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ABSTRACT 

Sidestepping (SS) is a visual-perceptual-motor (VPM) skill performed by team-sport 

athletes to evade opponent(s). Successful SS depends on a combination of abilities, i.e. 

to visually perceive the opponent(s), assess the available options to avoid the 

opponent(s), and then perform the manoeuvre while controlling its considerable 

dynamics, hopefully without sustaining an injury. Sidestepping is the most common 

cause of non-contact anterior cruciate ligament (ACL) injury. To date, the majority of 

research has focused predominantly on the motor component of SS, while the visual-

perceptual contribution has often been overlooked. Contemporary research stresses the 

importance of addressing the visual-perceptual component of SS by investigating the 

manoeuvre in conditions that mimic the game environment. Adopting this focus, the 

aims of this thesis were to: 1) develop a novel three-dimensional (3D) quasi game-

realistic stereoscopic stimuli for use in laboratory settings; 2) from an ACL injury risk 

perspective, investigate the biomechanics of evasive SS performed in response to the 

3D stimuli and; 3) examine if the 3D stimuli had different effects on the SS 

biomechanics of soccer players with different levels of expertise. 

 

The first results Chapter in the thesis (3A) documents the development of the 

stereoscopic 3D system. This system projects 3D sport-specific defender situations; 

one-defender (1DS) and two-defender scenarios (2DS); with realistic scale and depth in 

a laboratory environment. The additional visual-perceptual information associated with 

these projections was assumed to better represent a realistic game environment for 

investigating SS skill, when compared with traditional two-dimensional (2D) video 

stimuli.  

 

In addition to improving stimuli realism, in-depth investigations of skilled action also 

require synchronous examination of the visual-perceptual and motor components related 

to the sporting task. Chapter 3B describes the integration of the stereoscopic system 

with a 3D opto-reflective motion analysis system and a gaze tracker, allowing for the 

synchronous investigation of coupled VPM skill. Employing the integrated stereoscopic 

system (ISS) in an initial study, participant 3D kinematics and gaze behaviour were 

recorded during their response from a standing position, which was directed toward 

intercepting projected 2D and 3D oncoming opponents who changed directions. 
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Although less time was spent fixating on the 3D opponent‟s body, depth cues in the 3D 

condition enabled participants to perform the interception task within the same 

timeframe for both the 3D and 2D conditions. These findings confirmed that quasi 

game-realistic 3D stimuli yielded different VPM responses when compared with 

traditional 2D stimuli and provided evidence for the utility of the ISS to investigate the 

VPM skill of evasive SS.   

 

The remaining three Chapters (4, 5 and 6) report on the use of the ISS to examine the 

biomechanics of running SS performed by high-level and low-level soccer players, in 

response to the 1DS and 2DS projected stimuli. We also examined the players‟ 

responses to the 3D ISS projected opponent scenarios (1DS, 2DS) with those elicited 

using traditionally used 2D directional arrows in planned (AP) and unplanned (AUNP) 

conditions. The temporal constraints imposed by the various stimuli conditions for 

completing the sidesteps increased in difficulty in the following order: AP, 1DS, 2DS 

and AUNP. The impact of the constraints imposed by the varying stimuli on SS 

biomechanics is presented in the following chapters.  

 

Chapter 4 presents the investigation of foot placement and trunk movement strategies 

used to change direction during the SS manoeuvre in the different stimuli conditions. 

Increased trunk lateral flexion was observed during SS performed in the temporally 

constrained 2DS and AUNP conditions, which has been previously associated with high 

ACL injury risk. High-level players were more proficient in interpreting the 2DS and 

made fewer unsuccessful side-steps compared with the low-level players. At initial foot 

contact in the 2DS condition, high-level players employed a safer SS technique by 

placing their push-off foot closer to the pelvic midline (body centre of mass). The 

increased complexity of the 2DS projected stimuli enabled “expert advantage” to be 

identified, where it afforded the high-level players greater planning time to adopt safer 

postures in the SS manoeuvre. 

 

Selected trunk, hip, and knee biomechanics, resulting from sidesteps performed in the 

different stimuli conditions and which have been associated with increased ACL injury 

risk, are reported in Chapter 5. Perceived spatial changes in the defender scenarios 

influenced the critical knee flexion posture, with most of the remaining variables also 

affected by the temporal constraints imposed by the varying stimuli. High peak knee 

valgus moments were observed in the AUNP, 1DS and 2DS conditions, which may 
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reflect increased ACL injury risk. Differences between the high-level and low-level 

players were also observed in the 2DS condition, where the high-level players 

sidestepped with decreased peak hip abduction and knee valgus moments, which may 

reflect a lower ACL injury risk. These findings suggest that 1) SS under time constraints 

may increase ACL injury risk; 2) the 2DS allowed the high-level players to utilise a 

safer SS strategy compared with the low-level players.  

 

Chapter 6 presents the effect of stimuli on the activation of knee muscles involved in 

supporting knee valgus joint moments during the pre-contact and weight-acceptance 

phases of SS. General muscle activation levels were consistent across all stimulus 

conditions.  However, the shift from a flexor dominant co-contraction strategy in the 

pre-contact phase to an extensor dominant strategy during weight-acceptance, 

commenced earlier for the high-level players in the 2DS condition. These findings 

provide some evidence for the hypothesis that high-level players possess a VPM 

strategy which enables them to adopt safer SS strategies in more complex (2DS) game 

situations, when compared with lesser skilled players.   

 

In summary, this series of studies outlines the development of a system capable of 

presenting quasi game-realistic 3D stimuli in laboratory settings and which also allows 

for the measurement of coupled VPM skill. Such an advance allows for open skills, 

such as evasive SS, to be investigated in controlled settings, while maintaining a higher 

level of ecological validity than currently reported in the literature. This research found 

that SS performed in response to varying levels of unplanned reactive stimuli (1DS, 

2DS, and AUNP) resulted in higher knee valgus moments compared with the planned 

conditions, and that these increased frontal plane loading patterns were not supported by 

increased muscle co-contraction at the knee joint. Within the reactive stimuli conditions, 

the varying SS mechanics observed when comparing the defender and AUNP scenarios 

suggest that the inclusion of quasi game-realistic stimuli yield differing VPM responses. 

Taking into consideration that athletes react to opponents in game situations, the SS 

postures and knee loading patterns observed in the ISS projected defender scenarios 

during this research, may better reflect biomechanical factors in situations that may 

cause ACL injury. Furthermore, the results from this research showed that only the 2DS 

visual-perceptual condition was able to differentiate the SS biomechanics of the high-

level and low-level players. 
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Future work should endeavour to gain a greater understanding of the VPM strategy 

employed by high-level players, who adopt safer evasive SS mechanics. Such 

knowledge will provide sport scientists, coaches and trainers, with foundational 

information for training programmes that may serve to reduce the rate of ACL injuries 

in sport. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

TABLE OF CONTENTS  

Title page………………………………………………………………………. 1 

Abstract ………………………………………………………………………. 2 

Table of contents …………………………………………………………….. 6 

List of figures ………………………………………………………………… 11 

List of tables ………………………………………………………………….. 14 

Appendices …………………………………………………………………… 15 

Acknowledgements ………………………………………............................... 16 

  

Chapter 1: General Introduction   

1.1 Introduction ……………………………………………………………. 21 

1.2 Statement of the problem ……………………………………………… 25 

1.3 Aims …………………………………………………………………… 26 

1.4 Structure of the thesis ………………………………………………...... 27 

 1.4.1 Chapter 3: 

    Development of the 3D stereoscopic projection system with 

  integrated motion analysis and eye tracking systems  

   A) (Paper 1):  Stereoscopic filming and projection of defender 

    scenarios with accurate sense of scale and depth 

    for future investigations of evasive sidestepping. 

 

 

 

 

    

28 

   B) (Paper 2):   The effect of 2D versus 3D projected stimuli on                                        

    visual-perceptual-motor skill.………………...... 

                                                                                 

 

28 

 1.4.2 Chapter 4 (Paper 3): 

  Different visual stimuli affect body reorientation strategies  

 during sidestepping ……………………………………………. 

 

 

 

29 

 1.4.3 Chapter 5 (Paper 4): 

  Effects of different visual stimuli on postures and knee loading 

 during sidestepping ……………………………………………. 

 

 

30 



7 

 

1.4.4 Chapter 6 (Paper 5):  

  Effects of different visual stimuli on muscle activation at the 

  knee during sidestepping ………………………………………. 

  

31 

1.5 Significance of the thesis ……………………………………………… 32 

1.6 References …………………………………………………………….. 

 

34 

 

Chapter 2: Literature Review   

2.1 Introduction ……………………………………………………………. 39 

2.2 Prevalence and negative impact of ACL injuries ……………………... 40 

2.3 Anatomical and functional consideration of the ACL ………………… 41 

2.4 Relationship between evasive sidestepping and non-contact ACL 

injuries 

 

43 

2.5 Effects of temporally and spatially constraining the performance of 

 sidestepping using visual stimuli ……………………………………... 

 

44 

 

2.6 Role of vision in evasive locomotion, sidestepping and injury …….... 47 

 

2.7 The human visual system: Functional anatomy of the eye ……………. 48 

2.8 Gaze control strategies ………………………………………………… 50 

2.9 Ventral and dorsal processing of visual information …………………. 51 

2.10 Processing of visual information resulting in goal-directed movements  53 

2.10.1 Cognitive psychology and visual-perceptual-motor couplings ……….. 53 

2.10.2 Ecological psychology and visual-perceptual-motor couplings ……..... 55 

2.10.3 Dynamic systems theory and visual-perceptual-motor couplings …….. 58 

2.10.4 Constraints-led perspective and visual-perceptual-motor couplings ….. 60 

2.11 Visual search and vision-in-action-paradigms ………………………… 62 

2.12 Limitations of the vision-in-action paradigm for the study of evasive 

sidestepping.............................................................................................. 64 

2.13 Developing an “Integrated Stereoscopic System” to investigate evasive 

 sidestepping.......………………………………………………………... 65 

2.14 Conclusions ……………………………………………………………. 66 



8 

 

2.15 References …………………………………………………………….. 68 

 

Chapter 3:  

A) (Paper 1)                 

Stereoscopic filming and projection of defender scenarios with accurate 

sense of scale and depth for future investigations of evasive sidestepping 

 

 

 

 

Title page ……………………………………………………………………… 77 

Abstract ……………………………………………………………………….. 78 

3A.1 Introduction ……………………………………………………………. 79 

3A.2 Development ………………………………………………………….. 82 

 3A.2.1 Key geometric considerations …………………………………. 82 

 3A.2.2 Customised dual-mount rig ……………………………………. 84 

 3A.2.3 Camera pair selection and calibration prior to filming ………... 85 

 3A.2.4 Camera setup, scene calibration and filming procedures ……… 86 

 3A.2.5 Stereoscopic playback system …………………………………. 90 

3A.3 Conclusion and general discussion ……………………………………. 90 

3A.4 References …………………………………………………………….. 94 

  

B) (Paper 2)      

The effect of 2D versus 3D projected stimuli on visual-perceptual-motor 

skill 

 

 

Title page ……………………………………………………………………… 97 

Abstract ……………………………………………………………………….. 97 

3B.1 Introduction ……………………………………………………………. 99 

3B.2 Methods ……………………………………………………………….. 101 

 3B.2.1 Development of the ISS.......…………………………………… 101 

 3B.2.2 Participants....................................................... .……………. 105 

 3B.2.3 Experimental procedures........………………………………… 106 

 3B.2.4 Data collection and statistical analysis………………………… 107 



9 

 

3B.3 Results …………………………………………………………………. 109 

3B.4 Discussion …………………………………………………………….. 112 

3B.5 References ……………………………………………………………. 116 

  

Chapter 4 (Paper 3): 

Different visual stimuli affect body reorientation strategies during 

sidestepping  

 

Title page ……………………………………………………………………… 120 

Abstract ………………………………………………………………………. 121 

4.1 Introduction ……………………………………………………………. 123 

4.2 Methods ………………………………………………………………. 

 4.2.1 Participants...................................................................................... 

 4.2.2 Experimental procedures................................................................ 

 4.2.3 Data collection................................................................................ 

 4.2.4 Statistical analysis........................................................................... 

125 

125 

126 

130 

134 

4.3 Results …………………………………………………………………. 134 

4.4 Discussion …………………………………………………………….. 139 

4.5 References …………………………………………………………….. 145 

  

Chapter 5 (Paper 4): 

Effects of different visual stimuli on postures and knee loading during 

sidestepping  

 

Title page …………………………………………………………………...... 148 

Abstract ……………………………………………………………………… 149 

5.1 Introduction ………………………………………………………….. 151 

5.2 Methods ……………………………………………………………… 

 5.2.1 Participants..................................................................................... 

 5.2.2 Experimental procedures................................................................ 

154 

154 

154 



10 

 

 5.2.3 Data collection................................................................................ 

 5.2.4 Statistical analysis...........................................................................  

158 

160 

5.3 Results ………………………………………………………………... 161 

5.4 Discussion ……………………………………………………………. 165 

5.5 References ……………………………………………………………. 171 

  

Chapter 6 (Paper 5): 

Effects of different visual stimuli on muscle activation at the knee during 

sidestepping  

 

Title page ……………………….………..……………………......................... 176 

Abstract ….……………………………………………………......................... 177 

6.1 Introduction...…………………………………………………………. 179 

6.2 Methods ……………………………………………………………… 

 6.2.1 Participants..................................................................................... 

 6.2.2 Experimental procedures................................................................ 

 6.2.3 Data collection................................................................................ 

 6.2.4 Statistical analysis...........................................................................  

182 

182 

182 

186 

188 

6.3 Results ……………………………………………………………….. 188 

6.4 Discussion ………………………………….………………………… 192 

6.5 References ……………………………………………………………. 198 

  

Chapter 7: Summary and Conclusions  

Title page............................................................................................................. 

 

203 

7.1 Thesis aims ...…………………………………………………………... 204 

7.2 Chapter 3A (Paper 1):  

 Stereoscopic filming and projection of defender scenarios with 

 accurate sense of scale and depth for future investigations of evasive 

 sidestepping …………………………………………………………..... 

 

 

 

206 



11 

 

7.3 Chapter 3B (Paper 2):  

 The effect of 2D versus 3D projected stimuli on visual-perceptual-

motor skill.....…………………………………………........................... 

 

 

206 

7.4 Chapter 4 (Paper 3):   

 Different visual stimuli affect body reorientation strategies during 

 sidestepping ………………………………………………………….....  

 

 

208 

 

7.5 Chapter 5 (Paper 4):   

 Effects of different visual stimuli on postures and knee loading during 

 sidestepping …………………………………………………………..... 

 

 

210 

7.6 Chapter 6 (Paper 5):    

 Effects of different visual stimuli on muscle activation at the knee 

 during sidestepping …………………………………………………..... 

 

 

212 

7.7 Thesis conclusions and directions for future research ……………….... 214 

7.8 References ……………………………………………………………... 

 

221 

 

 

LIST OF FIGURES  

 

 

Figure 2.1 Frontal view of the right knee, supported by the ligaments and 

  meniscii, including the ACL ……………………………….… 

                     

42 

 

Figure 2.2 Light-based stimulus with LEDs mounted on a board …….…. 

 

45 

 

Figure 2.3 Cross section of the eye……………………………………….. 49 

 

Figure 2.4 The visual system with emphasis on the bilateral visual fields 

and lines of gaze …………………………………………..…... 

                  

50 

 

Figure 2.5 Three stage model of information processing………………... 55 

 

Figure 2.6 Optical flow from retinal motion perspective looking ahead..... 56 

 

Figure 2.7 Constraints-led perspective model ……………………………. 61 

 

Figure 2.8 Adapted constraints-led perspective model illustrating three 

  categories of gaze control (targeting, interceptive and tactical).. 

                

64 

 

Figure 3A.1 Selected frames of the video footage from one camera 

depicting the 1DS. Participants will be required to sidestep to 

the left toward the “space” …..……….………………………. 

 

 

80 

 

 

 



12 

 

Figure 3A.2 Selected frames of the video footage from one camera 

depicting the 2DS. Participants will be required to sidestep to 

the left toward the “space” ….……….….................................. 

 

 

81 

 

Figure 3A.3 Matching the observer‟s viewing geometry relative to the 

projection screen, with the recording geometry relative to the 

projection plane during filming. The vertically and horizontally 

asymmetric view frustums are shown on the left and right 

diagrams respectively…………………………………………. 

 

 

 

 

82 

 

Figure 3A.4 Schematic of experimental setup for sidestepping research....... 83 

 

Figure 3A.5 The final camera mount (foreground) with the left camera 

inverted to achieve a camera separation distance similar to the 

average human eye separation. The background shows the 

screen surface on which the stereoscopically filmed defender 

scenarios will be displayed.…..................................................... 

 

 

 

 

85 

 

Figure 3A.6 A rotated camera and symmetric frustum does not give the  

  same projected image as the correct asymmetric frustum  

  captured by cameras that are aligned in parallel and   

  perpendicular to the projection plane. While the rotated  

  camera arrangement may result in an improvement  in  

  pixel efficiency, it does not result in a correct stereo pair for 

  display on a vertical display screen............................................. 

 

 

                                                      

87 

Figure 3A.7 Example of the left and right captured images after post 

processing, which will be presented to the left and right eye of 

the observer/participant. The top image shows the two images 

overlaid illustrating perfect zero parallax at the depth of the 

calibration frame and positive parallax for more distant objects.  

 

 

89 

 

Figure 3B.1 Single frames of the stereoscopic video footage. Frames on the 

left (A) and right (B) correspond to what is viewed by the 

respective left and right eye of the participant. Frame 1 features 

the opponent approaching while frame 2 features the opponent 

sidestepping….……………………………………………....... 

 

 

         

103 

 

Figure 3B.2 The original and modified versions of the Mobile Eye  

 gaze tracker …………………………………………………. 

 

104 

 

Figure 3B.3 Time continuum illustrating periods of gaze behaviour and time 

to initiate interception (TTI) data collection, relative to the 

presentation of visual stimulus…................................................. 

 

                   

107 

 

Figure 3B.4 A stationary participant about to respond (intercept) to the  

  projected opponent‟s sidestep following activating the timing 

  gates……………………………………………………………. 

 

                  

107                        

 

Figure 3B.5 Regions of interest for coding gaze fixations ………………..... 

 

109 

 

  



13 

 

Figure 3B.6 Average time to initiate an interception of the projected 

opponent in 2D and 3D. Error bars represent the mean standard 

deviation across participants and trials. ……………................... 

 

 

111 

 

Figure 4.1 A right leg dominant participant running and sidestepping to the 

left in response to the different stimuli; A) AP, B) AUNP, C) 

1DS, D) 2DS ….………………………...................................... 

 

 

 

128 

 

Figure 4.2 Schematic of experimental setup ……………………….……. 

 

129 

 

Figure 4.3 Peak lateral trunk flexion (LTF) and left push-off foot 

placement during SS to the right, in response to the least 

temporally constrained arrow-planned (A) and most temporally 

constrained arrow-unplanned (B) conditions. Lateral trunk 

flexion contralateral to the sidestep direction is defined as 

negative (-ve). Positive (+ve) is defined when the lateral trunk 

flexion occurs in the same direction as the sidestep.....................  

 

 

 

 

 

 

 

131 

 

Figure 4.4 Arrow-planned (A) and arrow-unplanned (B) representations of 

right support foot placement relative to the pelvic midline in 

the penultimate step prior to a right directed sidestep. Support 

foot placement medial to pelvic midline and away from 

sidestep direction is defined as negative (-ve) and positive 

(+ve) when foot placement is lateral to pelvic midline and 

toward the sidestep direction........................................................ 

 

 

 

 

 

 

132 

 

Figure 4.5 Ensemble averages for normalised lateral trunk flexion during 

mid-swing to foot-off of the dominant push-off leg, of the high-

level (A) and low-level (B) cohorts. Lateral flexion „Opposite‟ 

to sidestep direction is defined as negative (-ve) and lateral 

flexion in the „Same‟ direction as the required sidestep is 

positive (+ve). Circle indicators on each trace highlight the 

magnitude and time to peak lateral trunk flexion.........................  

 

 

 

 

 

 

133 

 

Figure 4.6 The number of unsuccessful sidesteps performed by high-level 

(HL) and low-level (LL) players in response to stimulus type.   

* represents significant differences at p < 0.05............................ 

 

 

137 

 

Figure 5.1 A right leg dominant participant running and sidestepping to 

  the left in response to the different stimuli conditions: A) AP, 

  B) AUNP, C) 1DS and D) 2DS...................................................  

 

 

 

156 

 

Figure 5.2 Schematic of experimental setup …………………………….... 

 

158 

 

Figure 5.3 Vertical ground-reaction force with the weight acceptance 

phase indicated ……………………..………….......................... 

 

160 

 

Figure 6.1 A right leg dominant participant running and sidestepping to 

  the left in response to the different stimuli conditions: A) AP, 

  B) AUNP, C) 1DS and D) 2DS...................................................  

 

 

 

184 

Figure 6.2 Schematic of experimental setup….............................................. 186 



14 

 

Figure 7.1 Continuum illustrating the level of spatial (A) and temporal (B) 

 constraints imposed by the stimuli............................................... 

 

204 

 

  

LIST OF TABLES  

  

Table 3B.1 Total number of fixations and fixation duration averaged across 

  12 trials and participants in the 2D and 3D conditions         

  (Mean ±SD)................................................................................. 

   

 

 

110 

 

Table 3B.2 Total number of fixations and fixation duration normalised to 

  100% averaged across participants and coded according to 11 

  fixation regions on the projected opponent‟s body. Regions  

  include head (H), left shoulder (LS), right shoulder (RS), left 

  arm (LA), right arm (RA), trunk (T), pelvis (P), left leg (LL), 

  right leg (RL), occluded (X) and other (O).  

*p < 0.05, **p < 0.01 ………………………………………...... 

 

 

 

 

 

 

110 

 

Table 4.1 Participants‟ perceptions of stimuli imposed temporal 

constraints (A) and difficulty in interpreting stimuli for 

identifying sidestep direction (B). The stimulus which had the 

most number of responses pertaining to the respective orders of 

temporal constraints and complexity are bolded ……………... 

 

 

 

 

136 

 

Table 4.2 Mean step length, support foot placement, push-off foot 

placement, peak lateral trunk flexion and timing of peak, as a 

percentage of mid-swing to foot-off of the push off leg, across 

different stimuli conditions and player skill levels.                    

* represents significant differences at p < 0.05..........................  

 

 

 

 

 

138 

 

Table 5.1 Mean knee FE, hip FE, AA, and IE, and lateral trunk flexion 

angles at initial foot contact across different stimuli conditions 

and player skill levels.                                                                  

* represents significantly different at p < 0.05.                            

# represents approaching significantly different at                  

0.05 < p < 0.08............................................................................. 

 

 

 

 

 

163 

 

Table 5.2 Average extension, peak knee valgus and external rotation 

moments at the knee in WA across different stimuli conditions 

and player skill levels.                                                                    

* represents significantly different at p < 0.05.                            

# represents approaching significantly different at                 

0.05 < p < 0.08.............................................................................  

 

 

 

 

 

164 

 

Table 6.1 The PC total muscle activation, flexor-extensor DCCR, and 

varus-valgus DCCR across different stimuli and skill 

conditions.                                                                                           

* represents significant differences at p < 0.05.  

  # represents approaching significantly different at                 

0.05 < p < 0.08.............................................................................  

 

 

 

 

 

190 

 



15 

 

Table 6.2 The WA total muscle activation, flexor-extensor DCCR, and 

varus-valgus DCCR across different stimuli and skill 

conditions.                                                                                                     

* represents significant differences at p < 0.05.  

  # represents approaching significantly different at                  

0.05 < p < 0.08.............................................................................  

 

 

 

 

 

191 

 

 

APPENDICES  

  

Appendix A Participant selection questionnaire…………………………….. 224 

 

Appendix B Participant information sheet…………………………………. 225 

 

Appendix C Participant consent form………………………………………. 

 

Appendix D Definition of terms and abbreviations........................................ 

 

227 

 

228 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 

 

Acknowledgements 

 
I would like to take this opportunity to express my heartfelt gratitude to the following 

people who have contributed immensely to the fruition of this thesis. Thank you. 

 

My parents: 

Thank you Dad and Mum, for supporting me in whatever I do, and always being there 

for me so selflessly. I am indebted to you, and am grateful to have parents like you.  

 

My brothers, Alvin and Benny: 

Thank you for always being there for the family while I am overseas. We are an 

extremely lucky family.  

 

My best friend, Derek: 

Thank you for being a true brother to me, and always being there for me.   

.  

My supervisors, Assistant Professor Brendan Lay, Professor David Lloyd, 

Associate Professor Jacqueline Alderson and Research Associate Professor Paul 

Bourke: 

Thank you for your guidance throughout this candidature. This journey has been an 

extremely challenging but rewarding one. I feel extremely lucky, honoured and grateful 

to have been supervised by such esteemed scientists like you.  

 

Assistant Professor Brendan Lay: 

A sincere thank you for being a great supervisor, a friend, and a good person. I really 

appreciate all that you have done for me throughout this candidature.  

 

Steve Tidman 

Thank you for all the assistance you provided during the data collection phase. It would 

have been an impossible task to have operated all the different systems by myself. I 

really appreciate it.  

 

 

 

 



17 

 

All the participants who took part in the study:  

Thank you for taking time out to participate in this project and believing in my research. 

