athletes will be required to 
report any future hamstring injuries via an SMS injury surveillance system. If required, a physiotherapist 
will be available to assess and provide diagnoses at a time/day/location convenient for the athlete. The 
athletes will be monitored via this SMS system for one year after initial testing. If no hamstring strain 
injury occurs, no follow up is necessary. 
 
The results of this study may consequently inform future injury prevention programs. Your club/squad will 
have the option of receiving overall results via telephone call or written confirmation. A copy of the final 
publication (in which all club and participant data will be de-identified) will also be provided. 
 
 
Participation in this study would be profoundly appreciated. Should you be interested please contact our 
PhD student researcher, Lisa Wolski:  
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lwol3022@sydney.edu.au  
You will find a copy of the Participant Information Statement and Consent Form attached. Please pass this 
onto any interested players. 
 

 
Kind Regards, 

 
 
 

 
  

Dr Alycia FONG YAN| Lecturer 
The University of Sydney 
Faculty of Health Sciences, Discipline of Exercise and Sport Science 

H110A| The University of Sydney | NSW | 2006 
+61 2 9036 7404  | +61 2 9351 9204 (fax) | +61 412 112 178   
alycia.fongyan@sydney.edu.au  | sydney.edu.au  
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 ‘Prospective Cohort Study Investigating Aberrant Running Biomechanics as a Risk 
Factor for Hamstring Strain Injury’ 

 
PARTICIPANT INFORMATION STATEMENT – TRACK AND FIELD ATHLETES 

 
(1) What is this study about? 

 
You are invited to take part in a research study investigating the relationship between running 
biomechanics and hamstring strain injury. This will involve once off testing of your running biomechanics. 
One year later, a comparison of running biomechanics baseline results will be conducted between those 
that got injured and those that did not. These results will consequently inform future injury prevention 
programs. 

 
You have been invited to participate in this study because you are a potential volunteer. This Participant 
Information Statement tells you about the research study. Knowing what is involved will help you decide 
if you want to take part in the research. Please read this sheet carefully and ask questions about anything 
that you don’t understand or want to know more about.  
 
Participation in this research study is voluntary. By giving your consent to take part in this study you are 
telling us that you: 
ü Understand what you have read. 
ü Agree to take part in the research study as outlined below. 
ü Agree to the use of your personal information as described. 

You will be given a copy of this Participant Information Statement to keep. 
 
(2) Who is running the study? 

 
Lisa Wolski is conducting this study as the basis for the degree of PhD in Health Sciences at The University 
of Sydney. This will take place under the supervision of Dr Alycia Fong Yan, Dr Mark Halaki, Dr Evangelos 
Pappas and Dr Claire Hiller from the University of Sydney. 

 
(3) What will the study involve for me? 

 



 
‘Prospective Cohort Study Investigating Aberrant Running Biomechanics as a Risk Factor for Hamstring Strain Injury’ 

Version 001 – 23/11/19 Page 2 of 4 

At the commencement of the study, you will be asked questions about your injury history, age, height, 
weight, playing position and dominant leg. After that, five portable sensors will be attached to your body 
via straps and tape. The sensors will then need to be calibrated with the computer system. This will 
require a short period of holding still in certain positions. Following this, you will be asked to conduct 
your usual training warm up. Guidance will be provided with the warm up if need be. 
 
Once you are warm, you will be familiarised with the testing procedure, which is one standing start, 
maximum effort 60m sprint. You will be given the opportunity to conduct some practice sprints. Once 
you are confident you are ready, testing will begin. During the test, the portable sensors will be detecting 
and recording your movement. There will be 6 agility poles you will run past in the first 30m, which will 
be profiling your acceleration phase. Once you have completed the sprint, the sensors will be removed 
and you may cool down, or return to your usual training session.  
 
Before testing, you will review and complete a consent form. In order to participate in the study you 
must consent to release any potential hamstring injury data. Following the running assessment, you will 
receive a weekly text (for one year’s duration) asking whether or not you have sustained a hamstring 
injury that has affected your ability to train or compete. This text requires a ‘yes’ OR ‘no’ response. If you 
answer yes, a physiotherapist will contact you to arrange an appropriate time/day/location to assess you 
free of charge. This physiotherapist is for initial assessment only and will not provide on-going treatment. 
It is your decision whether you source further physiotherapy as needed. If you sustain a hamstring injury 
and want to report it sooner than when the weekly text is due, please contact Lisa Wolski on 0411585689 
or lwol3022@uni.sydney.edu.au 
 
If you do not respond ‘yes’ or ‘no’ to the weekly text, you will be sent a reminder text. If after two 
reminder texts, you still do not respond, you will be contacted by one of the study investigators to check 
study participation. 

 
(4) How much of my time will the study take? 

 
ASSESSMENT: The total time you will be required is dependant on the time you require for warm up: 

• 5minutes for pre-test interview and application of sensors 
• Warm up 
• 2minutes for test and removal of sensors 

WEEKLY TEXT: As per question (3) above, you will be required to respond ‘yes’ or ‘no’ to a weekly text. 
FOLLOW UP: The total time you will be required is dependant on whether or not you sustain a hamstring 
injury in the upcoming year 

• If you report a hamstring injury, you will need to be available for a ‘free of charge’ assessment 
by a physiotherapist 

• If not do not report a hamstring injury no further assessment will be required 
 

(5) Who can take part in the study? 
 

Participants must be male or female athletes/players participate in a sport that involves sprinting. 
Included athletes must not have a current medical condition or injury that affects their ability to sprint 
pain free.  
 

(6) Do I have to be in the study? Can I withdraw from the study once I've started? 
 

Being in this study is completely voluntary and you do not have to take part. Your decision whether to 
participate will not affect your current or future relationship with the researchers or anyone else at the 
University of Sydney.  