There would be nothing to write about in this thesis if not for your participation.  

 

I would also like to thank the following people who have so kindly offered their 

time and experience throughout my candidature: 

 

Tony Roby (Support engineer, The University of Western Australia) 

Peter Griffith (Support engineer, The University of Western Australia) 

Don Gordon (Support engineer, The University of Western Australia) 

Margaret, Barbara, Inga and Christine (Administrative officers, The University of 

Western Australia) 

 

My fellow PhD students:  

Emilie Thienot, Fausto Panizzolo, Christian Pitcher, Luqman Aziz, David 

Whiteside, Stephen Tidman 

 Thank you for being great colleagues and friends, and always offering a 

listening ear.  

 Thank you Fausto for reading my manuscripts and being that person who I can 

discuss my ideas with. 

 Thank you Luqman for your help with EndNote and proof-reading my work.  

 Thank you David for reading my manuscripts and giving me suggestions on my 

writing style. 

 

Tong, Fabio, Paco, Aaron Sim, Marius Ndiaye and the Sunday crew 

Thank you for all the workout and soccer sessions throughout my candidature which has 

helped me to maintain sanity. Thank you for also always offering a listening ear. 

 

Jay-Lee Longbottom 

Thank you for your love and support throughout these years. I am extremely grateful to 

have you in my life.  

 

 

 



18 

 

Statement of candidate contribution 

 

The work involved in designing and conducting the studies described in this thesis was 

conducted principally by Marcus Lee (the candidate). With the exception of Mr Stephen 

Tidman‟s contribution in recruiting the participants, collecting and partially analysing 

the data for Chapter 3B (Paper 2), the outline and experimental design of the studies 

contained in the thesis were developed and planned by the candidate, in consultation 

with Associate Professor Jacqueline Alderson, Research Associate Professor Paul 

Bourke, Assistant Professor Brendan Lay and Professor David Lloyd (the supervisors). 

The candidate was responsible for all participant recruitment, along with the 

organisation and implementation of all data collection sessions. 

 

The candidate was responsible for all data analysis and original drafting of all chapters 

contained within this thesis, as well as papers that have been published or are prepared 

for future publication arising from this thesis. The supervisors have provided feedback 

on all drafts of chapters contained within the thesis. All authors of papers that have been 

published or are prepared for submission have given permission for works to be 

included within this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



19 

 

Proceedings and Abstracts 

 

Lee MJC, Bourke P, Alderson JA, Lloyd DG, and Lay B. Stereoscopic filming for 

investigating evasive sidestepping and anterior cruciate ligament injury risk. In: 

Stereoscopic Displays and Applications XXI. Proceedings of the SPIE-IS&T Electronic 

Imaging. 2010. p. 752406_1-10. (Peer Reviewed) 

 

Lee MJC, Lay BS, Bourke PD , Lloyd DG, Tidman SJ, and Alderson JA. Development 

of an integrated 3D stereoscopic system to measure coupled perceptual-motor skill. 

Proceedings for the Australian Conference of Science and Medicine in Sport, 19-22 

October. Submitted (2011): Fremantle, Western Australia. 

 

Lee MJC, Lloyd DG, Lay B, Alderson JA. Using a 3D Integrated Stereoscopic System 

to Investigate the Biomechanics of Evasive Sidestepping: Implications for ACL 

Injuries. Proceedings for the Australian Conference of Science and Medicine in Sport, 

19-22 October. Submitted (2011): Fremantle, Western Australia. 

 

Lee MJC, Tidman S, Bourke P, Alderson JA, Lloyd DG, and Lay B. Measuring visual 

search and reaction time using a novel integrated 3-dimensional stereoscopic sports 

testing system. Proceedings for the 6th World Congress of Biomechanics, 1-6 August 

(pp 230-231). 2010: Singapore. p. 230-1. 

 

Alderson J, Lee, M, Bourke P, Lay B, Lloyd D, and Elliott B. The application of a 

sport-specific 3D stereoscopic stimulus to examine preplanning time and gaze 

characteristics during evasive side-stepping manoeuvres. Proceedings for the XXVIII 

International Symposium of Biomechanics in Sports, 19-27 July (pp 451-452). 2010: 

Northern Michigan University, Marquette, Michigan, USA. 

 

 

 



20 

 

Chapter 1 

General Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 

 

1.1 Introduction 

Anterior cruciate ligament (ACL) injuries are one of the most serious, 

debilitating and financially costly injuries of the lower limb in sport. The reported 

annual cost of all ACL reconstructions in the United States in 2000 was approximately 

USD$850,000,000 (21), with this number excluding the additional costs related to 

rehabilitation. In Australia, the reported cost of knee injuries to the economy was also 

high, reaching AUD$100,000,000 per annum in 1990 (15). In addition to the financial 

burden, many athletes who suffer from ACL injuries are relatively young; between the 

ages of 15 to 25 years (23); and face an increased risk of developing knee joint 

osteoarthritis in the later stages of their lives (19). Unfortunately, this injury is common 

in many invasion team sports (12, 33, 34) and injury rates have remained constant in the 

last two decades (4, 35).  

Injuries to the ACL may be classified as either contact or non-contact, with 

approximately 50% to 70% of partial or complete ACL ruptures occurring during a non-

contact event, depending on the sporting code (33). A large proportion of non-contact 

ACL injuries occur during evasive sidestepping (SS) (26, 34). Sidestepping is a context 

specific visual-perceptual-motor (VPM) skill often performed by team-sport athletes to 

evade opponents. Successful SS depends on a combination of abilities, i.e. to visually 

perceive the opponent(s), assess the available options to avoid the opponent(s) (18), and 

then perform the manoeuvre controlling its considerable dynamics, hopefully without 

sustaining an injury. Additionally, most SS related ACL injury scenarios occur during 

competition when the athlete is in offensive play where their visual attention is focused 

on either the scoring target (basket rim or goals) or evading defensive opponents (26). 

Consequently, investigations targeted at reducing ACL injury risk need to assess both 

the visual-perceptual and motor components of the SS manoeuvre in conditions 

mimicking game situations.  

The causes of ACL injuries have been investigated using a range of different 

experimental methods. Analyses of videos documenting the injuries occurring have led 

to the general consensus that most ACL injuries occur soon after initial lead foot contact 

during the sidestep, when the knee is close to full extension (8, 31, 34). These analyses, 

coupled with post-injury interviews, have revealed a range of postures that are related to 
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injury. These are “apparent large” knee valgus angles, external tibial rotation (8, 31, 34), 

hip flexion (26), hip internal rotation, hip abduction, foot pronation, foot external 

rotation (25) and trunk lateral flexion (24).  Laboratory-based studies have found similar 

trunk, hip and knee postures to be related to knee loading patterns during the stance 

phase of SS that may cause the ACL injury (14, 31).  

The laboratory-based research investigating the biomechanics of SS has focused 

on knee and/or whole body kinematics and knee loading patterns to identify variables 

amenable to intervention for preventing ACL injuries. Sidestepping results in a 

combination of externally applied flexion, valgus and internal rotation moments to the 

knee joint (6, 7, 11, 13, 14, 31, 32), which may cause excessive strain on the ACL. The 

ligament ruptures when it is strained beyond its capacity to sustain the applied loads. 

Technique training to avoid injurious postures has been reported to result in decreased 

knee valgus moments during SS (13). Additionally, muscles crossing the knee joint 

have the potential to support external loads applied to the joint (5, 9, 27, 28, 36) and off-

load the ligaments. Plyometric training has been shown to result in earlier co-

contraction and increased activation of selected muscles crossing the knee joint during 

dynamic movements (22, 23, 41), possibly providing support to externally applied knee 

moments. Balance training has also been shown to decrease knee valgus loading during 

SS (11), which in turn reduces ACL injury risk.  

Despite providing valuable information regarding interventions that may reduce 

the risk of ACL injuries during SS, the majority of laboratory-based studies have 

focused on the motor skill component of the manoeuvre. The visual-perceptual 

component of SS has often been overlooked. Early efforts to study reactive SS used 

either variation in the timing of a simple light stimulus (5, 6) or a static mannequin (32) 

to represent an opposing player, in their attempts to mimic game-based time and space 

constraints. The presence and timing of these visual cues affected lower limb postures 

and knee joint loading during SS. More importantly, when SS was performed under 

increased time (5, 6) and space constraints (32), there was a large increase in knee 

valgus and internal rotation moments, which have the potential to increase ACL injury 

risk (6, 32). The findings from these studies provide the base-level evidence to 

investigate the role of visual-perceptual skills in the performance of a SS manoeuvre. 
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The importance of visual-perceptual skill for successful task performance across 

different domains is well established. In sport, the study of visual-perceptual skill has 

mainly focussed on expert and novice differences in their use of visual cues to facilitate 

appropriate anticipatory responses (2, 37). The literature suggests that “expert 

advantage” in VPM task performance is only evident when the environment is “game-

realistic” (16). No differences are usually found between expert and novice athletes 

when the task environment is not domain-specific (1). Recalling the early SS studies, 

the use of two-dimensional non game-realistic visual stimuli to temporally (5, 6) and 

spatially (32) constrain the sidestep manoeuvre may not adequately promote expert and 

novice differences in SS, and the associated links between perception and injury. After 

all, human vision is three-dimensional (3D) and depth perception is often critical to 

successful performance in various sports (3).  

 Sporting skills such as SS to evade opponents currently cannot be examined in 

detail during a game setting. This is why biomechanical investigations of SS have 

predominantly been carried out in laboratories. However, as argued above, visual-

perceptual skills are best studied in an environment that is “ game-realistic”. As such, 

one must bring the game environment into the laboratory. Therefore, the first goal of 

this research was to develop a 3D stereoscopic recording and presentation system that 

enabled 3D videoing of real opponents for highly controlled projection in a laboratory 

setting. Even though a 3D stereoscopic projection of real opponents is not the “real 

person”, it does have advantages when used as quasi game-realistic stimuli. Requiring 

one player to sidestep in reaction to another real player means that there is great 

difficulty in setting the timing of both players, resulting in potentially large trial-to-trial 

variability and potential for collision. Furthermore, pure virtual reality environments 

may not be practical, because of the large computational and even monetary expenses in 

recreating realism (e.g. Avatar etc.), and computer generated images may not be as 

realistic as video content. Therefore, using a 3D stereoscopic video recording and 

presentation system allows for well controlled and repeatable experiments of evasive SS 

to be conducted at a relatively low cost.  

The quasi game-realistic stereoscopic stimuli consisted of a one-defender and 

two-defender scenario, which were developed in consultation with a panel of soccer 

players and two semi-professional coaches. The scenarios featured either one or two 
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soccer defenders moving out from a penalty box to simulate a tackle of the viewing 

participant. Participants assumed an offensive role and were required to evade the 

defender(s) by performing a sidestep. These scenarios presented soccer players with 

situations that would normally require them to sidestep in the game environment. Due 

to the need for these virtual scenarios to deliver an accurate sense of scale and depth, a 

rigorous filming process and substantial equipment development was undertaken. There 

was no current, readily available solution for the filming and projection of the required 

stereoscopic content at the time the research process was undertaken. Furthermore no 

commercial solution was available to recreate the required content that was precise in 

scale and depth, as the accuracy of depth cues are seldom a priority for standard 

stereoscopic applications.  

The second aim of this research sought to integrate the stereoscopic system with 

an opto-reflective motion analysis system and a gaze tracker. While the stereoscopic 

system may potentially deliver a visual experience that mimicked the game 

environment, its capabilities as a research tool in examining VPM skill required its 

integration with the instrumentation currently used to assess visual-perceptual and 

motor skills independently: 3D motion analysis to assess the biomechanics of SS and a 

gaze tracker to record eye movements when performing the sidestep manoeuvre. The 

integrated system not only allowed for quasi game-realistic visual stimuli to be 

presented, but also permitted the relationship between visual-perceptual skill and motor 

skill to be synchronously measured and analysed. Such an advance has been cited as an 

important step toward better understanding the relationship between visual-perceptual 

skill and motor skill, and its contribution toward skilled action (38, 39). This Integrated 

Stereoscopic System (ISS) was then applied in a series studies.  

Studies were completed using the ISS that systematically examined the effect of 

different types of visual stimuli on the performance of reactive tasks, ranging from a 

simple stepping task to more difficult evasive SS tasks. In the first study, the 

participants‟ 3D kinematics and gaze behaviour were recorded during their response 

from a stationary standing position that was directed toward intercepting projected 2D 

and 3D oncoming opponents. Data obtained from this study provided baseline 

information concerning differences in the application of 2D and 3D visual stimuli 

during performance of a sport-related VPM task. The ISS was then applied in the 
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remaining studies to examine the biomechanics of high-level and low-level players 

performing running sidesteps in response to the one and two defender scenarios. These 

sidesteps were also compared with those performed in planned and unplanned 

conditions elicited by traditionally used simple 2D directional arrows (5, 6). Such an 

approach permitted the comparison of the biomechanical data obtained from the quasi 

game-realistic stimuli conditions with those studies already published in the literature. It 

was envisaged that the quasi game-realistic visual-perceptual constraints of the one and 

two defender scenarios would yield different SS biomechanics compared with the 

arrow-planned and arrow-unplanned conditions, and differentiate the SS performance of 

players of different skill levels.  

In summary, it was proposed that the ISS represented a novel system capable of 

presenting quasi game-realistic 3D stimuli in laboratory settings that also allowed for 

the measurement of coupled VPM skill. It was also anticipated that the novel approach 

of using quasi game-realistic visual stimuli to prompt evasive SS in the series of 

laboratory-based studies would potentially enhance our understanding of the importance 

of visual realism on the biomechanics of a SS manoeuvre. This may in turn provide 

insight into the causes and prevention of ACL injuries.  Additionally, the use of quasi 

game-realistic stimuli also provided a means to differentiate the SS biomechanics of 

high-level and low-level players, a previously unexplored area. Any differences found 

between players of different skill levels may serve to highlight the visual-perceptual 

contribution toward SS performed in quasi game-realistic conditions. These findings 

could provide sport clinicians with information regarding both the visual-perceptual and 

motor contributions towards SS, for the development of holistic training interventions 

that could lead to a reduction in the number of ACL injuries in sport. 

1.2 Statement of the problem 

Injuries to the ACL are often serious, costly and debilitating. Most ACL injuries 

are non-contact and result from the performance of evasive SS. Sidestepping is a 

context specific VPM skill commonly performed by team sport athletes to evade 

opponent(s). Yet, the manoeuvre has never been investigated in conditions mimicking 

the real game while using quantitative full 3D biomechanical analyses, and where the 

reactive sidestep was performed for the primary purpose of evading a defending 
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opponent. Some of the previous research has focussed on investigating postural 

kinematics, kinetics and neuromuscular biomechanics during planned SS. Such an 

approach focuses on the motor component of evasive SS and overlooks the visual-

perceptual component, potentially compromising the ecological validity of the 

experimental findings. In first attempts to account for visual-perceptual effects on SS, 

previous laboratory-based research have used a generic two-dimensional (2D) visual 

stimuli (i.e. directional lights) or a stationary mannequin (5, 6, 32) to simulate the 

visual-perceptual constraints experienced by athletes when executing a side-step in 

game-based situations. However, visual-perceptual skills are best studied in 

environments that are “game-realistic”. Therefore the use of non- game-realistic visual 

stimuli in current SS studies may not adequately promote expert and novice differences 

in SS, and the associated links between visual-perception and injury mechanics. 

1.3 Aims 

The overarching aim of the thesis was to investigate the VPM skill of evasive SS 

in players of different skill levels, when the manoeuvre was performed in response to 

quasi game-realistic visual conditions. Recently, a small but growing body of research 

which has incorporated various forms of game representation in laboratory protocols (5, 

6, 10, 17, 32), has shown that important biomechanical factors related to ACL injuries 

are affected by the presence and timing of visual cues. There is already a substantial 

body of research investigating planned SS without a reactive component, resulting in 

the identification of postures (8, 14, 25, 34) and knee loading patterns (6, 7, 30) that 

pose a high risk of ACL injury. Interventions which could potentially reduce the risk of 

ACL injuries during these planned manoeuvres have also been reported (11, 13). 

However, there is a paucity of research that has considered the visual-perceptual 

contribution toward evasive SS, which may have implications for ACL injury 

prevention.  

The visual system is extremely important and unique, as it is the only sensory 

system that provides accurate and precise information about the environment at a 

distance (29). Vision does not just enable us to see, but offers us meaningful 

representations of our surroundings through perception and guides our movements 

through it (20). The basis of any ecologically valid assessment of VPM skills such as 
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evasive SS relies on the reproduction and/or simulation of the visual-perceptual 

conditions of the sporting task of interest (3). Consequently, the aims of the thesis were 

to develop a system that enabled VPM skills to be studied in a controlled and quasi 

game-realistic environment, and then apply the system to the examination of SS 

performed in response to different manipulations of visual-perceptual constraints. The 

specific aims were: 

1. Develop a stereoscopic system capable of filming and projecting quasi game-

realistic 3D defender scenarios for use as visual stimuli to investigate reactive 

SS. 

2. Integrate the stereoscopic system with a 3D motion analysis system and eye 

tracking equipment, thereby extending the integrated system‟s capabilities to the 

investigation of coupled VPM skill.  

3. Use the ISS to present quasi game-realistic defender scenarios and traditionally 

used directional arrow stimuli, and compare the biomechanics resulting from 

sidesteps performed in the different stimuli conditions. The biomechanical 

dependent variables consisted of 3D trunk and lower limb kinematics, knee 

loading patterns of the leg involved in pushing off during the sidestep, and 

activation of the knee muscles of the push-off leg.  

4. Investigate the SS biomechanics of high-level and low-level players when SS in 

response to the different stimuli conditions.  

1.4 Structure of the thesis 

In accordance with the guidelines set by The University of Western Australia, 

this thesis is presented as a series of papers which have been written with the goal of 

journal publication. The papers are linked, and address the aims of the thesis. Following 

this chapter, a Literature Review (Chapter 2) will provide an overview of the topic at 

hand. Five papers are presented in the form of four chapters (Chapters 3A, 3B, 4, 5 and 

6), followed by a Summary and Conclusions chapter (Chapter 7), which summarises the 

results from the various papers and discusses the implications of the overall findings. 
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Two independent participant populations were sampled during the data collection phase 

of the thesis. The first participant group participated in the experiment documented in 

Chapter 3B, while the second participant group was sampled on a single occasion to 

obtain the necessary data for chapters 4 to 6. Directions for future research will also be 

addressed. Following is a brief outline of Chapters 3 – 6.  

1.4.1 Chapter 3: Development of the 3D stereoscopic projection system with 

integrated motion analysis and eye tracking systems 

This chapter consists of two manuscripts that present two components of the 

final Integrated Stereoscopic System. It also describes the first set of experiments that 

examined the difference in VPM skills when comparing 2D versus 3D visual stimuli. 

The first manuscript was titled “Stereoscopic filming and projection of defender 

scenarios with accurate sense of scale and depth for future investigations of evasive 

sidestepping”. It reports on the development of a stereoscopic system with specialised 

filming, calibration, post-processing and projection methods to create and present the 

3D stereoscopic defender scenario conditions (one-defender and two-defender 

scenarios). The experimental design of the SS studies and the need for the stereoscopic 

stimuli to be accurate in scale and depth imposed a precision that was not normally 

encountered in stereoscopic filming for standard applications. There was no readily 

available solution to film and project the defender scenarios with accurate scale and 

depth. A rigorous filming process and substantial equipment development was 

undertaken to allow for the presentation of realistic simulations of the defender 

scenarios which mimicked what a viewer would encounter in reality. 

The second manuscript was titled “The effect of 2D versus 3D projected stimuli 

on visual-perceptual-motor skill”. It examines whether the VPM responses of 

participants differed between 2D and 3D game-based scenarios. To allow for this 

comparison, a novel Integrated Stereoscopic System (ISS) was developed via the 

integration of a customised stereoscopic system (27), a Vicon motion analysis system 

(ViconPeak Ltd., Oxford, United Kingdom) and a modified Mobile Eye gaze tracker 

(ME) (Applied Science Laboratories, Waltham, MA). The ISS allowed the investigation 

of VPM skills between the 2D and 3D conditions to be conducted in a controlled and 

repeatable manner. Participants performed a simple defensive interception task by 
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taking one step in the same direction as an oncoming opponent who was projected by 

the ISS in 2D and 3D conditions, and who changed directions to either the left or right. 

The time required by participants to initiate an interception of the opponent (motor 

skill), as determined from 3D kinematic data, and the quantity, duration and locations of 

the participants‟ gaze fixations on the projections (visual-perceptual skill), were 

recorded during the performance of the defensive interception task.  

It was hypothesised that: 

• The players‟ reaction times would be faster when initiating a sidestep in 

the 3D versus 2D scenario. 

• The players would exhibit altered gaze behaviour in terms of fixation 

quantity and duration in total, and on different body parts of the virtual 

opponent in 3D compared with 2D conditions.  

1.4.2 Chapter 4 - Different visual stimuli affect body reorientation strategies 

during sidestepping 

 Chapter 4 investigates foot placement and trunk movement strategies used by 

high-level and low-level players to change direction during SS manoeuvres in response 

to the different stimuli conditions. The temporal constraints imposed by the stimuli 

conditions for SS was absent in the arrow-planned (AP) condition, but were ascertained 

to increase in difficulty in the following order: one-defender scenario (1DS), two-

defender scenario (2DS) and arrow-unplanned condition (AUNP).  

It was hypothesised that:   

• Peak lateral trunk flexion, in the contralateral (opposite) direction to the 

sidestep, would be greater in the 2DS and AUNP conditions, due to 

greater temporal difficulty imposed by these conditions compared with 

the 1DS and AP conditions.  
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• Push-off foot placement would be closer to the pelvic midline in the AP 

and 1DS conditions, due to lesser temporal difficulty imposed by these 

conditions compared with the 2DS and AUNP conditions.  

• Placement of the support foot in the penultimate step prior to initial 

contact of the push-off foot would be more medial to the pelvic midline 

in the less temporally constrained AP and 1DS conditions, compared 

with the more temporally constrained 2DS and AUNP conditions.  

• Step length would be smaller in the AP and 1DS conditions, due to these 

conditions imposing lesser temporal difficulty compared with the 2DS 

and AUNP condition.  

• High-level players would adopt more upright trunk postures, perform 

fewer unsuccessful sidesteps, and position their support and push off foot 

closer to the body‟s pelvic midline (inferred centre of mass) in the 1DS 

and 2DS compared with the low-level players, due to their ability to 

make use of advanced visual cues for earlier preparation and execution of 

safer sidesteps. 

1.4.3 Chapter 5 - Effects of different visual stimuli on postures and knee loading 

during sidestepping 

Chapter 5 presents the investigation of selected 3D trunk, hip and knee, 

kinematics and kinetics, in high-level and low-level players during SS in response to the 

different stimuli conditions. The analysed biomechanical variables have been previously 

associated with non-contact ACL injuries (6-8, 14, 24, 25, 42).  In addition to the 

varying levels of temporal difficulty imposed by the different stimuli, it was suggested 

that the stimuli conditions also presented different levels of spatial constraint. The 

arrow-planned and arrow-unplanned conditions were 2D and imposed no spatial 

constraints. The defender scenarios were 3D and imposed spatial constraints via depth 

changes of the converging defender(s), with the one-defender scenario posing less 

difficulty than the two-defender scenario.  
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It was hypothesised that:  

• Knee flexion at initial foot contact would be greater in the 2DS and 

AUNP conditions, due to these conditions imposing greater temporal 

difficulty compared with the 1DS and AP conditions. 

 • Hip flexion, abduction and external rotation at initial foot contact would 

be greater in the 2DS and AUNP conditions, due to these conditions 

imposing greater temporal difficulty compared with the 1DS and AP 

conditions.  

• Trunk lateral flexion (contralateral to the sidestep direction) at initial foot 

contact would be greater in the 2DS and AUNP conditions, due to these 

conditions imposing greater temporal difficulty compared with the 1DS 

and AP conditions. 

• Peak knee valgus and internal rotation moments during weight-

acceptance would be greater in the 2DS and AUNP conditions, due to 

these conditions imposing greater temporal and spatial difficulty 

compared with the 1DS and AUNP conditions. This hypothesis was 

based on previous research that had investigated the effect of varying 

movement planning time on knee joint loading during SS performed 

reactively (6).  

• Compared to low-level players, high-level players would exhibit safer 

joint postures and lower knee joint loading in response to the 1DS and 

2DS, due to their ability to make use of advanced visual cues to increase 

their time and space to perform SS. 

1.4.4 Chapter 6 - Effects of different stimuli on muscle activation at the knee 

during sidestepping 

Chapter 6 investigates changes in knee muscle activation patterns in high-level 

and low-level players during SS, in response to the different visual stimuli conditions. 
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The activation strategies were viewed in light of their contributions toward the support 

of knee loading during the SS tasks as examined in Chapter 5. 

It was hypothesised that: 

• Average activation levels of the knee muscles would increase in the 

reactive SS tasks (1DS, 2DS and AUNP) compared with the AP, to 

provide support of the externally applied knee valgus loading that 

increased in the different visual stimuli conditions 

• In addition to generalised co-contraction of the knee flexors and 

extensors, a selective co-contraction strategy, reflected by increased              

activation of the medial knee muscles compared with the lateral knee 

muscles, would be observed in the AP and 1DS conditions, but not in the 

2DS and AUNP conditions.  

• The high-level players would adopt a selective co-contraction strategy, 

while the low-level players would adopt a more generalised co-

contraction strategy, to support the knee valgus moments in sidesteps 

performed in response to the 2DS. 

1.5 Significance of the thesis 

1. The 3D defender scenarios present novel quasi game-realistic visual stimuli for 

use to investigate SS performed reactively (Chapter 3). These stimuli permit SS 

to be investigated in a controlled and reliable fashion, while maintaining a 

higher level of ecological validity than currently exists in the literature.  

 

2. The highly specialised filming and reproduction procedures that were developed 

to create the defender scenarios with realistic scale and depth, present a novel 

contribution to the domain of stereoscopic videoing.  
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3. The development of the ISS allowed the visual-perceptual and motor 

components of skilled action to be measured synchronously, while delivering 

visual stimuli that mimic the game environment (Chapter 3).  

 

4. The results from Chapters 4, 5 and 6 provide information on the importance of 

investigating evasive SS using quasi game-realistic visual stimuli. The 

differences identified in the biomechanics of SS performed in the defender 

scenarios, compared with the arrow conditions, highlight the visual-perceptual 

contribution toward the dynamics of the manoeuvre. Such findings imply that 

traditional approaches of using 2D arrows to impose time constraints on SS 

performance may not correctly portray the link between visual perception and 

SS biomechanics in its entirety. This is possibly important as it highlights the 

need to address the visual-perceptual component of evasive SS, a component 

which has received little attention in previous research and is the central the 

theme of this research. The findings may have implications for ACL injury 

aetiology and prevention. 

 

5. From an applied perspective, differences in SS biomechanics identified between 

the high-level and low-level players in the quasi game-realistic defender 

scenarios, imply two important and interdependent notions: 

 

1. The visual-perceptual constraints imposed by the 3D stereoscopic stimuli 

were sufficiently faithful to the game environment. This can be stated since 

the differences between experts and novices in performing skilled action 

have been reported to surface only when the visual display sufficiently 

mimics the visual-perceptual conditions of the game environment (1, 16, 39). 

 

2. Athletes can potentially undergo perceptual training to become more capable 

of interpreting game-realistic situations that would normally require them to 

sidestep. This may increase their movement pre-planning time which has 

been shown to result in SS mechanics that potentially reduces the risk of 

ACL injury (5, 6). Perceptual training has been shown to decrease the time 

required by novice hockey goalkeepers to react appropriately to video 

projections of penalty flicks and this improvement in decision time 

transferred to the game environment (40).   
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2.1 Introduction 

Non-contact anterior cruciate ligament (ACL) injuries are one of the most 

serious, costly and debilitating injuries of the lower limb. Despite efforts to better 

understand the aetiology of non-contact ACL injuries, and the limited implementation 

of various injury prevention programs, injury rates have appeared to remain constant in 

the United States and Australia (10, 76). This suggests that the literature could have 

overlooked certain areas, which may prove to be important in formulating effective 

interventions to prevent ACL injury. This literature review seeks to not only provide an 

overview of the clinical literature on ACL injury, but to also identify potential 

interventions for injury prevention that has eluded current research streams.  

Statistical evidence highlighting the prevalence and costs of ACL injuries will 

be presented, followed by functional anatomical considerations of the ligament. An 

understanding of the functional anatomy of the ACL will facilitate a better 

understanding of injury mechanisms. Suggested risk factors and current preventative 

measures will be critically evaluated. The concluding sub-sections of the literature 

review will discuss the importance of considering the visual-perceptual component of 

evasive sidestepping (SS), which is an example of a complex visual-perceptual-motor 

(VPM) skill. Much of the research on non-contact ACL injuries resulting from SS has 

focused on the motor component of the manoeuvre. Comparatively, the visual-

perceptual component of the skill has been neglected, potentially compromising 

advances in the holistic understanding of ACL injury.  

Efficient sport performance is rarely the result of enhanced visual-perceptual 

abilities or motor skill, but a combination of both components functioning as an 

interdependent couple. Several authors have cautioned against the approach of 

decoupling VPM skills for isolated investigations of visual-perceptual or motor skill, 

and using these independent components to infer the quality of skilled action (100). The 

ecological validity of using unrealistic stimuli to investigate VPM skills has also 

been questioned (36, 99). Through this literature review, the author hopes to 

highlight the importance of using sport and situational-specific visual stimuli to 

elicit evasive SS, concurrently addressing the visual-perceptual and motor 

components of the manoeuvre during investigations.  
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2.2 Prevalence and negative impact of ACL injuries  

Anterior cruciate ligament injuries are one of the most common, serious and 

costly sports related injuries of the lower-limb (68). The number of ACL injuries 

occurring in team sports such as Australian Rules football (76), soccer, and basketball 

(10) has appeared to remain consistent (7). In the United States of America (USA), 

approximately 80,000 to 250,000 people sustain ACL injuries annually (46). Fifty 

thousand of these people require surgical reconstruction, followed by nine to twelve 

months of rehabilitation (46). Apart from the persisting injury rates and severity (7), the 

financial cost associated with ACL injuries is also extremely high. An ACL 

reconstruction costs approximately US$17,000, the collective cost of these surgeries 

reaching USD$850,000,000 in the USA annually (46). Similarly, in Australia, the 

annual financial cost associated with knee injuries in sport has been estimated to reach 

AUD$100,000,000 (33), with ACL injuries the most costly to treat and rehabilitate (77). 

In addition to the financial burden, ACL injuries have secondary health 

implications. Statistics have shown that a high percentage of athletes who suffer ACL 

injuries are relatively young, between the ages of 15 to 25 years old (50). Many of these 

individuals face a higher risk of developing knee joint osteoarthritis in the later stages of 

their lives (41), which in itself, is a debilitating chronic disease of the lower limb. 

Compared with healthy individuals, patients with knee joint osteoarthritis have been 

reported to walk with increased pain (48), decreased walking speed (11) and decreased 

cadence (24). 

Psychologically, soccer players who suffer serious injuries such as an ACL 

rupture, have been reported to experience negative cognitive and emotional responses. 

These include fears about regaining pre-injury form and re-injury, towards the end of 

rehabilitation (9). Other negative cognitions that athletes experience prior to a return to 

sport include confusion (unsure how to regain pre-injury form) (55), anger, anxiety, fear 

of failure, frustration and boredom (72). These negative mood states were found to be 

more apparent in elite level athletes compared with recreational athletes. Additionally, 

athletes have also been reported to experience a reduced sense of self-efficacy (fears of 

being unable to meet performance expectations) (44), are challenged with issues of 

autonomy (premature return to sport due to external pressures even before they are 
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physically and psychologically ready to do so) (17, 81), and experience relatedness 

issues (injured athletes may feel a sense of alienation from their teammates and 

coaches) (34, 44).   

Collectively, the negative impact that an ACL injury has on an individual is 

significant and warrants attention. Hence, there is a need for sport 

practitioners/clinicians to not only improve on current diagnostic and treatment 

measures, but to also make breakthroughs in developing preventative strategies. To 

achieve this, the actual anatomy of the ACL first needs to be understood from a 

functional perspective.  

2.3 Anatomical and functional considerations of the ACL 

The ACL is one of four main ligaments; ACL, posterior cruciate ligament, 

medial cruciate ligament and lateral cruciate ligament; that provides structural support 

and restraint of movement at the knee joint. It passes between the tibia and femur, 

originating from the medial surface of the lateral femoral condyle. It then twists on itself 

and fans out anteriorly, medially and distally, to attach to the posterior cruciate ligament 

(35). The ACL further attaches to the medial aspect of the anterior intercondylar area of 

the tibial plateau, where some of its fibres blend with the anterior horn of the lateral 

meniscus (35). Average lengths of the ACL have previously been reported to be 

between 3.7 cm to 4.1 cm (57).   

The ACL consists of two main bundles defined by their tibial attachments, 

namely the anterior medial bundle and the posterior lateral bundle. The anterior medial 

bundle makes up the smallest portion of the two, and is formed by the fibres that pass 

from the posterior part of the ACL‟s attachment on the medial surface of the lateral 

femoral condyle, to the anteromedial aspect of the tibial attachment (Fig 2.1). The larger 

posterior lateral bundle consists of the remaining fibres from the medial surface of the 

lateral femoral condyle which attach to the posterolateral aspect of the tibial attachment. 

Both bundles respond differently to movement (35). When the knee is fully extended, 

all bundles of the ACL are taut. As knee flexion increases, the posterior lateral bundle 

loosens while the anterior medial bundle coils around the posterolateral fibres. Adopting 

full extension as zero reference for knee flexion, the ACL is most relaxed between 40 
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and 50 degrees of flexion, before becoming increasingly taut as flexion increases to 

between 70 and 90 degrees (57).     

 

Figure 2.1 Frontal view of the right knee, supported by the ligaments and 

meniscii, including the ACL http://www.aclsolutions.com/anatomy.php).  

Functionally, the importance of the ACL lies in its primary function of 

restraining anterior tibial translation and secondary functions of restraining valgus and 

varus movements (64). The ACL also provides restraint of internal and external rotation 

at the knee (22). As with all ligament injuries, ACL injuries occur when external loads 

functionally antagonise the ligament and exceed its capacity to sustain them, resulting in 

failure. In a previous study conducted by Markolf et al. (66) on cadavers, strain of the 

ACL from paired combinations of external forces applied to the tibia was directly 

measured. Although straight anterior tibial force was the most direct loading mechanism 

of the ACL, it did not account for the largest loadings measured on the ligament. The 

largest forces were absorbed by the ACL when the tibia was subjected to paired anterior 

tibial force and internal rotational torque. A combination of anterior tibial force and 

external valgus moments in flexed knee positions, as well anterior tibial force and 

external varus moments in extended knee positions, also loaded the ACL significantly.  

Laboratory-based studies conducted by Besier and colleagues (15) suggested 

that during the performance of evasive SS, the ACL was externally loaded by a 

combination of anterior tibial forces, valgus and internal rotation moments. This loading 

pattern was suggested to be the largest antagoniser to the ACL, potentially resulting in 
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the largest amount of force absorbed by the ligament (66). Video based studies 

documenting non-contact ACL injuries across a variety of sports (19, 26, 58) seemed to 

also suggest that most ACL injuries occurred from the performance of evasive SS 

manoeuvres, when the knee collapsed into valgus. Collectively, evasive SS results in a 

combination of externally applied anterior tibial force, valgus and internal rotation 

moments to the knee joint. These loading patterns may cause excessive strain of the 

ACL, resulting in high injury risk.  

2.4 Relationship between evasive sidestepping and non-contact ACL injuries  

Anterior cruciate ligament injuries are typically classified as either contact            

(i.e. tackle/blow to the knee in soccer) or non-contact (i.e. injury resulting from sudden 

evasive movements performed by the athlete such as SS). Non-contact injuries 

contribute up to 80% of all ACL injuries across a wide domain of sports such as soccer 

(18), lacrosse, basketball (70), Australian football (26) and team handball (75). The 

highly strategic nature of these sports often requires athletes to perform SS to evade 

opponents during offensive play (18, 58, 75) and it is this manoeuvre which contributes 

to a large proportion of non-contact ACL injuries (75).  

Several SS body postures have been associated with ACL injury. There is a 

general consensus that most ACL injuries occur soon after initial foot contact, when the 

knee is close to full extension (19, 58, 67, 75). From interviews and analyses of videos 

documenting actual injuries, postures such as “apparent large” knee valgus angles, 

external tibial rotation (75), hip flexion (58), hip internal rotation, hip abduction, trunk 

lateral flexion, foot pronation and foot external rotation (54), have been observed during 

sidesteps that resulted in ACL injury.  Laboratory-based studies have corroborated these 

findings¸ whereby similar trunk, hip and knee SS postures, were related to large knee 

valgus (31, 67) and internal rotation moments during stance phase (31). These 

laboratory studies have been important in understanding the key joint postures, 

movements and loading patterns involved in ACL injury prevention, especially those 

amenable to change in a targeted intervention. 

Technique training to avoid injurious postures has been reported as an effective 

means to reduce knee valgus loading during SS (30), thereby reducing ACL injury risk. 
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Muscles crossing the knee joint have the potential to support external loads applied to 

the joint (13, 63, 64, 84), and relieve the strain on the ligaments. Plyometric training has 

been shown to result in earlier co-contraction and increased activation of selected knee 

muscles during dynamic movements (47, 50, 102), thereby providing support to 

external knee loadings and reducing the strain on the ACL. Balance training has also 

been shown to result in decreased knee valgus loading during SS (25). 

Despite providing valuable information regarding interventions that may reduce 

the risk of ACL injuries during SS, two questions remain outstanding in the literature:             

1) Considering that many team-sport athletes sidestep frequently without getting 

injured, what contributes to „unsafe‟ SS in the game environment?  2) Why have ACL 

injury rates remained consistent over the past decade? The majority of laboratory-based 

studies on SS have focused on the motor skill of the manoeuvre. The visual-perceptual 

component of the manoeuvre has often been overlooked. Most SS related ACL injury 

scenarios occur during competition (75). The high temporal and spatial demands 

imposed by the environment on the athlete in situations requiring the manoeuvre could 

increase the risk of injury. However, there is a paucity of research that examines evasive 

SS in conditions resembling game situations. Additionally, in real-world injury 

scenarios, athletes are usually in offensive play and have his/her visual attention focused 

on either the scoring target (basket rim or goals) or defensive opponent(s) (58). 

Consequently, investigations aiming to reduce ACL injury risk during SS need to retain 

a visual-perceptual component while appraising kinematics of the skill in quasi game-

realistic conditions.  

2.5 Effects of temporally and spatially constraining the performance of 

sidestepping using visual stimuli  

 Sidestepping is a context specific VPM skill commonly performed by team sport 

athletes to evade opponent(s). To successfully perform evasive SS, athletes must not 

only visually perceive the opponent(s) and assess the available options to avoid the 

opponent(s) (39), but must also physically perform the manoeuvre while maintaining 

dynamic stability. Krosshaug et al. (58) suggested that ACL injury prevention programs 

should focus on enhancing knee control during the performance of tasks in situations 

where distractions resembling those seen in match situations are present. With this in 
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mind, early efforts to investigate reactive SS in a laboratory setting used either variation 

in timing of a light stimulus (13, 14) or a mannequin (68) to represent an opposing 

player, to mimic game-based time (13, 14) and space (68) constraints, respectively. 

The light-based stimulus used to temporally constrain the sidestep manoeuvre 

consisted of a set of light emitting diodes (LEDs) mounted on a target board (Fig 2.2). 

Participants were required to sidestep in the direction of an illuminated LED, which 

indicated the desired direction of travel in both planned and unplanned conditions. For 

example, if the light in the middle was illuminated, participants had to run straight. 

Illumination of either the left or right LED would require participants to sidestep online 

at 45° in the specified direction. In the planned condition, a pre-selected LED was 

illuminated prior to the participants‟ approach run, visually informing participants‟ of 

the required SS direction Participants were required to sidestep on a force plate in the 

specified direction. In the unplanned conditions, the LED was only illuminated when 

participants were close to the force plate, where SS was meant to be executed. The 

unplanned conditions were intended to replicate the time constraints that team-sport 

athletes may experience in game situations, where they have to sidestep in avoidance of 

an unexpected tackle from an opponent.  The only difference between the two examined 

conditions was the amount of time that participants‟ had to plan and execute the 

manoeuvre.  

 

Figure 2.2 Light-based stimulus with LEDs mounted on a board. 
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An increase of more than 200% in externally applied knee valgus and internal 

rotation moments to the knee joint was measured in sidesteps performed in the 

unplanned conditions, compared with the planned manoeuvres (14). Additionally, 

different activation strategies and activation levels of the knee muscles were observed 

between the SS conditions to support the external loading (16). During a planned 

sidestep, a selective knee muscle activation strategy was observed to support the 

externally applied valgus moments. Muscles crossing the knee joint medially (gracilis, 

vastus medialis, semimembranosus, medial gastrocnemius, and sartorius) which have 

moment arms to produce varus moments were more highly activated than the lateral 

muscles (tensor fascia latae, vastus lateralis, biceps femoris, and lateral gastrocenmius). 

Conversely, a generalised co-contraction strategy; equal co-activation of the medial and 

lateral muscle groups; with only a 20% increase in activation levels of the knee muscles 

was measured in sidesteps that were performed in the unplanned conditions. The slight 

increase in muscle activation during the unplanned sidesteps provided minimal 

additional support to the vastly increased knee loads, thereby resulting in increased 

strain on the ACL and hence injury risk of the ligament (16). These findings highlight 

the association between movement planning time and resultant knee joint loading 

during stance of the sidestep manoeuvre, which was hypothesised to increase an 

athlete‟s risk of sustaining an ACL injury.  

In another study that attempted to incorporate game characteristics in the 

investigation of evasive SS, McLean and colleagues (68) required participants to 

sidestep in avoidance of a static skeleton placed 20 cm behind a force plate. The authors 

suggested that the primary purpose of SS is to evade opponents. The presence of a 

simulated defender in the laboratory may impose certain spatial constraints for the 

performance of SS, which could aid in determining how the manoeuvre is performed in 

game situations. This is a reasonable hypothesis given that 19 out of 20 non-contact 

ACL injuries in team handball took place during offensive play, with the injured 

players‟ attention directed towards a defensive opponent or the goal (75).  

At initial foot contact, sidesteps performed in response to the skeleton resulted in 

increased peak medial ground reaction forces, hip flexion and abduction angles, knee 

flexion angles, and knee valgus angles, compared with manoeuvres performed in the 

absence of the skeleton. The presence of the simulated defender may have resulted in 
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the participants perceiving a need to change directions more rapidly during SS, 

accounting for the increased medial ground reaction forces, hip abduction and knee 

valgus angles (68). The larger hip and knee flexion angles were suggested to result from 

participants perceiving a need for more rapid deceleration and muscle-shortening, for 

increased push-off power to avoid the simulated defender. The authors concluded that 

the presence of a defensive opponent affected the amount of space afforded to the player 

for SS performance. Such an approach was suggested to result in manoeuvres that were 

more reflective of an actual ACL injury scenario, and may be a useful addition to 

existing test protocols used in this line of research.  

 The research of Besier et al. (14, 16) and McLean et al. (68) were the first two 

investigations which introduced generic visual stimuli to simulate game related visual-

perceptual constraints for the biomechanical investigation of evasive SS. Both studies 

illustrated the effect of visual cues on postural control and knee joint loading during SS. 

More importantly, there was an exponential increase in knee valgus and internal rotation 

moments when SS was performed under increased time and space constraints, which 

was only supported by minimal increase in activation of the knee muscles (13). 

Therefore, the amount of time and space available for preparing and executing the 

manoeuvre is believed to modulate the inherent risk of ACL injury. More recently, 

Fedie et al. (37) also reported increased knee flexion and knee valgus loading when 

athletes caught or passed a ball during SS. This finding reinforced the notion that visual 

information has the potential to alter locomotive strategies used to change direction 

during steering/SS (79). Collectively, the inclusion of game-related characteristics in 

laboratory protocols seems to elicit postures and knee loading that are important 

biomechanical factors related to ACL injuries.   

2.6 Role of vision in evasive locomotion, sidestepping and injury  

In human locomotion, information from the perceptual systems such as vision, 

audition and proprioception are used to produce goal-directed movements (96). 

However, vision dominates our sensory perceptual systems, and humans tend to use and 

trust vision the most (6, 82). The visual system is the only sensory system that provides 

accurate and precise information about the environment at a distance, via a series of 

fixations directed to prominent objects and/or ground surfaces (65). Vision does not just 
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enable us to see, but has evolved to offer us meaningful representations of our 

surroundings through perception and guide our movements (42). These movements are 

often evasive in nature to prevent unwanted collisions in our daily activities. Such 

activities include walking on the street while avoiding contact with other pedestrians or 

driving home from work during rush hour while avoiding collision with other cars on 

the road.  

With reference to gait, visually cued temporal constraints have been reported to 

affect movement strategies responsible for body reorientation during 

steering/sidestepping (79). The central nervous system employs two separate strategies 

to redirect the centre of mass toward the new direction of travel, depending on the 

amount of planning time available prior to initiation of the movement. In planned 

situations without temporal constraints, a support foot placement strategy in the step 

prior to initial foot contact of the push-off foot is adopted to facilitate directional 

change. In unplanned situations with high temporal constraints, a lateral trunk flexion 

strategy is adopted instead (79). The provision of specific visual cues to guide 

locomotion has also been reported to ameliorate gait disturbances associated with 

Parkinson‟s disease (62, 73). During evasive SS, an individual‟s perception of the 

sporting environment influences the perceived amount of time and space that is 

available for planning and performing SS, which has been shown to indirectly affect 

ACL injury risk (14, 16, 68). Therefore, an understanding of the visual system and how 

humans process visual information is important for a better comprehension of the 

relationship between the visual-perceptual and motor components of evasive SS, and 

ACL injury risk.  

2.7 The human visual system: Functional anatomy of the eye 

Different layers make up the human eye (Fig 2.3). The outermost layer is the 

cornea, which is a transparent convex surface that refracts light when it first enters the 

eye. Light then travels to the coloured part of the eye, the iris, continuing through a hole 

in the iris called the pupil. The size of the pupil is controlled by muscles in the iris, 

which increases its size in low light, and decreases its size in bright light. This regulates 

the amount of light entering the pupil. The light that enters the pupil reaches the lens 

where it is further bent, positioning objects or locations of interest on the fovea. The 
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fovea is a very small area posterior of the eye, in the retina, which is responsible for the 

highest levels of visual acuity and clarity. Due to the small area of the fovea, the area 

within which the human eyes are able to see clearly is only approximately two to three 

degrees of visual angle (96). The retina acts like the film of the eye and converts light 

rays into electrical signals which are sent to the brain through the optic nerve, allowing 

comprehension of what we see.   

 

Figure 2.3 Cross section of the eye (96). 

Objects are seen when light is reflected from their surfaces and into the eyes. 

The total amounts of light reflected from any surface that stimulate the eyes are known 

as the left and right visual fields respectively (27). A line of gaze originates from each 

eye, through the respective visual fields and intersects at a point in front of the viewer, 

focussing on a location/object of interest (Fig. 2.4). The active focussing of these lines 

of gaze within the collective field of view in real time while providing information for 

ongoing perceptual, cognitive and behavioural activity is known as gaze control (49). 

Gaze control is a collective representation of four different strategies.  
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Figure 2.4 The visual system with emphasis on the bilateral visual fields and  

lines of gaze (96).  

2.8 Gaze control strategies 

The first gaze control strategy is known as a fixation which represents a stable 

gaze pattern that allows conscious information processing. Fixations occur when the 

gaze is held on an object or location of interest for a minimum of 100 ms and within 

three degrees of visual angle (23). The 100 ms threshold is the minimum time required 

for conscious processing of visual stimuli, and an additional 80 ms is required to initiate 

a movement response. Similar to fixations, pursuit tracking represents a second gaze 

control strategy whereby moving objects of interest are tracked in a stable fashion for at 

least 100 ms, with conscious processing of the visual input.  

The third gaze control strategy is known as a saccade. Unlike fixations and 

pursuit tracking, saccades represent periods of rapid gaze movements between different 

objects/locations of interest, while bringing them onto the fovea allowing the highest 

possible acuity for viewing clarity. However, the visual information is not consciously 

processed. Saccades usually take between 60 to 100 ms to travel from one location to 

another. During a saccade, visual information presented to the viewer is suppressed 

(20). The visual input during fixations or pursuit tracking is maintained across saccades, 

and the brain processes this visual information resulting in perception of scenes that are 
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cohesive and meaningful. The fourth gaze control strategy is a blink, when the eyelid 

covers the eye. Blinking refreshes the cornea and lens which are important for 

maintaining vision. Information is also suppressed during blinking. 

The four gaze control strategies are further grouped into either focal or ambient 

systems which function differently, but work in co-operation during sports performance. 

The focal system is also known as central vision or foveal vision. Visual information is 

processed by the focal system only when it has been fixated upon or pursuit tracked 

resulting in foveal vision, allowing full viewing acuity and clarity. 

In contrast, the ambient system or peripheral system processes visual 

information that falls on other parts of the retina that is not within the fovea. The 

ambient system specialises in the rapid detection of movement and perception in dim 

conditions (96). It appears to be most effective in responding to visual stimuli and 

eliciting limb movements of very short durations in the range of 100 ms to 150 ms (83). 

However, when movements span over a longer duration or are novel, the focal system 

takes over, and the brain exerts cognitive control over the performance of the task at 

hand. Essentially, both the focal and ambient systems work reciprocally for the 

perception of visual information resulting in action. 