 
If you decide to take part in the study and then change your mind later, you are free to withdraw at 
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any time. You can do this by contacting Lisa Wolski and advising her of your decision in person or by 
phone 0411585689. There are no consequences for withdrawing from the study. 
 
If you decide to withdraw from the study, we will not collect any more information from you. Please 
let us know at the time when you withdraw what you would like us to do with the information we 
have collected about you up to that point. If you wish your information will be removed from our 
study records and will not be included in the study results, up to the point that we have analysed and 
published the results. 
 

(7) Are there any risks or costs associated with being in the study? 
 

The assessment involves physical activities. There is a small risk of experiencing fatigue while doing 
physical activities. During the sprint, there is a risk of injury (such as muscle strain) but this risk is low, 
especially because you will be in a controlled environment and have completed a comprehensive warm 
up. Furthermore, being a professional or development squad athlete, your body will be habituated to 
high loads, thus one 60m sprint should not be too demanding. If you get injured, the research team will 
give you first aid and seek further medical attention as needed. 

 
Participating in physical activities also has a small risk of experiencing post-exercise muscle soreness. 
You will complete an adequate cool down to minimise the risk of post-exercise muscle soreness. 

 
The analysis of movement requires adhesive materials to be placed on your skin. There is a small risk of 
skin reaction to adhesive materials.  You will be asked if you are allergic to adhesive material.  If you are 
not sure, a skin test will be completed. If needed, a variety of hypoallergenic tape options are available. 
If a suitable option is not available, you will be excluded from the study. 

 
(8) Are there any benefits associated with being in the study? 

 
Our research aims to increase understanding of risk factors for hamstring strain injury. So, volunteering 
your time may help prevent this disabling injury in the future. 

 
(9) What will happen to information about me that is collected during the study? 

 
By providing your consent, you are agreeing to us collecting personal information about you for the 
purposes of this research study. Your information will only be used for the purposes outlined in this 
Participant Information Statement, unless you consent otherwise. 
 
Your information will be stored securely and your identity/information will be kept strictly confidential, 
except as required by law. Study findings may be published, but you will not be individually identifiable 
in these publications. 
 
We will keep the information we collect in this study in perpetuity and we may use it in future projects. 
By providing your consent you are allowing us to use your information in future projects. Please note 
your data will be de-identified in perpetuity. We don’t know at this stage what these other projects will 
involve. We will seek ethical approval before using the information in these future projects.  
 

(10) Can I tell other people about the study? 
 

 Yes, you are welcome to tell other people about the study. 
 

(11) What if I would like further information about the study? 
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When you have read this information, Lisa Wolski will be available to discuss it with you further and 
answer any questions you may have. If you would like to know more at any stage during the study, 
please feel free to email lwol3022@uni.sydney.edu.au 
 

(12) Will I be told the results of the study? 
 
You have the right to receive feedback about the overall results of this study. You can tell us that you 
wish to receive feedback either by mail or email. This feedback will be in the form of a one page lay 
summary. You will receive this feedback after the study is finished. 
 

(13) What if I have a complaint or any concerns about the study? 
 
Research involving humans in Australia is reviewed by an independent group of people called a Human 
Research Ethics Committee (HREC). The ethical aspects of this study have been approved by the HREC 
of the University of Sydney (Project #2018/674). As part of this process, we have agreed to carry out 
the study according to the National Statement on Ethical Conduct in Human Research (2007). This 
statement has been developed to protect people who agree to take part in research studies. 
 
If you are concerned about the way this study is being conducted or you wish to make a complaint to 
someone independent from the study, please contact the university using the details outlined below. 
Please quote the study title and protocol number.  
 
The Manager, Ethics Administration, University of Sydney: 

• Telephone: +61 2 8627 8176 
• Email: ro.humanethics@sydney.edu.au 
• Fax: +61 2 8627 8177 (Facsimile) 

 
 
 
 

This information sheet is for you to keep 
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PARTICIPANT CONSENT FORM – TRACK AND FIELD ATHLETES 
 

 
I, ................................................................................... [PRINT NAME], agree to take part in this research study. 
 
In giving my consent I state that: 
 

• I understand the purpose of the study, what I will be asked to do, and any risks/benefits involved.  
 

• I have read the Participant Information Statement and have been able to discuss my involvement in 
the study with the researchers if I wished to do so.  

 
• The researchers have answered any questions that I had about the study and I am happy with the 

answers. 
 

• I understand that being in this study is completely voluntary and I do not have to take part. My 
decision whether to be in the study will not affect my relationship with the researchers or anyone else 
at the University of Sydney now or in the future. 

 
• I understand that I can withdraw from the study at any time. 

 
• I understand that personal information about me that is collected over the course of this project will 

be stored securely and will only be used for purposes that I have agreed to. I understand that 
information about me will only be shared with others with my permission, except as required by law. 
 

• I understand that the results of this study may be published, and that publications will not contain my 
name or any identifiable information about me. 
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I consent to:  

• Video-recording     YES  NO  
 
• Release of previous hamstring injury data  YES  NO  
 
• Release of hamstring injury data in upcoming year   YES  NO  
   
• Data kept in perpetuity    YES  NO  

 
• Being contacted about further studies  YES  NO  

 
 
I would like to receive feedback about the overall results of this study  YES  NO  

  
If you answered YES, please indicate your preferred form of feedback/contact and address: 
 
        Postal:  _______________________________________________________ 
 

___________________________________________________ 
 

        Email: ___________________________________________________ 
 
 
 
 
 
 
................................................................... 
Signature 

 
 
 
 .............. .................................................... 
PRINT name 

 
 
.................................................................................. 
Date 

 
 
 

  

 
 