2.9 Ventral and dorsal processing of visual information  

Milner and Goodale (71) suggested that two separate neuro-anatomically and 

functionally different visual systems exist for perception and action. The ventral stream 

that runs from the visual cortex to the temporal lobe is presumed to be critical to the 

visual perception and identification of objects. It assigns meaning to what is seen, 

supporting „vision for perception‟ processes (93).  As such, the processes supported by 

the ventral stream rely predominantly on allocentric information, whereby objects are 

viewed in relation to other objects in the world. On the other hand, the dorsal stream 

that runs from the visual cortex to the posterior parietal lobe is predominantly 

responsible for the visual control of online action (96), supporting „vision for action‟ 

processes (93). Processes supported by the dorsal stream are therefore more dependent 

on egocentric information, such as where objects are in the environment relevant to the 

actor.  
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Dissociations between the ventral and dorsal streams are evident in patients 

suffering from damage to areas of the brain which support the processing of visual 

information via the respective streams. Individuals who suffer from optic ataxia 

(damage to areas related to the dorsal stream) are able to recognise an object, but are 

unable to use the visual information to guide their hand to the object (80). In contrast, 

individuals who suffer from visual agnosia (damage to areas related to the ventral 

stream) fail to recognise an object, but are able to make use of the visual information to 

accurately grasp the object (71). As a result of this dissociation, it has been speculated 

that perception without action would require dominant use of the ventral stream (93) 

which may not reflect the interaction between the two streams in real tasks. In a task 

such as evasive SS, to examine the contribution of perceptual skill to ACL injury, both 

the ventral (visual-perceptual skill) and dorsal (motor skill) streams need to be engaged 

in a realistic manner. Research has shown that during the course of action, interaction 

between these two streams occurs (27, 43).  

Van der Kamp and Colleagues (93) proposed a model which documented the 

contributions and interactions of the two visual streams toward the performance of 

VPM tasks. Although the model was tailored toward examining interceptive timing 

tasks (e.g. baseball batting), the contributions and interactions of both visual streams 

were described relative to the temporal period from the initiation of the actors‟ motor 

response, to the endpoint of an opponents‟ action (e.g. ball release in a baseball pitch). 

Such an approach should also be applied to the investigation of evasive SS, as athletes 

need to interpret the movements of their opponent(s) prior to manoeuvring.  

Despite parallel engagement between the ventral and dorsal streams throughout 

skilled action, their relative contributions differ according to the phase of the action. 

During the preparatory phase prior to movement onset, the ventral stream is more 

engaged than the dorsal stream, gathering necessary information from the visual field 

regarding what action or counter-action is afforded by the situation. The transitioning 

period between deciding on a course of action and initiating movement, is likely to 

involve parallel contributions from both visual streams. The period after movement 

initiation results in dominant dorsal stream involvement for the visual control of online 

action. The authors stressed that the emphasis of the model was not related to the 

sequential contributions of the ventral and dorsal streams during skilled action, but the 
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importance of examining the reciprocal working relationship between the ventral and 

dorsal streams during investigations of VPM skills such as evasive SS (93).  

2.10 Processing of visual information resulting in goal-directed movements  

The process of utilising visual information via the visual system to perform 

goal-directed movements has been labelled differently in different research papers. 

McLeod (69) defined the ability of an individual to use visual information for the 

generation of appropriate commands as visuomotor coordination. On the other hand, the 

synergistic relationship between linking information perceived in the environment and 

the performance of specific motor outputs was referred to as the perception-action cycle 

(92). For clarity, in this literature review, VPM couplings will be used to describe the 

processing of visual information resulting in dynamic movements, with specific 

reference to evasive SS. Four theories; cognitive psychology, ecological psychology, 

dynamic systems and constraints-led perspective; that have contributed to the 

understanding of VPM couplings will be discussed in the following sections.  

2.10.1 Cognitive psychology and visual-perceptual-motor couplings 

Cognitive psychology offers a formal way of understanding how information is 

processed by the brain (88) resulting in goal directed responses. From this perspective, 

information undergoes higher level processing by the central nervous system before an 

appropriate motor output can be generated. The information processing model (85, 89) 

exemplifies a cognitive approach in understanding how humans process visual 

information for anticipating perturbations to movement and making adjustments during 

ongoing locomotion (e.g. evasive SS) (Fig 2.5). In contrast to other theoretical 

perspectives presented in the following sub-sections, this model assumes „indirect 

perception‟ where the meaningless sensory information must be compared with 

memories of the world that are stored in the brain. The information from the 

environment needs to be processed or interpreted internally before a response can be 

initiated. Many of the differences found between experts and novices relating to how 

quickly they can react to information in the environment can be explained by indirect 

perception. For example, novices would find making sense of the environment without 
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previous experience burdensome, whereas skilled performers may be able identify key 

information quickly due to their broader existing knowledge base.   

According to the information processing model, all available sensory 

information is input into the central and peripheral nervous systems via various senses. 

This information then undergoes a 3-stage process before the movement is executed, 

which is reflected as the output in the model. The visual system is the only sensory 

system that provides feed forward control of movement, thereby allowing interpretation 

of potential sites of perturbation for the engagement of anticipatory actions (78). As 

such, the model, when applied to examine evasive SS in this literature review, only 

considers the processing of visual information.  

During a sidestep that is performed reactively, input refers to what the athlete 

sees in his/her sport-specific environment. Key features or cues are then identified from 

the visual field (stimulus identification), such as the approach of opposing defenders. 

Having identified situational specific cues through perception, the athlete then selects a 

movement response (response selection), such as the performance of an evasive 

sidestep. Finally, the movement is planned, programmed (response programming) and 

executed (output). 

 Consequently, it can be hypothesised that the use of more complex stimuli to 

elicit SS will demand more time being invested in the response selection stage. 

According to Hick‟s law (52), the time required for a person to make a decision results 

from the number of possible choices available. Consequently, if video projections of 

multiple defensive opponents converging upon the participant were used instead of one 

opponent or traditionally used light-based stimuli, participants will require more time to 

choose the correct response from several options. If the total amount of time to 

complete the sidestep remains constant then it is possible that a non-optimised motor 

response will be executed because there is not enough time (increased temporal 

constraint) to organise an optimal response. This position is supported by the findings of 

Besier et al. (14), which showed an increase in knee valgus moments during sidesteps 

performed under high time pressure, thereby increasing ACL injury risk (51). Notably, 

increasing the complexity of the stimulus in this way also acts to address the need for 

game-relevant visual-perceptual constraints during laboratory-based investigations. 
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Figure 2.5 Three stage model of information processing (85). 

2.10.2 Ecological psychology and visual-perceptual-motor couplings 

In contrast to cognitive psychology, ecological psychology proposes the notion 

of „direct perception‟, whereby motor tasks are performed without the aid of inferences, 

memories or other neural representations (40). Central to this perspective is the concept 

that when we move around our environment, light reflects off textures in the 

environment that change in accordance with those actions. Our visual system is 

equipped to detect light energy as it reflects off objects within the environment. When a 

performer moves around relative to surfaces, objects or events, the light energy changes 

(is variant) and informs us about the environment. However, there is also an underlying 

structure to these features in the environment that does not change (remains invariant) 

despite changes in the light energy, which is innately known/understood by the animal 

that traverses in that environment.  

An important contribution to understanding how invariant features within the 

environment may be utilised by animals was Gibson‟s notions of  the optic array and 

optic flow. Optic array represents projections of the surrounding environment and optic 

flow reflects changes in the optic array created by observer/viewer movement. An 

example that illustrates these concepts is when a pilot attempts to land a plane (Fig 2.6). 

INPUT 

1. Stimulus Identification 

(Perception) 

2. Response Selection 

(Decision) 

3. Response Programming 

(Action) 

OUTPUT 
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Assuming the pilot‟s perspective, we can infer the orientation and heading of the plane 

with respect to the landing runway from the arrows, and the patterns of optical flow 

perceived by the pilot as the plane flies across the airfield. The lengths of the arrows 

provide the viewer with information on the approach speed of objects in the visual field. 

Looking ahead, the arrows corresponding to the field of view closest to the pilot appear 

the longest, while the arrows at a distance appear shorter. These arrows eventually 

converge at a point and appear to stop moving. This point is known as the focus of 

expansion, which is the point in space that the organism is moving toward and, 

importantly, remains invariant.  

 

Figure 2.6 Optical flow from retinal motion perspective looking ahead (96). 

To illustrate the concept of invariant structures in the environment, Davids and 

colleagues described an example of a golfer preparing for a putt (28). When preparing 

for a putt, the golfer moves around the ball and hole to explore the invariant structure of 

the putting green (21). Regardless of the location of the golf course, every putting green, 

via its invariant structure, provides information sources such as the cut of the grass and 

contours of the surface. Movements by the golfer reveal these invariant information 

sources for strategising the execution of the putt.    

One of the most studied invariants is the optical variable Tau, which is based 

upon changes in the size of visual information on the retina, as a result of the viewer‟s 

movements in the environment (59). This phenomenon was suggested to provide the 

viewer with information on the Time to Contactof converging objects in the 
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environment. When the image on the retina reaches a certain size, it triggers a specific 

action from the person in response to the object. This change in behaviour occurs at a 

critical Tau value, which can be computed mathematically as the reciprocal of the 

relative rate of dilation of the visual angle subtended by a moving object. However, 

change in action triggered by critical Tau values occur via direct perception, which does 

not require higher level cognitive processing.  Using evasive SS as an example, 

adopting an ecological perspective would suggest that no ongoing cognitive calculations 

are performed by the athlete to judge the distances of opponent(s) from his/her position, 

prior to executing the manoeuvre. The athlete is simply attuned to the time-to-contact of 

the opponent(s) through direct perception, which at a critical Tau value, triggers the 

appropriate evasive movement to avoid the predicted collision.   

  Gibson (40) also proposed the notion of affordances presented by the 

environment to the animal traversing in it. „Affordance‟, as defined by van der Kamp et 

al. (93), refers to the options offered by the environment to an observer for action, and is 

perceived both objectively and subjectively. For example, dry flat ground compared 

with a steep icy surface objectively affords to the organism a surface that is easier to 

travel on. On the other hand, the degree of difficulty to travel on the steep icy surface 

may be perceived differently between individuals due to subjective factors such as 

differences in anatomy (e.g. limb lengths) and experiences. As such, the perception of 

affordances in the environment differs between individuals.  

Similarly in the sports domain, the perception of affordances provided by the 

environment for successful performance is influenced by an athlete‟s knowledge of 

his/her own abilities and sport-specific experiences, and is therefore individual-specific. 

This assertion is supported in the literature, whereby the expert advantage over novices 

in the recognition of play patterns is only apparent when the visual information 

presented is specific to the athletes‟ sporting experience (3, 8, 87). Within these sport-

specific environments, experts often outperform novices due to their enhanced 

perception of kinematic cues from their opponents‟ movements, allowing them more 

time to prepare and execute the appropriate movement response (1, 2). In response to a 

return shot during racquet sports, experts were found pick up more information from 

their opponent‟s movements before ball flight compared with novices (5). Additionally, 

information picked up from the opponent‟s hitting action was different between the 
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experts (e.g. the arm) and the novices (e.g. the racquet). This difference was suggested 

to result in faster response times observed in the experts to initiate a return stroke. The 

“expert advantage” over novices has been attributed to the former possessing enhanced 

visual-perceptual skill, allowing the experts to engage in anticipatory responses earlier 

than novices.  

Invasion sports (e.g. Australian football, soccer and hockey) provide a highly 

conducive environment for investigating VPM couplings. The environment is defined 

by continual motion resulting from the movements of the observing athlete, his/her 

opponents, and objects that may be used in the game (e.g. soccer ball). The observing 

athlete is exposed to ongoing optical change, thereby requiring constant adaptation of 

the VPM system for appropriate movement responses. During evasive SS, as a soccer 

player moves around the pitch, images of the opposing defender(s) are captured on the 

retina. These images change in size, depending on the speed of approach and the 

distance of the opponent(s) from the viewer. Within close proximity, the viewer‟s 

retinal images of the defenders may reach a certain size, resulting in a critical Tau dot 

value. This may trigger the performance of a sidestep by the viewer in evasion of the 

defender(s). In support of the concept of direct perception, proponents of the ecological 

psychology perspective point to the well documented characteristic demonstrated by 

skilled performers that complicated tasks can be performed without much thought. 

From this perspective, a well-practiced task, such as evasive SS, can be performed 

without the need for time-consuming, higher level cognitive processing. 

2.10.3 Dynamic systems theory and visual-perceptual-motor couplings 

Another theory that was applied to the study of human movement during the 

time that the cognitive and ecological approaches emerged was the dynamic systems 

theory (12, 56, 91). The dynamic systems theory adopts a multidisciplinary perspective, 

proposing that human movement patterns arise from the synergistic organisation of 

various factors. These factors are biological (e.g. visual system), biomechanical (e.g. 

force production and absorption properties of the limbs), environmental (e.g. spatial and 

temporal), and task (e.g. evasive SS to avoid defender) related. Human movement 

control is viewed as a complex system that is built upon non-linear dynamics, whereby 

behavioural changes do not follow a linear progression. Central to the theory is the 
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concept of self-organisation of coordinative structures which are both innate and learnt. 

These coordinative structures exist for a range of coordinated acts which do not require 

higher level cognitive processing for movement execution. Tuning of these coordinative 

structures occur via information obtained through the perceptual systems, of which the 

visual system is most dominant. Self-organisation of the tuned coordinative structures 

then takes place in accordance to an individual‟s intention to act in response to the 

environmental conditions presented.  

Dynamic systems theory, when applied to analyse the VPM skill of evasive SS, 

functions similarly to the ecological approach. The viewer obtains environmental 

information via his/her perceptual system, of which information obtained via the visual 

system is most salient. Movement by the viewer and/or of objects in the environment 

(e.g. opposing defender) changes the optic array of the environment perceived by the 

viewer. Light to the viewer/perceiver serves as a rich source of information for tuning 

coordinative structures (38). Consequently, changes in the optic array of the 

environment serves as feedback for this tuning process in preparation for appropriate 

movement (e.g. evasive SS), as well as the maintenance of stability during movement 

execution.   

In the course of performing any activity, there are generally three types of 

perceptual information available to the viewer, namely exteroproprioceptive, 

proprioceptive and exproprioceptive information. Exteroproprioceptive information 

illustrates properties of the environment containing the viewer. Proprioceptive 

information gives the viewer a sense of his/her limb positions in the environment. 

Exproprioceptive information provides information about the environment in relation to 

the viewer. Before and during movement, all three sources of information contribute to 

the tuning of coordinative structures. However, with regards to dynamic reactive 

movements such as evasive SS, exproprioceptive information would appear to be most 

relevant in the tuning of the required coordinative structures, for movement preparation 

and execution.  

The importance of exproprioceptive information has been shown to affect 

behaviour for postural control (59), skilled activity (53, 86) and underlying 

physiological processes during movement (60). It was previously shown that mere 
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manipulation of an individual‟s visual system to imitate the optic flow that would result 

from tilting resulted in underlying muscles activated in a pattern to maintain postural 

stability (32). Though contextually different, this phenomenon was also observed by 

Besier and colleagues (13) in their study of evasive SS. Lower limb muscles responsible 

for postural stability during evasive SS activated differently, according to the viewer‟s 

perception of the level of temporal constraints imposed by a light-based stimulus for SS 

performance. The muscle activation strategies and levels of activation affect the amount 

of support provided toward external knee joint loading during the manoeuvre, which in 

turn, affects ACL injury risk.  

2.10.4 Constraints-led perspective and visual-perceptual-motor couplings 

All three theories discussed previously contribute to the understanding of VPM 

couplings during skilled action, using considerably different perspectives. More 

recently, the constraints-led perspective was proposed as an alternative model to explain 

the cyclic and interdependent relationship between visual-perceptual skills and motor 

skills during skilled action (74) (Fig 2.7). The constraints-led perspective is an 

assimilation of different aspects of cognitive psychology, ecological psychology and the 

dynamic systems theory. Adopting the constraints-led perspective, sport-specific 

environments within which the athlete perceives visual information and performs is 

known as the VPM workspace. Within this VPM workspace, there is an active 

perception-action/VPM cycle that works to link information perceived in the 

environment to specific physical behaviours of the athlete in time dependent ways. 

Optimal performance outcomes from the perception-action cycle are dependent upon 

the interaction of three categories of constraints; organismic, environmental and task 

(74).  

Organismic constraints refer to the limitations that reside within the athlete such 

as his/her physiology, anatomy, intelligence and skill level. Environmental constraints 

are extrinsic limitations imposed on the athlete such as field conditions (wet vs dry) and 

ambient temperature. It is noteworthy that environmental constraints are not solely 

limited to those that are imposed by the natural sporting environment, but also includes 

the limitations imposed by environments such as a laboratory setting. Task constraints 

include factors such as rules of the game and equipment used. Therefore, in the task of 
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evasive SS, eventual efficacy and safety of the movement may depend on the interaction 

between factors such as the athlete‟s level of expertise with respect to his sport 

(organismic constraint), field size which alters the spatial demands on the athlete due to 

changes in the vicinity of opposing players (environmental constraint), and the 

frequency of sidesteps performed according to the requirements of the game (task 

constraint).  

 

Figure 2.7 Constraints-led perspective model (74, 96).  

Despite an emphasis on the perception-action cycle within the model, Newell 

and McDonald (74) proposed that the coupling between visual-perceptual skill and 

motor skill was an abstract concept which could not be quantified. This was mainly due 

to limitations in eye tracking and motion analyses technology at that time.  It was only 

with the advent of new eye tracking and motor analysis technology that VPM couplings 

can now be quantitatively examined. The “Quiet Eye” is a gaze control strategy that 

exemplifies a quantitative representation of visual-perceptual skill, which has been 

identified as an objective discriminator of expertise in sport. The Quiet Eye is a final 

fixation held for at least 100 ms on a specific location or object in the VPM workspace 

and within 3 degrees of visual angle, before a task-relevant motor response is executed 

by the performer (96). It has been shown that the onset and duration of the Quiet Eye is 

both earlier and longer for elite athletes compared with less skilled level athletes in 

various sports (95, 101).    

2.11 Visual search and vision-in-action paradigms 

The two main paradigms which have been adopted in the literature to investigate 

VPM skills are the visual search and vision-in-action paradigms. The visual search 
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paradigm is the older of the two paradigms and has been described differently over 

time. Zelinsky and colleagues (103) defined visual search as the process of locating a 

target or object of interest in a cluttered scene, while Sternberg (88) defined visual 

search as the active search of an object/location of interest without knowing when and 

where it will appear. Researchers who adopt the visual search paradigm usually present 

athletes with videotapes, photographs or simulated visual stimuli specific to their sport 

and record their eye movements during the viewing. The athletes‟ eye movements are 

then associated with a task-specific decision or response. Previous research suggests 

that experts and novices differ significantly in terms of the visual cues they attend to 

and use, to arrive at the correct task-specific decision/response. Generally, experts 

possess superior recall and recognition of sport-specific patterns of play (98), exhibit 

different visual search strategies which suggests a more efficient use of visual 

information (45), and possess enhanced abilities to make use of visual cues to execute 

appropriate decisions at a faster rate (97) compared with their novice counterparts.  

The visual search paradigm contributes significantly to the understanding of 

expert and novice differences in visual cueing but has limitations. Relating back to the 

constraints-led perspective, visual search studies usually do not consider organismic and 

task constraints inherent to the sporting task(s). Most of the task-specific 

decisions/responses required of the athlete while viewing presented visual stimuli 

hardly require any physical effort, and are usually unrelated to any of the motor skills 

performed during game situations. The use of static two-dimensional (2D) displays for 

the deliverance of environmental constraints also barely resemble the perceptual 

demands imposed on the athlete in real life game situations. According to Williams et 

al. (99), this inadequacy in presenting realistic environmental constraints during visual 

search studies undermines the validity of experimental results. Ecologically valid 

assessments of expert and novice differences involving sport-specific visual skills is 

dependent upon the accurate reproduction or effective simulation of the visual-

perceptual conditions presented in actual game environments (6).     

The vision-in-action paradigm (95) overcomes several of the limitations extant 

in the visual search paradigm. Athletes‟ gaze recordings are made while they are 

physically performing a task specific to their sport domain. This implies that there is 

always a coupling between visual-perceptual skill and motor skill. Task performance is 
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assessed from 2D video recordings of athletes performing in their natural sport-specific 

environments, which overcomes the limitations of using unrealistic visual stimuli to 

impose game-based visual-perceptual constraints. Furthermore, the task performed is 

usually a well-known sports task, whereby performers can be grouped into different 

skill categories based on objective measurements of achievement. Consequently, the 

vision-in-action paradigm adequately addresses the constraints (organismic, 

environmental and task) presented in the constraints-led perspective, while allowing 

VPM couplings within the VPM workspace to be quantitatively measured.  

Experimental results from gaze behaviour research using the vision-in-action 

paradigm resulted in Vickers (96) proposing an adaptation of the constraints-led 

perspective (Fig. 2.8). Three novel gaze control categories illustrating a different VPM 

cycle for three distinctly different motor task categories; targeting, interceptive timing 

and tactical; were included. In targeting tasks such as the sport of darts, the gaze and 

attention of an individual is used to locate a target in space (e.g. bulls eye), and to 

control the aiming of an object (e.g. dart) to strike the target area. In interceptive timing 

tasks such as hitting a baseball, an object (e.g. baseball) travels towards the viewer. The 

viewer‟s gaze and attention are directed toward reading the object as it is delivered, 

tracking it during its approach and finally controlling it as it is received.  

The performance of tactical tasks in team sports often results in similar gaze 

behaviours seen in targeting and interceptive timing tasks. Additionally, athletes need to 

read complex patterns of moving objects in their visual field, such as the movements of 

opposing players during offensive or defensive play. Perception of visual information, 

resulting in comprehension and decision making for appropriate responses, is often 

made under time constraints. Regardless of the type of sport, performance of tactical 

tasks requires performers to detect the most important cues in their visual environment 

that is full of moving objects, and arrive at the best decision for action (96).  

A good example of a tactical task would be the performance of evasive SS in 

team-sport environments such as soccer. Often, prior to receiving the ball, a player has 

to read the movements of the opposing players and run into space, making themself 

“available” to receive the ball. Prior to receiving the ball from his/her team mate, he/she 

needs to read the ball when it is being passed, track it during its approach, and finally 
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control it. Upon controlling the ball, opposing defenders may already be closing in. 

Under tight time constraints, the performer has to read the movements of his defenders 

as well as positions of his own team mates, before making a decision (either through 

high-level cognitive processing or direct perception) resulting in the appropriate course 

of action, be it passing or dribbling the ball. In instances where the defender(s) is 

closing in quickly, the performer often has to read the movements of the defender(s) 

while simultaneously tracking the ball, before executing an evasive sidestep to avoid 

getting tackled.  

 

Figure 2.8 Adapted constraints-led perspective model illustrating three 

categories of gaze control (targeting, interceptive and tactical) (96). 

2.12 Limitations of the vision-in-action paradigm for the study of evasive 

sidestepping  

Despite permitting the synchronous measurement of visual-perceptual and motor 

skill couples (95) in sport-specific environments, much of the work that has emanated 

from the use of the vision-in-action system has predominantly focused on assessments 

of closed skills (e.g. putting in golf) (99). The relatively simple and consistent 

constraints found within closed skills leaves open the possibility that environments 

involving greater visual-perceptual demands (e.g. invasion sports) may amplify critical 

VPM skill differences between athletes of differing skill levels. 

Further, each frame of vision-in-action data is 2D and sampled at 30 Hz, limiting 

the amount of objective motor skill data that can be obtained. Human motion is of 

course three-dimensional (3D) and common sporting manoeuvres such as running and 

SS have traditionally been sampled at the higher frequencies of 100 to 200 Hz (25, 61). 
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Additionally, ground reaction forces measured using force plates are required for the 

calculation of knee joint moments using inverse dynamics. This is critical in assessing 

ACL injury risk as ruptures occur when the loads on the ligament exceed its capacity to 

sustain them. Over the past decade, laboratory-based 3D motion analysis systems (e.g. 

VICON - ViconPeak Ltd., Oxford, United Kingdom) have been established as the gold 

standard for movement quantification. The integration of a system capable of projecting 

visual stimuli and thereby mimicking actual game environments, with 3D motion 

analysis and gaze tracking systems would enable us to simultaneously investigate the 

visual-perceptual and motor contributions of evasive SS in a quasi game-realistic 

fashion.  

2.13  Developing an “Integrated Stereoscopic System” to investigate evasive 

sidestepping 

 “Open” skills such as SS to evade opponents currently cannot be examined 

reliably in situ. As a result, biomechanical investigations of SS have predominantly 

been based in a laboratory setting. According to McLean and colleagues (68), eliciting 

SS through the use of a simulated defensive opponent with unpredictable behaviour 

could result in postures and knee loading that are important biomechanical contributors 

to ACL injuries. Keeping in mind this concept, the development of a three-dimensional 

(3D) stereoscopic system, which will enable real opponents to be filmed and projected 

in a laboratory setting, could contribute to more ecologically valid investigations of 

evasive SS. Filmed scenarios could feature one or two life-size soccer defenders moving 

out from a penalty box and simulating an online tackle of the viewer. Incorporated as 

part of an experimental protocol, participants could run towards these projected 

opponents and perform SS to evade the defenders.  

While the stereoscopic system may deliver a visual experience that is more 

faithful to the game environment compared with other generic 2D displays, its 

capabilities as a research tool could be greatly enhanced if it is integrated with a 3D 

motion analysis system and a gaze tracker. An integrated system will not only allow for 

quasi game-realistic stimuli to be presented, but will also allow for the reciprocal 

relationship between visual-perceptual skill and motor skill during reactive SS to be 

measured synchronously. Using such an approach would allow for controlled and 
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repeatable investigations of evasive SS while incorporating a higher degree of 

ecological validity than currently exists in this field of research.  

2.14 Conclusions  

Anterior cruciate ligament injuries are serious, debilitating, and costly. Despite 

extensive research aimed at preventing non-contact ACL injuries, injury rates have 

remained consistent in various team sports over the past decade (10, 76). This 

challenges sports researchers to direct their attention away from traditional foci in 

search of breakthroughs for the prevention of non-contact ACL injuries. The innovative 

work of Besier et al. (13, 14) and Mclean et al. (68) reported more injurious SS 

biomechanics when high temporal and spatial constraints were visually imposed on 

athletes during performance of the manoeuvre. Bringing the sidestep manoeuvre closer 

to an ACL injury scenario while remaining within safety boundaries, allows 

investigators to gain a clearer understanding of the biomechanics involved in actual 

injury. Additionally, both studies highlighted the salient effect of visual cueing on SS 

biomechanics, which may be relevant to the aetiology of ACL injuries.  

The integral role of visual perception in successful task performance across 

different domains is well established. In sports, the study of visual-perceptual skill has 

mainly focused on expert and novice differences in utilising visual cues to facilitate 

anticipatory responses (4, 99). The current literature suggests that the expert advantage 

in utilising pertinent visual information for enhanced VPM task performance is only 

evident when the environment presented is realistic, situational specific and context 

specific (36). Drawing parallels to the work of Besier et al. (13, 14) and McLean et al. 

(68), the applications of non sport-specific 2D visual stimuli to impose time and space 

constraints to investigate SS may have limitations. Applications of non sport-specific 

stimuli which do not deliver depth cues via stereoscopic visual perception may lack 

critical environmental information integral for successful SS in games. Human vision is 

3D, and depth perception is often critical to successful performance in various sports 

(96). In the absence of these perceptual elements, formulating links between perception 

and injury mechanics may have limitations. 
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The 3D integrated stereoscopic system will allow sport and situational-specific 

scenarios to be presented in the laboratory for eliciting SS. The visual-perceptual and 

motor skills relevant to the manoeuvre will also be synchronously measured via the 

system‟s component parts; the motion analysis system and gaze tracker. The use of 

visual stimuli that mimics the game environment will also provide the platform for 

differences in SS biomechanics between high-level and low-level players to be 

investigated. Hopefully, using such a holistic investigative approach will result in better 

understanding on how VPM couplings related to SS affects ACL injury risk. Future 

research can then attempt to identify the visual-perceptual and motor components of the 

manoeuvre which are amenable to targeted intervention for injury prevention. 

 

 

 

 

 

 

 

 

 

 

 



68 

 

2.15 References 

1. Abernethy B. Visual search strategies and decision-making in sport. 

International Journal of Sport Psychology. 1991;22(3-4):189-210. 

2. Abernethy B. Searching for the minimal essential information for skilled 

perception and action. Psychological Research. 1993;55(2):131-8. 

3. Abernethy B. Training the visual-perceptual skills of athletes. The American 

Journal of Sports Medicine. 1996;24(6):89-92. 

4. Abernethy B, and Russell DG. Advance cue utilization by skilled cricket 

batsmen. The Australian Journal of Science and Medicine in Sport. 

1984;16(2):2-10. 

5. Abernethy B, and Russell DG. The relationship between expertise and visual 

search strategy in a racquet sport. Human Movement Science. 1987;6(4):283-

319. 

6. Abernethy B, Wann J, and Parks S. Training perceptual motor skills for sport. 

In: B Elliott editor. Training in Sport: Applying Sport Science. London, UK: 

Wiley; 1998, pp. 1-68. 

7. Agel J, Arendt EA, and Bershadsky B. Anterior cruciate ligament injury in 

national collegiate athletic association basketball and soccer: a 13-year review. 

American Journal of Sports Medicine. 2005;33(4):524-30. 

8. Allard F, Graham S, and Paarsalu ME. Perception in sport: basketball. Journal 

of Sport Psychology 1980;2(1):14-21. 

9. Andersen MB. Returning to action and the prevention of future injury. In: J 

Crossman editor. Coping with sports injuries: psychological strategies for 

rehabilitation. Melbourne: Oxford University Press; 2001, pp. 162-73. 

10. Arendt EA, Agel J, and Dick R. Anterior cruciate ligament injury patterns 

among collegiate men and women. Journal of Athletic Training. 1999;34(2):86-

92. 

11. Astephen JL, Deluzio KJ, Caldwell GE, and Dunbar MJ. Biomechanical 

changes at the hip, knee, and ankle joints during gait are associated with knee 

osteoarthritis severity. Journal of Orthopaedic Research. 2007;26(3):332-41. 

12. Bernstein N. The co-ordination and regulation of movement. Oxford, UK: 

Pergamon Press; 1967. 



69 

 

13. Besier TF, Lloyd DG, and Ackland TR. Muscle activation strategies at the knee 

during running and cutting manoeuvres. Medicine and Science in Sports and 

Exercise. 2003;35(1):119-27. 

14. Besier TF, Lloyd DG, Cochrane JL, and Ackland TR. Anticipatory effects on 

knee joint loading during running and cutting manoeuvres. Medicine and 

Science in Sports and Exercise. 2001a;33(7):1176-81. 

15. Besier TF, Lloyd DG, Cochrane JL, and Ackland TR. External loading of the 

knee joint during running and cutting manoeuvres. Medicine and Science in 

Sports and Exercise. 2001b;33(7):1168-75. 

16. Besier TF, Sturnieks DL, Alderson JA, and Lloyd DG. Repeatability of gait data 

using a functional hip joint centre and helical axis. Journal of Biomechanics. 

2003;36(8):1159-68. 

17. Bianco T. Social support and recovery from sport injury: elite skiers share their 

experiences. Research Quarterly for Exercise and Sport. 2001;72(4):376-88. 

18. Bjordal JM, Arnoy F, Hannestad B, and Strand T. Epidemiology of anterior 

cruciate ligament injuries in soccer. The American Journal of Sports Medicine. 

1997;25(3):341-5. 

19. Boden BP, Dean GS, Feagin JAJ, and Garrett WEJ. Mechanisms of anterior 

cruciate ligament injury. Orthopaedics. 2000;23(6):573-8. 

20. Bridgeman G, Hendry D, and Start L. Failure to detect displacement of visual 

world during saccadic eye movements. Vision Research. 1975;15(6):719-22. 

21. Button C, and Pepping G. Enhancing skill acquisition in golf – Some key 

principles. http://coachesinfo.com/category/golf/55/ 

22. Caraffa A, Cerulli G, Projetti M, Aisa G, and Rizzo A. Prevention of anterior 

cruciate ligament injuries in soccer. A prospective controlled study of 

proprioceptive training. Knee Surgery, Sports Traumatology, Arthroscopy. 

1996;4(1):19-21. 

23. Carl J, and Gellman R. Human smooth pursuit: stimulus-dependent responses. 

Journal of Neurophysiology. 1987;57(5):1446-63. 

24. Chen CPC, Chen MJL, Pei YC, Lew HL, Wong PY, and Tang SFT. Sagittal 

plane loading response during gait in different age groups and people with knee 

osteoarthritis. American Journal of Physical Medicine and Rehabilitation. 

2003;82(4):307-12. 



70 

 

25. Cochrane JL, Lloyd DG, Besier TF, Elliott BC, Doyle TLA, and Ackland TR. 

Training affects knee kinematics and kinetics in cutting maneuvers in sport. 

Medicine and Science in Sports and Exercise. 2010;42(8):1535-44. 

26. Cochrane JL, Lloyd DG, Buttfield A, Seward H, and McGivern J. Characteristic 

of anterior cruciate ligament injuries in Australian Football. Journal of Science 

and Medicine in Sport. 2007;10(2):96-104. 

27. Coren S, Ward L, and Enns JT. Sensation and perception. 6th ed. Hoboken, NJ: 

Wiley; 2004. 

28. Creem SH, and Proffitt DR. Grasping objects by their handles: a necessary 

interaction between cognition and action. Journal of Experimental Psychology: 

Human Perception and Performance. 2001;27(1):218-28. 

29. Davids K, Button C, and Bennet S. Dynamics of skill acquisition: A constraints-

led approach. Champaign IL: Human Kinetics; 2007.   

30. Dempsey AR, Lloyd DG, Elliott BC, Steele JR, and Munro BJ. Changing 

sidestep cutting technique reduces knee valgus loading. American Journal of 

Sports Medicine. 2009;37(11):2194-200. 

31. Dempsey AR, Lloyd DG, Elliott BC, Steele JR, Munro BJ, and Russo KA. The 

effect of technique change on knee loads during sidestep cutting. Medicine and 

Science in Sports and Exercise. 2007;39(10):1765-73. 

32. Dietz V, and North J. Preinnervation and stretch responses of triceps brachii in 

man falling with and without visual control. Brain Research. 1978;142(3):576-9. 

33. Egger G. Sports injuries in Australia: causes, cost and prevention. Sydney, 

NBH Program; 1990. 

34. Ermler KL, and Thomas CE. Interventions for the alienating effect of injury. 

Athletic Training. 1990;25(3):269-71. 

35. Evans P. The knee joint: a clinical guide. Edinburgh: Churchill Livingstone; 

1986. 

36. Farrow D, Young W, and Bruce L. The development of a test of reactive agility 

for netball: a new methodology. Journal of Science and Medicine in Sport. 

2005;8(1):52-60. 

37. Fedie R, Carlstedt K, Willson JD, and Kernozek TW. Effect of attending to a 

ball during a side-cut manoeuvre on lower extremity biomechanics in male and 

female athletes. Sports Biomechanics. 2010;9(3):165-77. 

 



71 

 

38. Fitch HL, Tuller B, and Turvey MT. The Bernstein perspective III. Tuning of 

coordinative structures with special reference to perception. In: JAS Kelso 

editor. Human motor behaviour: an introduction. Hillsdale, NJ: Erlbaum; 1982, 

pp. 271-81. 

39. Gibson JJ. The theory of affordances. In: RE Shaw and J Branford editors. 

Perceiving, acting and knowing: toward an ecological psychology. Hillsdale, 

NJ: Erlbaum; 1977, pp. 67-82. 

40. Gibson JJ. The ecological approach to visual perception. Boston, MA: 

Houghton Mifflin; 1979. 

41. Gillquist J, and Messner K. Anterior cruciate ligament reconstruction and the 

long term incidence of gonarthrosis. Sports Medicine. 1999;27(3):143-56. 

42. Goodale MA, and Humphrey GK. The objects of perception and action. 

Cognition. 1998;67(1-2):181-207. 

43. Goodale MA, Westwood DA, and Milner D. Two distinct modes of control for 

object-directed action. Progress in Brain Research. 2004;144:131-44. 

44. Gould D, Udry E, Bridges D, and Beck L. Stress sources encountered when 

rehabilitating from season-ending ski injuries. The Sport Psychologist. 

1997;11(4):361-78. 

45. Goulet C, Bard C, and Fleury M. Expertise differences in preparing to return a 

tennis serve: A visual information processing approach. Journal of Sport and 

Exercise Psychology. 1989;11(4):382-98. 

46. Griffin LY, Agel J, Albohm MJ, Arendt EA, Dick RW, Garrett WE, Garrick JG, 

Hewett TE, Huston L, Ireland ML, Johnson RJ, Kibler WB, Lephart S, Lewis 

JL, Lindenfeld TN, Mandelbaum BR, Marchak P, Teitz CC, and Wojtys EM. 

Noncontact anterior cruciate ligament injuries: risk factors and prevention 

strategies. Journal of the American Academy of Orthopaedic Surgeons. 

2000;8(3):141-50. 

47. Hashemi J, Breighner R, Jang TH, Chandrashekar N, Ekwaro-Osire S, and 

Slauterbeck JR. Increasing pre-activation of the quadriceps muscles protects the 

anterior cruciate ligament during the landing phase of a jump: an in vitro 

simulation. Knee. 2010;17(3):235-41. 

48. Heiden TL, Lloyd DG, and Ackland TR. Knee joint kinematics, kinetics and 

muscle co-contraction in knee osteoarthritis patient gait. Clinical Biomechanics. 

2009;24(10):833-41. 



72 

 

49. Henderson JM. Human gaze control during real-world scene perception. Trends 

in Cognitive Sciences. 2003;7(11):498-504. 

50. Hewett TE, Lindenfeld TN, Ricobene JV, and Noyes FR. The effect of 

neuromuscular training on the incidence of knee injury in female athletes: a 

prospective study. American Journal of Sports Medicine. 1999;27(6):699-706. 

51. Hewett TE, Myer GD, Ford KR, Heidt RSJ, Colosimo AJ, McLean SG, van den 

Bogert AJ, Paterno MV, and P S. Biomechanical measures of neuromuscular 

control and valgus loading of the knee predict anterior cruciate ligament injury 

risk in female athletes. A prospective study. American Journal of Sports 

Medicine. 2005;33(4):492-501. 

52. Hick WE. On the rate of gain of information. Quarterly Journal of Experimental 

Psychology. 1952;4(1):11-26. 

53. Hubbard AW, and Seng CN. Visual movements of batters. Research Quarterly. 

1954;25(1):42-57. 

54. Ireland M. Anterior cruciate ligament injury in female athletes: epidemiology. 

Journal of Athletic Training. 1999;34(2):150-4. 

55. Johnston LH, and Carroll D. Coping, social support and injury: changes over 

time and the effect of level of sports involvement. Journal of Sport 

Rehabilitation. 2000;9(4):290-303. 

56. Kelso JAS. Human Motor Behaviour. Hillsdale, NJ: Erlbaum; 1982. 

57. Kennedy JC, Weinberg HW, and Wilson AS. The anatomy and function of the 

anterior cruciate ligament: as determined by clinical and morphological studies. 

The Journal of Bone and Joint Surgery. 1974;56(2):223-35. 

58. Krosshaug T, Nakamae A, Boden BP, Engebretsen L, Smith G, Slauterbeck JR, 

Hewett TE, and Bahr R. Mechanisms of anterior cruciate ligament injury in 

basketball. American Journal of Sports Medicine. 2007;35(3):359-67. 

59. Lee DN, and Aronson E. Visual proprioception control of standing in human 

infants. Attention, Perception, and Psychophysics. 1974;15(3):529-32. 

60. Lee DN, and Lishman JR. Visual proprioceptive control of stance. Journal of 

Human Movement Studies. 1974;1:87-95. 

61. Lee MJC, Reid SL, Elliott BC, and Lloyd DG. Running biomechanics and lower 

limb strength associated with prior hamstring injury. Medicine and Science in 

Sports and Exercise. 2009;41(10):1942-51. 

62. Lewis GN, Byblow WD, and Walt SE. Stride length regulation in Parkinson‟s 

disease: the use of extrinsic, visual cues. Brain. 2000;123(10):2077-90. 



73 

 

63. Lloyd DG. Rationale for training programmes to reduce ACL injuries in 

Australian Football. Journal of Orthopaedic and Sports Physical Therapy. 

2001;31(11):645-54. 

64. Lloyd DG, and Buchannan TS. Strategies of muscular support of varus and 

valgus isometric loads at the human knee. Journal of Biomechanics. 

2001;34(10):1257-67. 

65. Marigold DS, and Patla AE. Gaze fixation patterns for negotiating complex 

ground terrain. Neuroscience. 2007;144(1):302-13. 

66. Markolf KL, Burchfield DM, Shapiro MM, Shepard MF, Finerman GA, and 

Slauterbeck JL. Combined knee loading states that generate high anterior 

cruciate ligament forces. Journal of Orthopaedic Research. 1995;13(6):930-5. 

67. McLean SG, Huang X, and van den Bogert AJ. Association between lower 

extremity posture at contact and peak knee valgus moment during sidestepping: 

implications for ACL injury. Clinical Biomechanics. 2005;20(8):863-70. 

68. McLean SG, Lipfert SW, and Van Den Bogert AJ. Effect of gender and 

defensive opponent on the biomechanics of sidestep cutting. Medicine and 

Science in Sports and Exercise. 2004;36(6):1008-16. 

69. McLeod P. Perceptual motor co-ordination. In: MW Eysenck editor. Blackwell 

dictionary of cognitive psychology. Oxford, UK: Blackwell; 1994, pp. 262-4. 

70. Mihata LCS, Beautler AI, and Boden BP. Comparing the incidence of anterior 

cruciate ligament injury in collegiate lacrosse, soccer, and basketball players: 

Implications for anterior cruciate ligament mechanism and prevention. American 

Journal of Sports Medicine. 2006;34(6):899-904. 

71. Milner AD, and Goodale MA. The visual brain in action. Oxford, UK: Oxford 

University Press; 1995. 

72. Morrey MA, Stuart MJ, Smith AM, and Wiese-Bjornstal RJ. A longitudinal 

examination of athletes‟ emotional and cognitive responses to anterior cruciate 

ligament injury. Clinical Journal of Sport Medicine. 1999;9(2):63-9. 

73. Morris ME, Iansek R, Matyas TA, and Summers JJ. Ability to modulate walking 

cadence remains intact in Parkinson‟s disease. Journal of Neurology, 

Neurosurgery and Psychiatry. 1994;57(12):1532-4. 

74. Newell KM, and McDonald PV. Learning to coordinate redundant 

biomechanical degrees of freedom. In: S Swinnen, H Heuer, J Massion and P 

Casaer editors. Interlimb coordination: Neural, dynamical, and cognitive 

constraints. New York: Academic Press; 1994, pp. 517-31. 



74 

 

75. Olsen O-E, Myklebust G, Engebretsen L, and Bahr R. Injury mechanisms for 

anterior cruciate ligament injuries in team handball: A systematic video analysis. 

American Journal of Sports Medicine. 2004;32(4):1002-12. 

76. Orchard J, and Seward H. AFL injury report: Season 2007. Melbourne: 

Australian Football League; 2008. 

77. Orchard J, Seward H, McGivern J, and Hood S. Intrinsic and extrinsic risk 

factors for anterior cruciate ligament injury in Australian footballers. American 

Journal of Sports Medicine. 2001;29(2):196-200. 

78. Patla AE. Understanding the roles of vision in the control of human locomotion. 

Gait and Posture. 1997;5(1):54-69. 

79. Patla AE, Adkin A, and Ballard T. Online steering: coordination and control of 

body centre of mass, head and body reorientation. Experimental Brain Research. 

1999;129(4):629-34. 

80. Perenin MT, and Vighetto A. Optic ataxia: a specific disruption in visuomotor 

mechanisms. I. Difference aspects of the deficit in reaching for objects. Brain. 

1988;111(3):643-74. 

81. Podlog L, and Eklund RC. Return to sport after serious injury: a retrospective 

examination of motivation and outcomes. Journal of Sport Rehabilitation. 

2005;14(1):20-34. 

82. Posner MI, Nissen MJ, and Klein RM. Visual dominance: an information 

processing account of its origins and significance. Psychology Review. 

1976;83(2):157-71. 

83. Rossetti Y. Implicit short-lived motor representations of space in brain damaged 

and healthy participants. Consciousness and Cognition. 1998;7(3):520-58. 

84. Schipplein OD, and Andriacchi TP. Interaction between active and passive knee 

stabilizers during level walking. Journal of Orthopaedic Research. 

1991;9(1):113-9. 

85. Schmidt RA, and Wrisberg CA. Motor learning and performance: a problem-

based learning approach. 2nd ed. Champaign, IL: Human Kinetics; 2000. 

86. Sharp RH, and Whiting HT. Exposure and occluded duration effects in a ball-

catching skill. Journal of Motor Behavior. 1974;6(3):139-47. 

87. Starkes JL. Skill in field hockey: the nature of the cognitive advantage. Journal 

of Sport Psychology. 1987;9(2):146-60. 

88. Sternberg R. Cognitive psychology. 3rd ed. Belmont, CA: Thompson & 

Wadsworth Barnes; 2003. 



75 

 

89. Sternberg S. The discovery of processing stages: extensions of Donder's 

methods. In: Koster editor. Attention and performance. Amsterdam: North 

Holland Publishing Company; 1969, pp. 276-315. 

90. Thomas JR, French KE, and Humphries CA. Knowledge development and sport 

performance: directions for motor behavior research. Journal of Sport 

Psychology. 1986;8(4):259-72. 

91. Turvey MT. Preliminaries to a theory of action with reference to vision. In: RE 

Shaw and J Branford editors. Perceiving, acting and knowing: toward an 

ecological psychology (pp. 211-265). Hillsdale, NJ: Erlbaum. . Hillsdale, NJ: 

Erlbaum; 1997, pp. 211-65. 

92. Turvey MT, Carello C, and Kim N-G. Synergistics of cognition. In: H Haken 

and M Stadler editors. Links between active perception and the control of action. 

Berlin: Springer; 1990, pp. 269-95. 

93. van der Kamp J, Rivas F, van Doorn H, and Savelsbergh G. Ventral and dorsal 

system contributions to visual anticipation in fast ball sports. International 

Journal of Sport Psychology. 2008;39(2):100-30. 

94. Vickers JN. Knowledge structures of elite-novice gymnasts. Human Movement 

Science. 1988;7(1):47-72. 

95. Vickers JN. Visual control when aiming at a far target. Journal of experimental 

psychology: human perception and performance. 1996;22(2):342-54. 

96. Vickers JN. Perception, cognition and decision training: the quiet eye in action. 

Champaign, IL: Human Kinetics; 2007. 

97. Williams AM, and Burwitz L. Advanced cue utilization in soccer. In: T Reilly, J 

Clarys and A Stibbe editors. Science and football II. London, UK: E&FN Spon; 

1993, pp. 239-43. 

98. Williams AM, and Davids K. Declarative knowledge in sport: a by-product of 

experience or a characteristic of expertise. Journal of Sport and Exercise 

Psychology. 1995;17(3):259-75. 

99. Williams AM, Davids K, Burwitz L, and Williams JG. Visual search strategies 

in experienced and inexperienced soccer players. Research Quarterly for 

Exercise Sport. 1994;65(2):127-35. 

100. Williams AM, Davids K, and Williams JG. Visual perception and action in 

sports. London: E&FN Spon; 1999. 



76 

 

101. Williams AM, Singer RA, and Frehlich S. Quiet eye duration, expertise and task 

complexity in a near and far aiming task. Journal of Motor Behaviour. 2002; 

34(2):197-207. 

102. Wojtys EM, Huston LJ, Taylor PD, and Bastian SD. Neuromuscular adaptations 

in isokinetic, isotonic, and agility training programs. American Journal of Sports 

Medicine. 1996;24(2):187-92. 

103. Zelinsky GJ, Rao RPN, Hayhoe MM, and Ballard DH. Eye movements reveal 

the spatial temporal dynamics of visual search. Psychological Science. 

1997;8(6):448-53. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



77 

 

Chapter 3 

Development of the 3D stereoscopic projection 

system with integrated motion analysis and eye 

tracking systems 

Two manuscripts constitute this chapter. The first was published as a peer reviewed 

technical proceedings and revised for this thesis. The second is prepared for submission. 

The manuscripts are: 

3A. Lee MJC, Bourke P, Alderson JA, Lloyd DG, and Lay B. Stereoscopic filming 

for investigating evasive sidestepping and anterior cruciate ligament injury risk. 

In: Stereoscopic Displays and Applications XXI. In Proceedings of the SPIE-

IS&T Electronic Imaging. 2010. p. 752406_1-10. 

 

3B. Lee MJC, Tidman SJ, Lay B, Lloyd DG, Bourke PD, and Alderson JA.  

Visual-perceptual-motor skill in response to 2D versus 3D projected stimuli 

Prepared for submission to Medicine and Science in Sports and Exercise 
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3A.  Stereoscopic filming and projection of defender scenarios with accurate sense 

of scale and depth for future investigations of evasive sidestepping  

Abstract  

Non-contact anterior cruciate ligament (ACL) injuries are serious and 

debilitating. Injuries often result from sidestepping performed by team-sport athletes to 

evade opponents in game situations. A number of biomechanical examinations of 

sidestepping have investigated the manoeuvre by having individuals react to generic 

two-dimensional (2D) stimuli such as variation in the timing of a light stimulus, or a 

stationary mannequin used to represent an oncoming opposition player. These stimuli 

were intended to mimic the time and space constraints experienced by athletes during 

sidestepping performance in game situations. The use of non sport-specific 2D stimuli 

to impose these constraints may elicit responses that do not fully reflect those performed 

in actual game environments, potentially compromising the ecological validity of 

reported findings. This research group proposes that stereoscopically filmed footage 

featuring quasi game-realistic opposing defender(s) simulating a tackle on the viewer, 

imposes visual-perceptual constraints that mimic the game environment. A rigorous 

filming process was required to present the defender scenarios with accurate scale and 

depth, similar to what the viewer would normally encounter in real life. A customised 

dual-mount rig was built to enable an average eye separation distance of 6.5 cm, 

between two high-definition video cameras. It was envisaged that future applications of 

the filmed defender scenarios will benefit the research of evasive sidestepping, which 

has implications for ACL injury aetiology/prevention.  
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3A.1 Introduction 

Anterior cruciate ligament (ACL) injuries are one of the most serious, 

debilitating, and costly injuries of the lower limb (12, 22). Typically, ACL injuries are 

classified as either contact (i.e. tackle/blow to the knee) or non-contact (i.e. injury 

resulting from sudden evasive movements performed by the athlete), with the latter 

contributing from 50% to 80% in various team sports such as Australian rules football 

(9), soccer, basketball (20) and team handball (21). A large proportion of non-contact 

ACL injuries occur during evasive sidestepping (SS) (5, 9, 21), when athletes perform 

the manoeuvre to evade oncoming defensive opponent(s) (21). During SS, the knee is 

loaded by a combination of externally applied flexion, valgus and internal rotation 

moments (4, 18), which can cause excessive strain on the ACL. Injury risk could 

increase if inappropriate activation patterns of the knee musculature are adopted to 

stabilise these loads (2, 17). The ACL ruptures when the loading exceeds its capacity to 

sustain them. 

Despite the suggestion that evasive SS entails high ACL injury risk, most team-

sport players perform SS frequently without getting injured. In two key studies, knee 

loading was observed to increase exponentially when high temporal (3) and spatial (19) 

constraints were visually imposed on the athlete during SS. It was suggested that the 

amount of time and space athletes have to perform SS are critical modulators of ACL 

injury risk (3, 19). Considering that both studies were conducted in a controlled 

laboratory setting, the ever changing temporal and spatial demands posed in a game 

environment could make it more precarious for athletes to sidestep safely. Moreover, 

the use of generic two-dimensional (2D) visual stimuli (i.e. lights) to elicit SS in those 

studies lacked game-specificity. Critical visual-perceptual facets for successful sport 

performance such as stereoscopic depth perception were also absent. The absence of 

these visual-perceptual elements may compromise the accuracy of links formed between 

perception and injury mechanics.  

The use of game-specific, three-dimensional (3D) visual stimuli to impose time 

and space constraints on athletes during SS performance, could result in manoeuvres 

that more closely reflect those observed in ACL injury scenarios. This proposition is 

supported by previous research suggesting that stereoscopic viewing of converging 
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objects allows enhanced discrimination of time-to-contact (11). Evasive SS tasks are 

similar, as athletes manoeuvre to avoid collision with converging defender(s). Within 

safety limits, incorporating some representation of game characteristics to investigate 

SS could enhance our understanding of how visual perception affects SS biomechanics 

during game situations, thereby influencing ACL injury risk.  

This research group proposed the development of stereoscopically filmed 

footage featuring a one-defender scenario (1DS) and two-defender scenario (2DS) for 

future use to investigate evasive SS. The 1DS featured a defensive player converging 

upon the participant and changing directions either left or right at a predetermined time. 

Without terminating locomotion, the converging participant‟s task will be to avoid the 

defender by SS in the opposite direction and into the “space” (Fig 3A.1). The 2DS 

featured two defenders converging upon the viewer from both sides of the viewer‟s 

straight line of gaze (Fig 3A.2). In a trial requiring a running sidestep to the left, 

defender one, located on the participant‟s right, initiates a 45° cut toward the 

participant, thereby simulating a tackle. At the same instant defender two, located to the 

left of the participant, initiates a 90°cut to the right, thereby moving behind defender 

one. Participants will be required to sidestep to the left to avoid getting “tackled” by 

defender one and into the “space” defender two previously occupied. To elicit SS to the 

right, the directional changes of the defenders are reversed.  

 

Figure 3A.1 Selected frames of the video footage from one camera 

depicting the 1DS. Participants will be required to sidestep to the 

left toward the “space”. 
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Figure 3A.2 Selected frames of the video footage of one camera depicting the 

2DS. Participants will be required to sidestep to the left toward 

the “space”.  

The stereoscopic defender scenarios are envisaged to better represent the game 

environment where soccer players are required to sidestep for avoidance reasons. The 

need for the scenarios to deliver an accurate sense of scale and depth to the viewer, 

imposed a precision not normally encountered in stereoscopic filming for other 

applications. Re-creating the game-authentic visual field of the participants required a 

rigorous filming process.  

Keeping in mind the requirements of the future SS research planned for within 

the thesis, a stereoscopic system was developed to serve the purposes of filming, post-

processing, and projecting the defender scenarios. This paper discusses the various 

stages involved in the development of the system including: 1) the development of a 

customised camera mount that allowed two commodity, high-definition (HD) cameras 

to be separated by the average human inter-ocular ocular distance of 6.5 cm; 2) a 

specific camera suitability selection process and; 3) novel calibration, filming and post-

processing procedures to create the defender scenarios which deliver an accurate sense 

of depth and scale when projected during participant convergence.  
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3A.2 Development  

3A.2.1 Key geometric considerations  

A key requirement for stereoscopically filmed content to present an accurate 

sense of scale and depth is to replicate the viewing geometry of the observer relative to 

the projection screen during filming (Fig 3A.3). The view frustum is defined as the 

rectangular cone whose edges are defined by the four rays emanating from an eye to the 

corners of the projection screen. There are two frustums, one for each eye. These two 

frustums define what portions of the scene are visible to each eye of the viewer, and it is 

the view through these frustums that is required to be captured by the cameras.  

 

Figure 3A.3 Matching the observer‟s viewing geometry relative to the projection 

screen, with the recording geometry relative to the projection plane 

during filming. The vertically and horizontally asymmetric view 

frustums are shown on the left and right diagrams respectively. 

The start of the SS tasks requires participants to perform an approach run (Fig 

3A.4). At a predetermined time, the defender scenarios will be projected on the screen. 

When participants are close to the force plate, the projected defender(s) will perform 

their manoeuvres. Participants are required to react by initiating a SS from the force 

plate to either the left or right direction, in response to the movements of the projected 

oncoming defender(s). To ensure foot contact on the force plate, the timing of the 

manoeuvres performed by the projected defender(s) must provide participants with 

enough time to interpret the scenario before reaching the force plate. This timing will be 

ascertained in future work.  
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Figure 3A.4 Schematic of experimental setup for sidestepping research 

Due to the set position of the force plate within the laboratory, the entire 

experimental setup is fixed. The screen has to be placed in front of the force plate, and 

the projectors have to be placed behind the screen at the correct throw distance. These 

spatial constraints posed certain challenges during the filming process, due to the need 

for the stereoscopic content to deliver an accurate sense of scale and depth to the viewer 

at the central position of the force plate. Accuracy of depth cues are seldom a priority 

when filming standard stereoscopic content. Consequently, a rigorous filming process 

was performed, involving the development of customised software and equipment.  
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3A.2.2 Customised dual-mount rig  

Stereoscopic filming requires mounting two high-definition (HD) cameras on a 

tripod and filming simultaneously. The visual experience of depth perception when 

viewing general stereoscopic content can be created using a range of camera separation 

distances other than eye separation. However, to create the defender scenarios which 

delivered a sense of scale and depth similar to what an athlete would observe in reality, 

the centres of both cameras‟ lenses needed to be separated by 6.5 cm, which is the inter-

ocular distance of an average person (24). As the polaroid-filter-based projection system 

presents the stereoscopic footage independently to each eye, such a camera separation 

would result in the left and right video streams matching what the left and right eyes 

normally see. The images are processed by the visual cortex as one, providing a sense of 

depth during normal vision (16). 

 Achieving a camera separation of 6.5 cm using a parallel mount configuration 

posed certain problems, as the physical dimensions of HD video cameras generally 

precluded such a separation when placed side-by-side. This included the cameras used 

in the current project even though they were chosen to be as narrow as possible. Various 

solutions existed to overcome this limitation (i.e. use of custom offset lenses or a beam-

splitter to fold the light path for one of the cameras). However, these solutions involved 

significant costs, or imposed other limitations on the filming process. Instead, a more 

cost effective solution was adopted via the development of a customised dual mount rig 

(Fig 3A.5). 

The dual mount rig has two plates on which each camera was mounted level, 

and slid along a track such that the cameras could be moved and replaced without 

destroying alignment. When the cameras have been positioned appropriately, the plates 

could be locked down on the base of the track. However, with both cameras upright, the 

closest separation attained still exceeded 8.0 cm. Due to the asymmetric position of the 

lens with respect to each camera‟s body, a narrower separation was achieved if one of 

the cameras was mounted upside down. Therefore, an additional metal arm was built to 

mount the left camera in an inverted position, before mounting the arm on the plate 

itself. This reduced the inter-camera separation to a minimum of 6.2 cm, easily 
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achieving 6.5 cm. The dual mount rig with the cameras was then mounted on a tripod 

for levelling and filming (Fig 3A.5).  

 

Figure 3A.5 The final camera mount (foreground) with the left camera inverted to 

achieve a camera separation distance that is the average human eye 

separation. The background shows the screen surface on which the 

stereoscopically filmed defender scenarios will be displayed. 

3A.2.3 Camera pair selection and calibration prior to filming 

The two HD video cameras had a capture rate of 25 progressive frames per 

second, and a highest resolution setting of 1920 pixels x 1080 pixels; a 16:9 aspect ratio. 

The progressive nature of these cameras allowed full frames to be captured 

instantaneously instead of interlaced fields, resulting in sharp images without jagged 

artefacts (26). Despite using two cameras of the same brand and model, manufacturing 

inconsistencies resulted in the camera sensors positioned differently with respect to the 

lens. These differences resulted in a vertical offset in the captured images, in spite of 

both cameras set up parallel and level to each other. The lenses on the cameras also 

exhibited barrel distortions which were most evident towards the corners of the images. 

This distortion did not affect the required stereoscopic content for this project, as the 

information of interest [the simulated defender(s)] was positioned central to the image 
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frames, and the edges of the image frames were cropped. It should be noted that that 

barrel distortions could be corrected during post-processing if necessary.   

To facilitate calibration, the live stream of an alignment pattern in the form of a 

grid image was captured by both cameras. The grid image captured by the inverted 

camera was fed into custom software which automatically rotated the image by 180 

degrees. Manual adjustments were then made to the metal arm which held the inverted 

camera to match the captured grid images from both cameras. The matching of the 

alignment pattern was performed with three cameras in an attempt to find a camera pair 

which had the closest matching optics.   

Prior to locking down the aligned cameras which operated independently, the 

cameras‟ settings were matched. An important capture setting that requires matching is 

image-capture colour and brightness to create stereoscopic content that can be viewed 

without straining the eyes. Differences in colour and brightness of images are 

significantly more time consuming and problematic to fix in post-processing. Therefore, 

prior to filming, a manual white balancing was performed for both cameras to ensure 

that the images captured were matching in colour and brightness. The cameras were 

then set to film at a 16:9 aspect ratio even though the movie playback system had 4:3 

aspect ratio. This method of filming provided ample room for horizontal sliding of the 

left and right images to align zero parallax in post-processing.  

3A.2.4 Camera setup, scene calibration and filming procedures 

An alignment procedure was conducted prior to filming, to match the cameras‟ 

optical geometry with the eventual viewing geometry of the participant. The cameras 

were aligned in parallel when placed side-by-side, and at a height similar to the position 

of the eventual viewers‟ eyes. An average height of 1.70 m was chosen to represent the 

viewing position of an average person‟s eyes. Independent of placement height, the 

cameras were required to be perpendicular to the eventual projection screen due to the 

content being filmed in the frontal plane. This ensured that the recording plane matched 

the eventual projection plane. Traditionally, stereoscopic filming for movie and 

entertainment purposes employed rotated cameras; what is known as “toe-in” cameras 

instead of parallel cameras. Any such rotation of the cameras in the current study would 
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have resulted in a discrepancy between the recording plane and the eventual projection 

plane (Fig 3A.6), compromising the accuracy of the depth cues presented. 

The view frustums depend on the dimensions of the projection screen with 

respect to the viewer‟s position at the force plate in the laboratory and therefore the field 

of view that needs to be captured by the cameras during filming on site. To maximise 

capture volume, two wide-angled lenses were fitted to the camera pair for filming. 

Distortions towards the edges of the footage caused by the use of wide-angled lenses 

were cropped in post-processing, and therefore, did not affect the quality of the stimuli 

content.  

 

Figure 3A.6 A rotated camera and symmetric frustum does not give the same 

projected image as the correct asymmetric frustum captured by cameras 

that are aligned in parallel and perpendicular to the projection plane. 

While the rotated camera arrangement may result in an improvement in 

pixel efficiency, it does not result in a correct stereo pair for display on a 

vertical display screen.       
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Prior to filming on site, it was ascertained that the 2.67m x 2.0 m (4:3 aspect 

ratio) projection screen needed to be placed 4.1 m from the cameras, to ensure that the 

boundary of the screen was just within the boundary limits of the capture volume. This 

implied that during filming, the defender(s) had to perform their manoeuvres at least 4.1 

m from the camera setup to ensure that no parts of their feet were occluded by the 

boundary of the screen when viewed in the laboratory. Additionally, in the 2DS, the 

defenders had to remain within the width of the capture volume during filming, to 

ensure that no parts of their manoeuvre were occluded by the boundary of the screen 

when viewed in the laboratory.   

Due to the filming being conducted outdoors, it was not practical to transport the 

projection screen for the purpose of matching the eventual observer‟s viewing geometry 

relative to the projection screen in the laboratory, with the cameras‟ recording geometry 

relative to the projection plane. Instead, a highly transportable customised calibration 

frame (Fig 3A.7) was used. The calibration frame comprised of two crossbars, which 

were adjusted to match the lower and upper edges of the eventual viewing screen. The 

known aspect ratio of the screen precludes the need of vertical bars for width alignment.  

Prior to filming the defender scenarios, the calibration frame was recorded in 

isolation for a short period of time. Similar to having the screen in view, the captured 

calibration frame provided a reference for locking down zero parallax in post-

processing. Due to the absence of genlocking functions to synchronise the cameras; 

which is generally not supported in commodity HD cameras, a clapper board was used 

to mark a sharp event. This event allowed for temporal alignment of the left and right 

capture streams in post-processing. As temporal alignment could be performed within 

half a frame of the videos that were captured at 25 frames per second, the error margins 

pertaining to the alignment were within 20 ms. Despite the potential for subliminal 

visual cuing, this error should not affect the information processing ability of the viewer 

during the SS tasks, as information can only be consciously processed when fixated 

upon for more than 100 ms (8). Using this time alignment method, filming was 

continuous despite the need for different clips of the 1DS and 2DS. Such an approach 

meant that the time and spatial alignment processes only needed to be performed once 

instead of multiple times for each stoppage.  
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During the filming of the scenarios, the defenders executed their change of 

direction approximately 55 cm behind the location of the bar. Such an approach ensured 

that the feet and other bodily information of the filmed defender(s) would not be 

occluded by the boundaries of the projection screen when viewed in the laboratory. To 

ensure that the depth cues presented in the defender scenarios are accurate when viewed 

at the position of the force plate in the laboratory, the projection screen will also be 

placed at 4.1 m from the middle of the force plate.  

 

Figure 3A.7 Example of the left and right captured images after post-processing, 

which will be presented to the left and right eye of the 

observer/participant. The top image shows the two images overlaid 

illustrating perfect zero parallax at the depth of the calibration frame and 

positive parallax for more distant objects.  
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3A.2.5 Stereoscopic playback system 

The presentation hardware used in this project was a standard rear projection, 

linear-polaroid-filter-based, stereoscopic projection system. Two projectors were used 

to display the footage, which were presented as standard movies, each frame of which 

was twice the width of the individual video frames. One half of a double width movie 

frame consisted of the image captured by the left camera, while the other half consisted 

of the image captured by the right camera. The images captured by the left and right 

cameras would be presented independently to the left and right eyes of the viewer.  

To create a double width movie frame, the streams of footage captured by both 

cameras were initially aligned temporally and spatially. Each stream was then exported 

separately, and saved as a separate Quicktime movie. Keeping the two streams separate 

and saving them as master copies allowed alterations to be more easily made for 

alternative project requirements. The respective streams were subsequently combined 

into a single double width movie for playback in Quicktime Pro. Custom software that 

was written using Quart Composer will be used to present the movie files during the 

evasive SS tasks in our future studies  

3A.3 Conclusions and general discussion 

Sidestepping is commonly performed by team-sport athletes to evade opponents 

in game situations, but is also a common cause of non-contact ACL injuries – an 

extremely debilitating injury of the lower limb. Yet, the manoeuvre has never been 

investigated in conditions mimicking the game environment. This paper presents a   

cost- effective method for producing quasi game-realistic stereoscopic content, for 

future use in laboratory-based investigations of evasive SS. The defender scenarios that 

were developed do not merely support stereoscopic depth perception, but deliver an 

accurate representation of what an athlete would normally see in his/her sport-specific 

environment. It was envisaged that the stereoscopic scenarios present soccer players 

with visual-perceptual constraints that are representative of the game environment 

during laboratory-based investigations of SS.  
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Although the purpose of this project was to develop the defender scenarios for 

future research, the strength of this paper lies in the cost-effective and efficient 

methodologies that have been developed to create accurate stereoscopic content. As 

technology advances, 3D virtual reality and simulation systems (i.e. stereoscopic 

displays) are regularly cited to potentially replace traditionally employed 2D visual 

displays in investigations involving visual-perceptual skill (1, 6, 25). Fully immersive 

virtual reality systems have been used in domains such as flight training (23) and injury 

rehabilitation (7). However, many of these systems either present visual displays that 

lack realism (i.e. immersive entertainment), or are expensive and cumbersome (i.e. 

flight simulators). Additionally, the current project required life-size human(s) running 

toward the viewing participant, and the specific filming procedures involved in creating 

the 2DS required a relatively wide field of view to be captured by the cameras, 

compared with standard stereoscopic content. This requirement makes it extremely 

challenging to create the 2DS in a 3D stereoscopic, fully immersive environment, unless 

using computer generated content.  Despite their sophistication, virtual reality systems 

at present, cannot replicate the visual texture of a human as closely as stereoscopic 

video content.  

Instead of purchasing expensive equipment to facilitate the filming process, 

existing commodity cameras were used. The development of the metal arm for inverting 

one of the cameras was a simple yet novel approach to achieve a camera separation of 

6.5 cm, the inter-ocular distance of an average person. This camera separation distance 

was necessary to create stereoscopic content with accurate scale and depth when viewed 

at the position of the force plate. Additionally, the presented methodologies have 

already been refined through the “trial and error” process, which has been cited as an 

important process in producing accurate stereoscopic content (15). Other research 

groups can readily emulate the methodologies which have been presented in this paper 

to produce stereoscopic content that delivers accurate scale and depth. 

 Another contribution of this paper was the development of a scene calibration 

procedure. Even though filming was performed outdoors, the calibration frame allowed 

the camera frustums relative to the projection plane to be matched with the viewer‟s 

frustums relative to the projection screen. The inexpensive and highly transportable 

scene calibration frame could easily be adjusted to replicate the dimensions of the 
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screen when filming on site. As such, the screen was not required during filming to lock 

down zero parallax.  

A limitation of the stereoscopic system was that the projected defender scenarios 

were only accurate in scale and depth when viewed from a single position. This position 

corresponded to the position of the force plate in the laboratory. All other viewing 

positions resulted in a certain degree of distortion. As one moved toward or away from 

the force plate, a depth error occurred in the form of stretching or compression, and a 

scale error occurred due to the changes in field of view. Lateral movements from the 

middle of the force plate introduced perspective errors due to a shearing of space. With 

computer generated stereoscopic content, several options exist to compensate for these 

distortions (i.e. head tracking to create correct frustums at every view point). 

Unfortunately, these distortions were, and still are, currently unavoidable with filmed 

stereoscopic content.  

Despite the aforementioned limitations, it was speculated that they will not 

confound the outcomes of the SS research that has been planned for the future. During 

the approach run, participants will be running straight toward the screen with minimal 

lateral movement, resulting in inconspicuous perspective errors related to the shearing 

of space. Additionally, the projected opponents‟ defensive manoeuvres will only 

commence when the participant is close to the force plate, resulting in minimal depth 

distortion. This is important, as the projected defenders‟ movements are regarded as 

visual cues that will indicate to participants the required direction of sidestep. As such, 

it is important that these visual cues are accurate in scale and depth when viewed within 

the proximity of the force plate by the participants.  

In summary, this research group believes that the cost-effective methods 

presented in this paper will allow more research groups to introduce stereoscopic 

displays for laboratory-based investigations of visual-perceptual-motor (VPM) skills. 

Despite the well-documented use of stereoscopic systems to facilitate surgical 

procedures (27) and education (14), their use in the area of sport science has been 

limited. The previous trend of using generic 2D visual stimuli to investigate VPM skills 

was attributed to the difficulties of simulating the game environment in laboratory 

settings (25). Contemporary research in sport expertise suggests that the expert 
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advantage in utilising pertinent visual information for enhanced VPM task performance 

is only evident when the environment presented is realistic, situational specific and 

context specific (10, 13). Therefore, applications of the stereoscopic system developed 

in this study, to project quasi game-realistic stimuli could optimise the ecological 

validity of future research involving visual-perceptual skill. Previously undiscovered 

differences in VPM skills between expert and novice athletes could also be magnified. 
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3B. The effect of 2D versus 3D projected stimuli on visual-perceptual-motor skill 

Abstract 

Purpose: 

 This paper examined whether a coupled visual-perceptual-motor skill was 

performed differently in response to 2D or 3D visual stimuli. To achieve this, a 

customised stereoscopic system was integrated with an opto-reflective motion analysis 

system and a gaze tracker, forming a novel Integrated Stereoscopic System (ISS).  

Using the ISS we examined if the reaction time and gaze behaviour were different when 

participants performed a sidestep from a standing position, in response to the 2D or 3D 

projection of an oncoming opponent. 

Methods:                                                                                                                   

 Component parts of the ISS were synchronised using a custom built interface 

and infrared timing gates. Polarised lenses were attached to the gaze tracker to enable 

stereoscopic viewing and tracking. Following synchronization, the ISS was used to 

record the 3D kinematics and gaze behaviours of 10 males during their response from a 

standing position, which was directed toward intercepting projected 2D and 3D 

oncoming opponents.  

Results: 

  Participants spent 16% less time fixating on the trunk and 23% more time 

outside the body  of the 3D projected opponent compared with the 2D stimulus. The 

time taken to intercept the opponent in the 2D and 3D conditions was not significantly 

different.  
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Conclusion:   

 Differences were found between the participants visual search behaviour, but not 

time to initiate a movement, when perceiving 3D compared to 2D stimuli. The 

additional depth cues provided by the 3D stimuli may have allowed participants to 

perform the interception task equally well across both conditions even though less time 

was spent fixating on the 3D opponent‟s body. Future work should systematically 

manipulate both the stimulus and the task complexity.   
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3B.1 Introduction 

To deliver skilled action, humans must meaningfully perceive and appropriately 

interact with their surrounding environment (41). This combined ability is referred to as 

visual-perceptual-motor (VPM) skill (25). During the course of skilled action, visual 

perception is tightly constrained by one‟s previous motor actions, which in turn are 

affected by perception (40), depicting the perception-action cycle. This cycle actively 

links visual information perceived in the environment to specific physical behaviours of 

the athlete over the time course of skilled action (30). Although VPM skills are evident 

in the performance of simple everyday tasks (i.e. reaching and grasping) (19), it is 

invasion team sports that provide an ideal environment for studying the VPM 

relationship. Invasion sports require athletes to adapt their perception-action cycles in 

response to the ever changing demands imposed by the game environment, without 

compromising team strategies or match rules.  

Despite the ideal environment that invasion sports provide for the investigation 

of VPM expertise, the bulk of previous research has focussed solely on the independent 

components of visual-perceptual (i.e. anticipation and pattern recognition) (1-3, 20) or 

motor skill in isolation (14). Efficient sport performance is rarely the result of enhanced 

visual-perceptual ability or motor skills in isolation, but a combination of both 

components functioning as an interdependent couple in the sport-specific environment 

(41). The research bias toward independent examination of visual-perceptual or motor 

skill can be attributed to two main difficulties: 1) the difficulty of simulating the visual-

perceptual demands of a game environment in laboratory settings and 2) the challenging 

task of measuring visual-perceptual skill and motor skill synchronously (39).  

Previous research has attempted to improve stimuli realism for examining VPM 

skill via two-dimensional (2D) video projections of life-size opponents to elicit reactive 

movements. In netball, for example, one study found no difference in planned agility 

runs between experts and novices, although a reactive agility test was able to 

discriminate skill level due to the inclusion of a sport-specific visual stimulus (16). 

However, human vision is three-dimensional (3D) and depth perception is often critical 

to successful performance in various sports (36). The use of 2D projections may elicit 

VPM responses that do not fully reflect those observed in game situations. As such, this 
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research group recently developed a 3D stereoscopic system for use in a laboratory 

setting that is capable of projecting sport-specific scenarios with realistic scale and 

depth (27). Despite the stereoscopic system‟s potential advantage over other displays in 

creating a more game-realistic visual experience, it is not known if VPM responses to 

the same stimuli, projected in 2D and 3D conditions are different. Furthermore, an 

important addition to the system‟s capabilities as a research tool is to allow the 

synchronous measurements of visual-perception and action within a quasi game-

realistic environment (38).  

The vision-in-action system developed by Vickers (35) permits the synchronous 

measurement of visual-perceptual and motor skills of an athlete in a sport specific 

environment. With the use of a gaze tracker, visual-perceptual skill is inferred from 

gaze fixations; “gaze held on an object or location of interest for a minimum of 100 

milliseconds (ms) and within three degrees of visual angle, allowing conscious 

information processing” (6). The relevant motor skill is synchronously recorded using 

2D video cameras and selected kinematic variables are assessed following the testing 

session. Although skilled action is assessed based on coupled visual-perceptual and 

motor skill measurements, much of the work that resulted from  the use of this system 

has focused on closed skills (e.g. putting in golf) (35), which are not very perceptually 

demanding.  Further, each frame of vision-in-action data is 2D and sampled at 30 Hz, 

limiting the amount of objective motor skill data that can be obtained. Human motion is 

of course 3D and common sporting manoeuvres such as running and sidestepping (SS), 

have traditionally been sampled at the higher frequencies of 100 to 200 Hz (8, 28). Over 

the past decade, laboratory-based 3D motion analysis systems (e.g. Vicon- ViconPeak 

Ltd., Oxford, United Kingdom) have been established as the gold standard for 

movement quantification. Consequently, the integration of the stereoscopic system with 

3D motion analysis and gaze tracking systems not only allows for a wider range of 

coupled VPM skills to be examined in a quasi game-realistic environment, but also 

enables 3D quantification of the relevant motor skill.       

This study examined whether the VPM responses of participants differed 

between 2D and 3D game-based scenarios. To allow for this comparison, a customised 

3D stereoscopic system (27) was integrated with a Vicon motion analysis system and a 

modified Mobile Eye gaze tracker (ME) (Applied Science Laboratories, Waltham, MA). 



101 

 

This Integrated Stereoscopic System (ISS) facilitates controlled and repeatable 

investigations of VPM skills, while incorporating a higher degree of realism than 

currently exists in this field of research. Our main aims were to examine if the a) 

reaction time and b) gaze behaviour of athletes were different when initiating a sidestep 

from a standing start, to intercept a 2D or 3D projection of a videoed opponent using the 

ISS. It was hypothesised that 1) the players‟ reaction times would be faster when 

initiating a sidestep in the 3D versus 2D scenario, and 2) players‟ would exhibit altered 

gaze behaviour in terms of fixation quantity and duration in total, and on different body 

parts of the virtual opponent in 3D compared with 2D conditions. 

3B.2 Methods 

 In brief, participants performed a left or right sidestep from a standing position, 

to simulate an interception of an oncoming projected opponent, who changed directions 

either left or right. The opponents were projected in 2D and 3D by the ISS. The time 

required by participants to initiate an interception of the opponent (motor skill), and the 

quantity, duration and locations of the participants‟ gaze fixations on the projections 

(visual-perceptual skill), were also recorded using the ISS during the performance of the 

defensive interception task.  

3B.2.1 Development of the ISS 

 The ISS presents the game-based visual stimulus in both 2D and 3D conditions, 

and records the coupled VPM responses of participants performing the interception task 

via its components parts. These parts comprise of the previously developed stereoscopic 

system (27), a Vicon motion analysis system and a ME. To obtain the appropriate 

experimental data, the ME gaze tracker needed to be modified and all the component 

parts had to be integrated. 

The 3D stereoscopic system used to project the videoed opponents in both 2D 

and 3D conditions was developed using specialised techniques described previously 

(27). For this study, the 3D and 2D projected scenarios depicted an initially stationary 

offensive opponent, who converged in a straight line toward the laboratory-based 

participant and sidestepped either to the left or right of the participant. Filming for the 
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3D and 2D conditions was performed in the laboratory where the applied study was 

conducted to maintain visual field consistency. During filming, two high-definition 

video cameras were mounted on a customised dual-mount rig and separated at 6.5 cm, 

the inter-ocular distance of an average person (37). This specific setup allowed the 

recording geometry of the cameras‟ optics to be matched with the viewing geometry of 

the participants (27). Such an approach ensured that the filmed and projected 3D 

scenarios were accurate in scale and depth, and when viewed by participants re-created 

a visual experience similar to viewing a real life opponent converging and SS in the 

laboratory. For the experiment, 24 clips in total were created, which consisted of 12 

clips featuring the projected opponent in both 2D and 3D conditions respectively. In 

each condition, an equal number of clips (n=6) featured the opponent SS to either the 

left or right of the laboratory-based participant.  

The video clips were required to meet specific inclusion criteria to be suitable 

for use as visual stimuli for the defensive interception task. The approach velocity of the 

opponent had to be 4.0 ± 0.2 m.s
-1

 as it represented recorded speeds of athletes SS in 

game situations (9). The opponent was also required to sidestep at approximately 4.6 m 

from the recording cameras. This distance ensured that the opponent‟s body was not 

occluded by the boundaries of the screen and remained fully visible to the participant at 

the commencement of the manoeuvre.  

During post processing, each clip was cropped to 6 seconds in length from start 

to end and key events were temporally matched. For example, the opponent remained 

stationary for two seconds at the start of each clip before run commencement. The start 

of the run was defined as the first observable movement in the opponent‟s leading leg 

while pushing off, which was ascertained via visual inspection of the footage. After 

approximately 3.7 ± 0.1 seconds, the projected opponent performed the offensive 

sidestep. Commencement of the sidestep was indicated by the first observable lateral 

movement of the foot segment from the pelvic mid-line. The end point of the video clip 

corresponded to the first frame that the opponent moved beyond the boundaries of the 

screen after SS. These temporal events were coded by inspecting frame-by-frame 

footage using Final Cut Pro 6 (Apple Inc.) video editing software. Both the 3D and 2D 

projections were created using the same video recordings (Fig 3B.1). The 2D clips were 

created using footage captured from the right video camera.  
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Figure 3B.1 Single frames of the stereoscopic video footage. Frames on the left (A) 

and right (B) correspond to what is viewed by the respective left and 

right eye of the participant. Frame 1 features the opponent approaching 

while frame 2 features the opponent sidestepping.  

The movement response of the laboratory-based participant to the projected 

stimuli was captured using a 12-camera Vicon motion analysis system sampling at 250 

Hz. Specifically, the system was used to track the lateral displacement of the 

participants‟ centre of pelvis (inferred COM) during the interception task. The pelvis 

was defined by four retro-reflective markers located on the left and right anterior-

posterior superior iliac spines. The centre of the pelvis was derived from the average 3D 

positions of these four markers.  

Gaze fixations were measured at 30 Hz using the ME. The ME is a tetherless 

video-based monocular system, which consists of a spectacle mounted unit and a rear 

mounted unit. There are two cameras mounted on the spectacle unit: 1) an eye camera 

that records an individual‟s point of gaze solely from the right eye, via the displacement 

of the pupil in relation to the cornea during vision; 2) a scene camera which captures the 

visual field in the frontal plane. The point of gaze determined from the eye camera is 

superimposed as a cross hair on the footage recorded by the scene camera allowing the 

determination of fixation locations. The combination of footage captured from both the 

eye camera and the scene camera is recorded to tape via the rear mounted unit.  
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 The original spectacle unit of the ME did not support stereoscopic viewing. In 

addition, due to two offset images arising from image separation between the left and 

right projected image, point of gaze could not be clearly established on the stereoscopic 

footage captured by the scene camera. To enable stereoscopic viewing through the ME 

spectacle unit, linear polarised lenses were attached to the outside of the original lenses 

(Fig 3B.2). The polarised lenses for the left and right eyes were aligned at right angles 

to each other, matching the angle of the polarised light from each projector (see Chapter 

3A for more details). Such an arrangement resulted in binocular disparity, such that 

each eye only observed the corresponding left or right projected footage. The brain 

fuses these images as one, resulting in depth perception. To overcome the problem of 

two offset images being recorded by the scene camera, a polarizing filter that matched 

the angle of polarised light from the projected footage intended for the right eye was 

overlayed on the lens of the scene camera. The choice to attach a filter that occluded the 

left projected footage, while allowing the right projected images to be captured by the 

scene camera, ensured that the superimposition of the point of gaze crosshair was 

standardised to  the right eye only, being the only eye tracked by the ME system. 

 

Figure 3B.2 The original and modified versions of the Mobile Eye   

 gaze tracker. 

The component parts of the ISS were synchronised using infrared (IR) timing 

gates and a custom built universal serial bus (USB) interface unit. The IR timing gates 

consisted of a transmitter and a receiver. The transmitter emitted IR light which was 
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reflected by the receiver, forming a continuous beam of light. When the beam of IR 

light was occluded (i.e. by a person travelling through the gates), a square impulse was 

generated in the analogue signal. The generated impulse was used to trigger the 

projection of the filmed 2D and 3D scenarios, and also to temporally synchronise the 

data recorded from the individual component systems.  

To use the generated impulse for the aforementioned purposes, a USB interface 

unit was developed to receive and convert the impulse into a format that could be 

interpreted by non-specialised software. The interface unit functioned like a standard 

USB keyboard. Depending on which port on the interface unit the IR timing gates were 

connected to, once an impulse was received from the gates, a selected alphabetical 

character was generated. The generated character triggered the delivery of the 2D and 

3D video clips. The interface unit also contained ports that output and relayed the 

impulse to selected analogue channels on the host system‟s analogue to digital converter 

board. In the present study, the host system was the Vicon motion analysis system. The 

impulse generated from the gates was co-registered as a square wave signal in the 

Vicon‟s analogue channel inputs, allowing for the temporal synchronization of the 

video footage, the recorded 3D motion data, and the gaze behaviour data.  

   Following complete development of the ISS, the system was tested for 

temporal robustness. Latency tests were performed to ascertain the delay between the 

impulse that generated from occluding the light beam of the timing gates, to the full 

presentation of the first frame of stimuli footage on the screen. A consistent delay of 

110 ± 5 milliseconds was measured. This delay was incorporated at the post-processing 

stage of the data collected using the Vicon system in the assessment of the time to 

initiate an interception.  

3B.2.2 Participants 

 Ten active males (mean age 22.1 ± 1.3 yr, height 180 ± 10 cm, mass 76.7 ± 11.2 

kg) who participated in various sports (3 in Australian Rules football, 2 in basketball, 2 

in volleyball, 2 in tennis and 1 in rugby union) and were competent in performing side-

to-side movements in response to visual stimuli (e.g. ball and/or opponent) voluntarily 

participated in this study. Ethical clearance for the project was obtained from the 
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Human Research and Ethics Committee at The University of Western Australia. All 

participants provided written informed consent prior to their involvement in the 

research. 

3B.2.3 Experimental procedures 

Prior to experimental data collection, specific calibrations were performed to the 

testing system. A dynamic calibration to establish the reconstruction volume, followed 

by a static calibration to define the global origin (0,0,0) of the laboratory was performed 

for the Vicon motion analysis system. The participant was then fitted with the ME 

system‟s spectacle and data collection units and positioned in front of the stereoscopic 

screen at the exact location where the interception task was to be performed. While 

keeping the head as still as possible, participants were required to locate nine calibration 

points within the perimeter of the 2.67m x 2.0 m (4:3 aspect ratio) display screen.  To 

track lateral displacement of the centre of pelvis during testing, four retro-reflective 

markers located on the left and right anterior-posterior superior iliac spines were 

attached to the participants‟ pelvis in accordance to the UWA Lower Body and Torso 

model (5, 11, 12, 28).  

Following calibration, participants completed a familiarisation period involving 

exposure to the 2D and 3D projections of the oncoming opponent, changing directions 

to the left or right. The bilateral SS defensive interception movements were then 

introduced. Post familiarisation, data collection commenced which required participants 

to perform eight defensive interception trials; four left and four right, in both the 2D and 

3D conditions. All trials were presented randomly.  

The Vicon and ME commenced recording of experimental data while the 

participant was in a standing static pose and prior to onset of the projections (Fig 3B.3). 

The participants triggered the presentation of both the 2D and 3D stimuli footage by 

stepping through the timing gates. After stepping through the gates which were 

positioned at 4.65 m from the screen, participants were instructed to remain as 

stationary as possible in preparation for the interception of the projected oncoming 

opponent. Following determination of the projected opponent‟s direction of travel, 

participants were required to simulate an interception as quickly as possible by SS into 
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the direction of travel of the simulation. Figure 3B.4 illustrates a participant standing 

stationary after stepping through the timing gates, and waiting to intercept the projected 

offensive opponent. The 2D and 3D projections were block-presented and counter-

balanced between participants. Within a 2D or 3D block, the projected opponent SS 

either left or right was presented randomly. Participants completed a total of 24 trials, 

with 12 trials (six interceptive sidesteps performed to the left and right respectively) 

completed in the 2D and 3D conditions respectively. 

 

Figure 3B.3 Time continuum illustrating periods of gaze behaviour and time to 

initiate interception (TTI) data collection, relative to the presentation of 

visual stimulus.  

 

Figure 3B.4 A stationary participant about to respond (intercept) to the projected 

opponent‟s sidestep following activating the timing gates.  
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3B.2.4 Data collection and statistical analysis  

The gaze behaviour data were measured from the onset of the video footage to 

initiation of the projected opponent‟s sidestep (Fig 3B.3). In the respective 2D and 3D 

conditions, the total number of gaze fixations and duration of these fixations were 

averaged across 12 trials for each participant. Additionally, the total number of fixations 

and duration of these fixations normalised to 100% for each participant were coded 

according to 11 fixation regions on the projected opponent‟s body (Fig 3B.5). Nine 

regions were categorised on the opponent‟s body (head, left shoulder, right shoulder, 

left arm, right arm, trunk, pelvis, left leg, right leg). The remaining regions were coded 

as „other‟ if a fixation was located outside the opponent‟s body, or „occluded‟ if absent 

(e.g. absent point of gaze due to blinking or fixations outside the field of view of the eye 

camera). Between the 2D and 3D conditions, differences in both the average number of 

fixations and duration of fixations in all locations were analysed using separate one-way 

repeated measures analysis of variance (ANOVA). The total number of fixations and 

percentage of time fixating on various regions were analysed using separate two-way 

(location x fixation duration) repeated measures ANOVA with an α level of p < 0.05. 

Significant interaction effects were followed up using two-tailed paired t-tests.  

In the respective 2D and 3D conditions, 3D motion data measured during the 

interception task were averaged across 12 trials. The time taken to initiate an 

interception was calculated from the onset of the projected opponent‟s sidestep, to the 

first measurable lateral shift of the participant‟s centre of pelvis in the mediolateral 

plane (inferred centre of mass) (Fig 3B.5). When the participant was stationary, the 

mean position of the centre of pelvis was calculated over a 1 second period from the 

motion data. Due to baseline pelvic movement, the onset of a lateral pelvic shift in the 

direction of the interception was only considered for analysis, when the position of the 

centre of pelvis was greater than 5 standard deviations from the mean. In response to the 

2D and 3D projected opponent, differences in the time to initiate an interception were 

analysed using two-tailed paired sample t-tests, with an α level of p < 0.05. 
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Figure 3B.5 Regions of interest for coding gaze fixations.    

3B.3 Results 

No significant differences were found for the total number of fixations [F (1, 9) 

= 0.694, p = 0.087], or for the duration of fixations [F (1, 9) = 1.723, p = 0.222] that was 

averaged across trials and participants, between the 2D and 3D conditions (Table 3B.1). 

However, a significant interaction effect was observed between the 2D and 3D 

conditions for the total number of fixations [F (10, 90) = 2.34, p = 0.047] and 

normalised fixation duration [F (10, 90) = 6.766, p = 0.004] averaged across participants 

on regions of interest. Post hoc paired t-tests revealed a significant increase in the 

number of fixations [t (9) = 3.645, p = 0.005] and percentage of time fixating on „other‟ 

regions [t (9) = 3.705, p = 0.005] and a significant decrease on „trunk‟ [t (9) = -2.89, p = 

0.018; t (9) = -2.686, p = 0.025] in the 3D condition (Table 3B.2). The time spent 

fixating on all other regions exhibited no significant differences between 2D and 3D 

conditions. Further, no difference was found in the average time to initiate an 

interception of the opponent between viewing conditions (Fig 3B.5), [t (9) = 0.465, p = 

0.652] (Fig 3B.6).  
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Table 3B.1 Total number of fixations and fixation duration averaged across 12 trials 

and participants in the 2D and 3D conditions (Mean ± SD).  

 2D 3D 

Number of fixations 6.2 ± 1.1 6.5 ± 1.3 

Fixation duration  (ms) 332.7 ± 156.6 294.0 ± 119.6 

 

Table 3B.2 Total number of fixations and fixation duration normalised to 100% 

  averaged across participants and coded according to 11 fixation  

  regions on the projected opponent‟s body. Regions include head (H), left 

  shoulder (LS), right shoulder (RS), left arm (LA), right arm (RA),            

  trunk (T), pelvis (P), left leg (LL), right leg (RL), occluded (X) and 

  other (O). *p < 0.05, **p < 0.01.              

    Total number of fixations   Total fixation duration (%)  

   (Mean ± SD)   (Mean ± SD ) 

Location  2D 3D  2D 3D 

H  11.9 ± 11.5 9.3 ± 12.1  14.0 ± 15.3 10.7 ± 15.4 

LS  8.3 ± 7.5 4.9 ± 8.4  9.1 ± 9.0 6.6 ± 11.5 

RS  5.5 ± 7.8 5.2 ± 6.1  5.2 ± 7.5 6.1 ± 7.5 

LA  1.7 ± 1.8 2.3 ± 5.2  1.6 ± 2.1 1.8 ± 4.1 

RA  1.4 ± 1.5 2.7±5.0  1.4 ± 1.6 2.2 ± 4.4 

T  16.7 ± 10.0* 8.6±7.8*  26.7 ± 20.6* 11.3 ± 11.7*  

P  6.2 ± 8.3 5.6±8.3  12.8 ± 18.8    9.6 ± 17.0  

LL  4.5 ± 8.3 5.6±8.9  5.2 ± 10.1 6.3 ± 10.7  

RL  1.7 ± 2.5 2.2±3.2  1.5 ± 1.9 2.1 ± 3.2 

O  15.2 ± 11.8** 30.6±15.7**  20.8 ± 20.6** 42.1 ± 26.4**  

X  0.7 ± 1.6 0.6±1.3  1.8 ± 4.6 1.1 ± 2.5 
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Figure 3B.6 Average time to initiate an interception of the projected opponent in 2D 

and 3D. Error bars represent the mean standard deviation across 

participants and trials. 
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3B.4 Discussion 

 The purpose of this study was to determine whether gaze behaviours and the 

time to respond to a projected opponent differed between 2D and 3D stimuli. To 

achieve this, a novel stereoscopic system was integrated with a Vicon opto-reflective 

3D motion analysis system and a ME gaze tracking system. The ISS allowed for the 

quasi game-realistic stimuli to be presented in both 2D and 3D conditions, and the 

relevant visual-perceptual and motor skills to be assessed synchronously. Differences in 

the total number of fixations and normalised fixation duration when broken down by 

body regions were found between the 2D and 3D projections, partially supporting our 

second hypothesis. Conversely, no significant differences were found for the total 

number and duration of fixations, or the time to initiate the interception of the projected 

opponent, providing no support for both our first and second hypotheses. 

Differences existed when gaze fixations were broken down according to selected 

regions of interest. Participants fixated less and for shorter durations on the trunk of the 

projected 3D opponent compared with the 2D condition. A corresponding increase in 

the number of fixations and time spent fixating on regions outside the body of the 

opponent was also observed in the 3D condition. This fixation shift from the body of the 

projected 2D opponent to non-subject areas of the 3D display may be due to distraction 

arising from more “spotlights of attention” (7). That is, objects in the visual field which 

drew little attention when viewed in mono, may draw more attention when viewed in 

stereo due to increased depth cues. This corroborates the recent work of Hakkinen and 

colleagues (21) who reported more scattered visual fixations when participants watched 

a stereoscopic movie, compared with more focussed visual fixations on objects of 

interest when the same movie was viewed in mono (21).  

The visual fixation shift from the trunk of the projected 3D opponent to „other‟ 

regions of the display may also be explained by distraction associated with heightened 

anxiety or arousal, caused by the „looming‟ sensation imposed by the converging 

opponent (15). Although anxiety measures were not recorded in this study, a number of 

researchers have reported that converging stereoscopic images enhances a viewer‟s 

sense of presence, thus magnifying its psychological effects (17, 23, 24). The 

psychological impact may then present as anxiety, which according to the hyper-
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vigilance theory (15), serves to amplify one‟s susceptibility to peripheral distractions. 

Other studies have also reported similar findings, suggesting that anxiety results in 

increased visual fixations away from objects of interest (31, 42). 

 The finding of no between condition differences in the total number and 

duration of fixations may be explained by several factors. While the depth cues unique 

to the 3D display provide vital depth information, their worth as cuing sources might 

occasionally not present as visual search behaviour that can be quantified using a gaze 

tracker. Instead, these pertinent visual cues facilitate anticipatory responses via 

enhanced interpretations (3). Moreover, the participants were sourced across a range of 

different sports, which ensured that any changes in VPM behaviour was elicited by the 

effects of stimuli condition rather than different skill levels of athletes with the same 

sporting background. Although the participants were competent in performing side-to-

side movements in response to visual stimuli, intercepting an oncoming opponent 

performing an offensive sidestep may have been an unfamiliar task for some of them. 

Differences in VPM skill, elicited via enhanced perception of visual displays, have been 

reported to surface only when the visual stimulus is context and sport specific (16). For 

this reason, the recruitment of solely rugby or Australian Rules footballers may have 

elicited differences in visual search behaviour as a function of their familiarity with the 

interceptive task combined with their ability to make use of the context-specific depth 

cues present in the 3D scenarios.  

The similar time to initiate an interception of the projected opponent in both 2D 

and 3D conditions could be interpreted with the increase in fixation duration outside of 

the projected 3D opponent‟s body. Even though participants may have been distracted 

and therefore fixated less on the projected 3D opponent, sufficient information was 

obtained for performance of the interception task within the same timeframe in both 

conditions. Again, the additional depth cues present in the 3D scenario may explain the 

comparable time to initiate an interception of the opponent in both conditions, despite 

the associated decrease in fixations on the 3D opponent‟s body. Specifically, the 

additional visual-perceptual information provided by adding a depth component to the 

footage may minimise the fixation duration required to acquire the relevant cuing 

information.  
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A limitation of the current study, which may explain the lack of differences in 

VPM responses between the 2D and 3D conditions relates to the simplicity of the visual 

scenario presented and motor task required. A participant standing stationary and 

focusing on a sole opponent may have been able to obtain sufficient information for 

successful task performance from the 2D image alone, without requiring the additional 

information provided by the 3D projection. Though contextually different, Atchley and 

colleagues (4) offer some support for this position. Using an object discrimination task, 

they reported that attentional focus and reaction time were only influenced by depth, 

when two or more distractors were presented at different depths and in proximity to the 

computer-generated objects of interest. These findings suggest that the visual-perceptual 

load in any given scenario has a pivotal effect on how depth cues are utilised for 

attentional focus. Considering that a shift in attention may precede a shift in gaze (13, 

22, 26), it may be hypothesised that increasing the attentional demands of the task (i.e. 

by projecting multiple opponents at different depths in the 3D scenario) may have 

produced more pronounced 2D versus 3D differences in the present study. 

Future research investigating VPM skill using the ISS might consider adopting 

the approach of Vaeyens and colleagues (33) who examined visual-perceptual skill in 

soccer players. Participants were shown footage of offensive simulations while adopting 

the visual perspective of a selected player in the scene and then decided an appropriate 

course of action. During the session, participant gaze behaviours and decision making 

were recorded alongside a systematic increase in the scenario complexity. By altering 

both the number of players and the ratio of offensive to defensive players within an 

attacking play simulation, the visual-perceptual demands across microstates of play 

were manipulated. Vaeyens et al. (34) reported higher visual search rates when the 

number of players and potential response alternatives were increased. Differences in 

gaze behaviour and quality of decision making between expert and novice players were 

also magnified with increased stimulus complexity, further exposing an expert 

advantage. Relating to the current study, systematically increasing the visual-perceptual 

loads of the visual stimulus (e.g. increasing number of opponents in the scenario from 

one to three) and the motor-task complexity (e.g. performing a running interception or 

evasion as opposed to an interception from a standing stationary position) may elicit 

more VPM skill differences between the 3D and 2D conditions.  
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In conclusion, the ISS addresses the difficulties associated with integrating the 

traditionally independent measurement techniques of visual-perceptual and motor skill, 

with the additional advantage of introducing quasi game-realistic stimulus presentations 

(39). Utility of the ISS allows for the repeatable presentation of quasi game-realistic 

visual stimuli in the laboratory for assessing/training VPM, while maintaining a higher 

level of ecological validity compared with traditional approaches (18, 25, 32). Despite 

no overwhelming changes in gaze behaviour and time to initiate an interception of the 

projected opponents, significant changes in gaze location were recorded when 

comparing the 2D and 3D conditions. This finding encourages further experimentation 

using the ISS for VPM skill assessments/training.  
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Abstract 

Purpose: 

 Sidestepping is a context-specific visual-perceptual-motor skill commonly 

performed in team sports to evade opponent(s), but has never been investigated in quasi 

game-realistic conditions. This study examined the foot placement and trunk movement 

strategies used by high-level and low-level soccer players for body reorientation when 

sidestepping to evade projected, life-size, three-dimensional defender(s). Further 

comparisons were made with sidestepping conditions performed using traditional 

planned and unplanned directional arrows. 

Methods: 

 Fifteen high-level and 15 low-level male soccer players underwent three-

dimensional motion analysis to determine their movement strategies when sidestepping 

in the one-defender scenario (1DS), two-defender scenario (2DS), arrow-planned (AP) 

and arrow-unplanned (AUNP) conditions. Temporal constraints imposed by the stimuli 

conditions increased in difficulty from the AP, 1DS, 2DS to the AUNP. Peak 

magnitudes and timings of frontal plane trunk flexion contralateral to the sidestep 

direction, step lengths placement of support and push-off foot, and number of 

unsuccessful sidesteps were measured, and submitted to a (stimulus x skill) mixed 

design ANOVA.  

Results:  

 Step length decreased while push-off foot placement was wider when 

sidestepping was performed in response to the quasi game-realistic defender scenarios 

compared with the arrow conditions. Support foot placement moved laterally to the 

pelvis midline with the increasing temporal constraints associated with stimuli 

difficulty. Greater frontal plane trunk flexion in the 2DS and AUNP conditions 

increased ACL injury risk. High-level players placed their push-off foot closer to their 

pelvic midline at initial foot contact and performed fewer unsuccessful sidesteps in the 

2DS and AUNP compared with low-level players.  
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Conclusion: 

 Compared with the arrow stimuli conditions, the quasi game-realistic three-

dimensional stimuli resulted in different strategies used for sidestepping postural 

control, and these strategies further differentiated between high-level and low-level 

players. These findings highlight the visual-perceptual contribution toward sidestepping 

which has implications for ACL injury prevention.  
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4.1 Introduction 

The visual-perceptual-motor skill of steering is an important component of the 

human locomotor control system and is usually performed with the goal of obstacle 

avoidance, but without termination of locomotion (27). At its most basic, steering 

requires reorientation of the body, via redirection of the centre of mass (CM) mainly in 

the mediolateral plane, toward the intended direction of travel. To successfully steer 

during ongoing locomotion, the mutually dependent visual-perceptual and motor skills 

must constantly interact. An individual must not only be able to visually perceive the 

obstacle and assess the available options to get away from or around the obstacle (12), 

but must also be physically capable of performing the manoeuvre while maintaining 

dynamic stability. Due to the motor and perceptual demands imposed, successful 

steering to change direction represents a complex task which needs to be planned and 

initiated by the psychomotor system in the penultimate step prior to directional change 

initiation (27).  

In invasion team sports such as soccer, online steering is more commonly 

referred to as sidestepping (SS), and is primarily a manoeuvre performed by athletes to 

evade oncoming opponents (24). Sidestepping in game environments is however, a 

more complex task to perform, compared with steering during walking. When compared 

to walking, athletes are usually travelling at greater speeds in game environments, 

requiring greater postural control demands. In addition, the game environment is never 

constant, imposing ever-changing perceptual demands of varying complexity, which 

athletes must cope and adapt to, for successful performance. Athletes are often required 

to perform SS under unpredictably high temporal constraints, either as a result of the 

opponents‟ defensive movements or other situational demands (24, 26). Consequently, 

the psychomotor system has decreased time to process visual information for the 

engagement of motor programs to prepare and execute SS, while countering rapid 

changes in trunk position for the maintenance of dynamic stability (14, 15). Trunk 

displacement during SS, especially in the frontal plane, has previously been shown to 

increase knee valgus loading (10), and is associated with anterior cruciate ligament 

(ACL) injuries (16, 32).  
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Early efforts to more realistically investigate steering/SS in laboratory settings 

resulted in the use of generic light-based stimuli to simulate time constraints during the 

preparation and execution of the manoeuvre (3, 17, 27). During the transition from 

walking to steering Patla and colleagues (27) suggested that the central nervous system, 

depending on the level of temporal constraints, employs two separate strategies to 

redirect the CM toward the new direction of travel. In planned situations without 

temporal constraints, a support foot placement strategy prior to initial contact of the 

push-off foot is adopted to facilitate directional change. In unplanned situations with 

high temporal constraints, a strategy using trunk flexion in the frontal plane is adopted. 

Interestingly, despite the identification of SS as an important and common offensive 

manoeuvre in team sports (20, 26), there is a paucity of research examining how body 

CM is redirected to avoid opponents in unplanned situations. Compared with planned 

situations, Besier and colleagues (3) reported a large increase in frontal and transverse 

plane knee joint loadings during running SS in unplanned situations. The authors 

suggested that the increased knee loadings could be related to the observed changes in 

foot placement and trunk lean. Houck et al. (17) reported that time constraints imposed 

by light-based stimuli effected frontal plane trunk, hip and knee kinematics and kinetics 

when SS during walking. Despite adopting approach velocities (2 - 3 m.s
-1

) that are 

relatively slower than athletes have been observed to travel at prior to SS in game 

situations (approximately 4 m.s
-1

) (8), the aforementioned studies highlighted how 

visually cued temporal constraints affect SS biomechanics.  

The integral role of visual perception in successful task performance across 

different domains is well established. In sport, the study of visual-perceptual skill has 

primarily focussed on expert and novice differences in utilising visual cues to facilitate 

anticipatory responses (1, 29). The literature suggests that the expert advantage in 

utilising pertinent visual information for enhanced visual-perceptual-motor task 

performance is only evident when the environment presented is realistic, situational 

specific and context specific (11). Drawing parallels to the work of Besier et al. (3) and 

Houck et al. (17), the applications of generic light-based stimuli in laboratory-based 

investigations of SS may less accurately reflect or identify, the relationship between SS 

in game situations and its associated postural biomechanics. Sidestepping performed by 

athletes to avoid defensive opponents while travelling at higher velocities may result in 

different postural control strategies during both the preparation and execution of the 

manoeuvre. 
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The two aims of this study were: 1) to investigate how athletes reorientate their 

bodies when SS was performed in response to different types of visual stimuli; and 2) to 

examine if the types of visual stimuli affected the body reorientation strategies of 

players with different levels of expertise. The quasi game-realistic stimuli were three-

dimensional (3D) video projections of defensive opponent(s), consisting of a one-

defender scenario (1DS) and a two-defender scenario (2DS) that have been previously 

described (21). Sidesteps performed to avoid the projected defender(s) in these 

scenarios were further compared with those performed in response to two-dimensional 

(2D) directional arrows. The arrow stimuli consisted of arrow-planned (AP) and arrow-

unplanned conditions (AUNP), and were used to prompt planned and unplanned SS (2, 

3).  The AP and AUNP conditions were 2D in nature and imposed no spatial 

constraints. The 1DS and 2DS were 3D and imposed spatial constraints via depth 

changes of the converging defender(s), with the 1DS posing less spatial constraints than 

the 2DS condition. The temporal constraints imposed by the stimuli conditions 

increased in difficulty in the following order: AP, 1DS, 2DS and AUNP. Specific 

frontal plane trunk and foot kinematics were selected for analysis due to their relevance 

in redirecting CM (27) and their association with ACL injury risk in the literature (10, 

16, 32). It was therefore hypothesised that trunk movement strategies and foot 

placement would incrementally change in accordance with increasing temporal 

constraints imposed by the varying stimuli. It was also hypothesised that the high-level 

players would exhibit dissimilar movement strategies in the 1DS and 2DS conditions 

compared with the low-level players, potentially due to their ability to make use of 

advanced visual cues for earlier preparation and execution of the SS manoeuvre.  

4.2 Methods 

4.2.1 Participants 

 Participants were 15 high-level (mean age 23.1 ± 3.9 yr, height 180 ± 1 cm, 

mass 73.6 ± 10.3 kg) and 15 low-level (mean age 22.5 ± 3.8 yrs, height 179.9 ± 6.8 cm, 

mass 71.2 ± 7.0 kg) male soccer players, consisting of midfielders and forwards. The 

high-level players competed semi-professionally and had a mean playing experience of 

13.5 ± 3.7 years, while the low-level players competed in the amateur league and had a 

mean playing experience of 7.5 ± 1.3 years. Participants had no history of serious lower 
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limb injury and were competent in performing the SS manoeuvre. Previous research 

comparing planned and unplanned SS (3) revealed effect sizes of approximately 0.8. 

Using this value in a power analysis of a 4 x 2 (stimuli x skill) mixed design analysis of 

variance (ANOVA), a minimum of 12 subjects were necessary to achieve a statistical 

power of 0.8 and p < 0.05. All procedures were approved by the Human Research 

Ethics Committee at The University of Western Australia (UWA) and all participants 

provided their informed written consent before data was collected.  

4.2.2 Experimental procedures 

 The participants performed two well documented cutting tasks, either a running 

sidestep cut (2-4, 8-10, 16, 17, 24-26) or crossover cut (2-4, 8), in response to four 

different visual stimuli.  Each stimulus required participants to either sidestep cut in one 

direction, or crossover cut in the opposite direction. Both manoeuvres were performed 

off the dominant leg, which was self-selected by the participants during practice trials as 

the preferred leg for pushing-off. For clarity, depending on the direction of travel 

indicated by the stimuli, a right leg dominant participant would sidestep to the left, and 

crossover cut to the right. Although only the SS trials were analysed, the crossover cuts 

served to prevent the participants from pre-empting the direction of travel and 

manoeuvre type. Participants were required to successfully perform three sidesteps and 

three crossover cuts in response to four visual stimuli, totalling 24 trials. 

 The four visual stimuli consisted of two game realistic conditions and two 

direction-arrow conditions. These were randomly presented on a large screen (Fig. 4.1) 

using the Integrated Stereoscopic System (Chapter 3B). The game realistic 1DS and 

2DS visual stimuli were created with the 3D stereoscopic filming and projection 

techniques described previously (21). The 1DS (Fig 4.1C) featured a defensive 

opponent converging upon the approaching participant, before changing directions. The 

participant‟s task was to cut in the opposite direction to the opponent. To prevent 

participants from becoming familiar (conditioned) to the 1DS visual stimulus, every 

filmed trial was unique, featuring the opponent wearing different attire and changing 

directions to either the left or right side of the participant. The 2DS (Fig 4.1D) featured 

two defensive opponents, one on either side of the participant‟s straight line of gaze, 

who converged upon the approaching participant. When the participant was 
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approximately one step length from the force plate, the defender located on the 

participant‟s right, initiated a 45° cut toward the participant, simulating a tackle. At the 

same instant, defender two located on the left side, initiated a 90°cut to the right, 

moving behind defender one. In this example, participants were required to cut to the 

left to avoid getting “tackled” by defender one, and into the “space” previously 

occupied, though now left vacant by defender two. The defender movement directions 

were mirrored in the trials where a cut to the right was required. The 2DS condition was 

developed in consultation with two semi-professional level soccer coaches and players 

from an amateur soccer club. Similar to the 1DS condition, all filmed trials featured 

defenders who wore different attire and switched their starting positions, in order to 

prevent participants from becoming familiar to the 2DS stimulus.  

 The two direction-arrow conditions (AP and AUNP) were similar to the planned 

and unplanned light-based stimuli used by Besier et al. (2, 3). The arrow in the AP 

condition (Fig 4.1A) was presented on the screen prior to the participants‟ approach run, 

informing them of the required direction of sidestep or crossover cut. The AUNP (Fig 

4.1B) featured an arrow that only appeared when the participant was approximately one 

step length from the force plate, providing minimal time for preparation and execution 

of the cutting task.  

The various visual stimuli posed different levels of spatial and temporal 

constraints. The 1DS and 2DS were 3D and imposed spatial constraints via depth 

changes of the converging defender(s), with the 1DS posing less spatial constraints than 

the 2DS condition. Since the direction-arrows were 2D it was assumed they imposed no 

spatial constraints. The temporal constraints imposed by the stimuli conditions 

increased in difficulty in the following order: AP, 1DS, 2DS and AUNP. The AP 

condition imposed no temporal constraints, while the ranking of the 1DS, 2DS and 

AUNP conditions was established from pilot testing on 10 males. The test identified 

how much time before reaching the force plate the participants needed for the 

“directional cues” to be presented so they could sidestep successfully without missing 

the force plate. The directional cues were selected as the time points when the projected 

defenders first planted their feet to change directions in the 1DS and 2DS, and the 

appearance of the arrow in the AUNP condition. The directional cue in the AUNP 
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condition needed to be presented earliest; 453 ± 37 ms before the participants reached 

the force plate, followed by the 2DS (361 ± 84 ms) and 1DS (215 ± 34 ms).  

 

Figure 4.1  A right leg dominant participant running and sidestepping to the left in 

response to the different stimuli conditions: A) AP, B) AUNP, C) 1DS 

and D) 2DS.  

 In all stimuli conditions, a cutting trial was considered successful only when the 

following requirements were fulfilled. Participants were required to maintain an 

approach velocity of 4.5 ± 0.5 m.s
-1

across the 4.5 m distance between two infrared 

timing gates (Fig 4.2), and achieve a cut angle of 45° ± 10°. Cut angle was monitored 

by placing two pairs of cones at 45° to the centre of the force plate and by requiring 

participants to not only manoeuvre on the force plate, but to also travel through the 

cones that are 1 m apart in the next stride (Fig 4.2). Except for the AP condition, the 

stimuli presentation was electronically triggered when participants travelled through 

timing gate one. If the participants did not maintain the required approach velocity of 
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4.5m.s
-1

 in any visual condition, the word “abort” appeared on the screen, requiring a re-

trial. Initial commitment toward an incorrect direction of travel, followed by postural 

correction and missing foot contact with the force plate, was considered as an 

unsuccessful trial. To avoid force plate targeting, participants were instructed to focus 

on the screen during their approach run. A starting marker was used to set the approach 

distance of each participant, such that their natural cadence resulted in foot contact on 

the force plate with their dominant leg.  

 Prior to testing, participants were familiarised with the visual stimuli and cutting 

manoeuvres in a practice session. In this session, the presentation timing of the arrow in 

the unplanned condition (AUNP), controlled by custom software, was adjusted for each 

participant to account for individual reaction times. The minimal time required to 

complete the AUNP condition was then used as the time base for presentation of the 

directional cues in the 1DS and 2DS conditions, providing participants with more than 

sufficient time to perform cutting, while temporally constraining their manoeuvres at 

different levels. Approximately one hour was required for participants to become fully 

familiarised with cutting in the various stimuli conditions and establish the presentation 

timings of the directional cues. 

 

Figure 4.2 Schematic of experimental setup 
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4.2.3 Data collection  

 The previously developed Integrated Stereoscopic System (Chapter 3B) was 

used to present the stimuli and synchronously record various data when participants 

performed the different sporting tasks.  Participant gaze behaviour data was collected 

using the Mobile Eye gaze tracker (Applied Science Laboratories, Waltham, MA) but 

displayed significant movement artefacts during foot contact of the sidestep and was 

excluded in the current study.  Participant 3D motion data were collected at 250 Hz 

using a 12-camera Vicon MX motion analysis system (ViconPeak Ltd, Oxford, United 

Kingdom). The 1.2 x 1.2 m force plate served as a standardised location for initial foot 

contact of the dominant push-off foot during the cutting tasks, with no ground reaction 

force data analysed in this study. 

To perform the 3D motion analysis 32 retroreflective markers were affixed to 

selected anatomical landmarks or as part of three marker clusters, in accordance with 

the UWA lower body and torso model (5, 9, 10, 22). Single markers were attached to 

the left and right calcanei, left and right head of the first and fifth metatarsals, left and 

right anterior and posterior superior iliac spines, sternal notch, xiphoid process, seventh 

cervical vertebrae, twelfth thoracic vertebrae, and the left and right acromion processes. 

Three-marker clusters were bilaterally attached to the thighs and lower legs. To define 

the ankle joint centres, single markers were bilaterally attached to the medial and lateral 

malleoli in “static” calibration trials, which were removed for the dynamic trials. A six 

marker pointer was used in accordance with the Calibrated Anatomical Systems 

technique (7) to identify the bilateral position of the medial and lateral femoral condyles 

used to define the knee joint centres. Functional knee and hip tasks were performed to 

identify knee joint axes and hip joint centres respectively (5). A foot calibration rig was 

used to establish the neutral foot adduction-abduction and rear foot inversion-eversion 

during standing.  

Joint angles were calculated using our established methods (5, 9, 10). The 3D 

trajectory data were low-pass-filtered at a cut-off frequency of 16 Hz, using a fourth 

order, zero-lag, Butterworth recursive filter. The cut-off frequencies were determined 

using residual analysis technique (30) and visual inspection of the kinematic data. The 

segment and joint angles were determined using the kinematic model described by 

Besier et al. (5). 
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 Various trunk and feet kinematic parameters were measured and analysed across 

both the preparation and execution phases of SS. Trunk lateral flexion was measured as 

the angular displacement of the trunk from the pelvic midline (Fig 4.3) in the frontal 

plane, of which a neutral position was defined as when the trunk and pelvic midline 

were perfectly aligned. Lateral trunk flexion contralateral (opposite) to the required 

sidestep direction was defined as negative (Fig 4.3B), with positive therefore defined in 

accordance with the sidestep direction (Fig 4.3A). At the trunk, only lateral flexion was 

measured due to its relevance in redirecting CM for direction change (27) and ACL 

injury risk (10, 16, 32).     

 

Figure 4.3 Peak lateral trunk flexion (LTF) and left push-off foot placement during 

SS to the right, in response to the least temporally constrained arrow-

planned (A) and most temporally constrained arrow-unplanned (B) 

conditions. Lateral trunk flexion contralateral to the sidestep direction is 

defined as negative (-ve). Positive (+ve) is defined when the lateral trunk 

flexion occurs in the same direction as the sidestep.  

In the step prior to initial foot contact of the push-off foot, the support foot 

placement was measured relative to the pelvic midline (Fig 4.4). Support foot placement 

lateral to the pelvic midline and toward the sidestep direction was defined as positive 

(Fig 4.4B). Conversely, support foot placement was defined as negative when the foot 

moved medially, crossing the pelvic midline, away from the sidestep direction (Fig 
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4.4A). At initial foot contact, push-off foot placement relative to the pelvic midline was 

measured. Step length was the difference between the calculated origin (midpoint of 1
st
 

and 5
th

 metatarsals) of the support foot and the push-off foot during the transition step, 

in the anterior-posterior plane.  

 

Figure 4.4 Arrow-planned (A) and arrow-unplanned (B) representations of right 

support foot placement relative to the pelvic midline in the penultimate 

step prior to a right directed sidestep. Support foot placement medial to 

pelvic midline and away from sidestep direction is defined as negative (-

ve) and positive (+ve) when foot placement is lateral to pelvic midline 

and toward the sidestep direction.  

A custom Matlab (The Mathworks, Inc., Natick, MA) program was used to 

identify a phase initiating at mid-swing of the push-off leg prior to initial foot contact, 

and ending at the foot-off frame prior to commencement of the flight phase. Peak lateral 

trunk flexion angles were extracted from this phase (Fig 4.5). Mid-swing to foot-off of 

the push-off leg was chosen for analysis as it encompassed both the preparation and 

execution phases of a sidestep. This phase also included early stance phase, where high 

rates of ACL injuries usually occur (2-4). The duration of the selected phase was 

normalised to 100%. The following kinematic and timing variables were extracted: 

Magnitude and normalised timings of peak lateral trunk flexion across the phase, 

support foot placement, push-off foot placement and step length.  
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Figure 4.5  Ensemble averages for normalised lateral trunk flexion during mid-swing 

to foot-off of the dominant push-off leg, of the high-level (A) and low-

level (B) cohorts. Lateral flexion „Opposite‟ to sidestep direction is 

defined as negative (-ve) and lateral flexion in the „Same‟ direction as the 

required sidestep is positive (+ve). Circle indicators on each trace 

highlight the magnitude and time to peak lateral trunk flexion.  

Post testing, a brief questionnaire was administered to obtain information about 

participants‟ perceptions/opinions of the level of temporal constraints imposed by the 

varying stimuli, and the level of difficulty in interpreting the respective stimulus for the 

identification of the required sidestep direction. In ascending order on a four point 

temporal scale, participants were required to indicate if the directional cue presented by 

the respective stimulus was the “earliest” (allowing most time for planning and 

executing SS), “early”, “late” or “latest” (allowing least time for planning and executing 

SS). Similarly, in ascending order on a difficulty scale, participants were asked to 

indicate which stimulus were the “easiest” (requiring the least amount of visual-

perceptual processing to identify direction of travel), “easy”, “difficult” and “most 

difficult” (requiring the most amount of visual-perceptual processing to identify 

direction of travel). The number of unsuccessful sidesteps in response to the respective 

stimulus was also recorded.  
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4.2.4 Statistical analysis  

The SS biomechanical and timing variables for each participant responding to 

the four stimuli were averaged across three trials per stimuli. Stimuli conditions were 

treated as repeated measures, with skill level treated as an independent factor. Using 

SPSS 16.0 (SPSS Inc., Chicago, IL), within and between group differences were 

ascertained using a 4 x 2 (stimuli x skill level) mixed design ANOVA, with an α level 

of p < 0.05. Significant main and interaction effects were assessed using post hoc tests 

with Sidak corrections for multiple comparisons. Before analysis, all data were 

inspected for assumptions of normality which were fulfilled, satisfying the criteria for 

the performance of mixed design ANOVAs.  

The total numbers of unsuccessful sidesteps made in response to each stimulus 

was summed. Due to a violation of normality, differences in the number of unsuccessful 

trials across stimuli were ascertained using the Friedman repeated measures ANOVA. 

Post hoc tests were conducted using the Wilcoxon Signed Ranks test with Bonferroni 

correction to account for multiple comparisons. Differences between skill levels were 

ascertained using the Kruskal Wallis test. Due to the questionnaire serving as a 

qualitative means to obtain information relating to participants‟ perceptions of the 

temporal constraints and complexity of each stimuli type, no statistical analyses were 

performed. 

4.3 Results 

Generally, both the high-level and low-level players shared similar perceptions 

across stimuli type regarding the temporal constraints and complexity. The perceived 

stimuli imposed temporal constraints progressively increased across the AP, 1DS, 2DS, 

and AUNP (Table 4.1A) conditions, providing further support for the pilot testing 

results. Perceived stimuli complexity progressively increased the order of AP, AUNP, 

1DS and 2DS conditions (Table 4.1B). Stimuli type significantly affected the number of 

unsuccessful sidesteps recorded, X
2
(3) = 51.4, p < 0.001. Post hoc testing revealed that 

the number of unsuccessful sidesteps in the 2DS was significantly greater than the AP 

(Z = -4.4), 1DS (Z = -4.2), and AUNP (Z = -3.7) conditions; p < 0.001 for all 

comparisons (Fig 4.6). Additionally, the number of unsuccessful sidesteps was 
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significantly greater in the AUNP compared with the AP condition (Z = -2.7, p < 0.01). 

Between skill levels, the number of unsuccessful sidesteps made by the low-level 

players were significantly higher than the high-level players in the 2DS [X
2
(3) = 4.1, p 

< 0.05] and in the AUNP [X
2
(3) = 6.6, p < 0.02] (Fig 4.6) conditions.  

Consistent across the two skill levels, stimuli type significantly affected (p < 

0.05) all SS biomechanical and timing measurements (Table 4.2). No interactions 

between stimuli type and skill level were found. Irrespective of stimuli type, only push-

off foot placement was significantly different between skill levels.   

Post hoc testing revealed that step length was significantly greater in the AUNP 

compared with the AP (p < 0.04), 1DS (p < 0.001), and 2DS (p < 0.001) conditions. 

Additionally, step length in the AP was greater than the 1DS (p < 0.05). Placement of 

the support foot moved medially, crossing the pelvic midline for all stimuli conditions 

except for the AUNP. Support foot placement was significantly more medial in the AP 

compared with the other stimuli conditions (p < 0.001 for all comparisons). Conversely, 

support foot placement in the AUNP was significantly more lateral compared with the 

AP (p < 0.001), 1DS (p < 0.001), and 2DS (p < 0.05) conditions. Push-off foot 

placement was significantly more lateral to the pelvic midline by approximately 2cm in 

the 1DS and 2DS, compared with the AP (p < 0.001; p < 0.05) and the AUNP (p < 

0.01; p < 0.02).Post hoc testing further revealed that the high-level players placed their 

push-off foot 2.5 cm closer to their pelvic midline when SS in the AP condition (p < 

0.04) and 4.6 cm in the 2DS (p < 0.01) condition, compared with the low-level players.  

Peak lateral trunk flexion was significantly decreased in the AP condition by 

approximately 3° compared with the 1DS and 2DS, and by approximately 5° compared 

with the AUNP, (p < 0.001 for all comparisons). Further, peak lateral trunk flexion was 

significantly decreased in the 2DS by approximately 2° compared with the AUNP (p < 

0.02). The timing of peak lateral trunk flexion occurred at a similar time in the AP and 

1DS conditions, however this occurred 9 % earlier in the mid-swing to foot-off phase of 

the dominant push-off  leg than the 2DS and AUNP conditions (p < 0.001 for all 

comparisons).  
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Table 4.1 Participants‟ perceptions of stimuli imposed temporal constraints (A)   

and difficulty in interpreting stimuli for identifying sidestep direction 

(B). The stimuli which had the most number of responses pertaining to 

the respective orders of temporal constraints and complexity are bolded.   

A) Perceptions of stimuli imposed temporal constraints  

Low-level       

 Earliest Early Late Latest TOTALS 

AP 15    15 

1DS  14 1  15 

2DS   10 5 15 

AUNP  1 4 10 15 

TOTALS 15 15 15 15  

      

High-level      

 Earliest Early Late Latest TOTALS 

AP 15    15 

1DS  14 1  15 

2DS   8 7 15 

AUNP  1 6 8 15 

TOTALS 15 15 15 15  

 

B) Interpreting stimuli for identifying sidestep direction  

Low-level      

 Easiest Easy Difficult 

Most 

Difficult TOTALS 

AP 15    15 

1DS  6 9  15 

2DS   2 13 15 

AUNP  9 4 2 15 

TOTALS 15 15 15 15  

      

High-level      

 Easiest Easy Difficult 

Most 

Difficult TOTALS 

AP 15    15 

1DS  7 8  15 

2DS   1 14 15 

AUNP  8 6 1 15 

TOTALS 15 15 15 15  
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Figure 4.6 The number of unsuccessful sidesteps performed by high-level (HL) and 

low-level (LL) players in response to stimulus type.                      

* represents significant differences at p < 0.05.  
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Table 4.2  Mean step length, support foot placement, push-off foot placement, peak 

lateral trunk flexion and timing of peak, as a percentage of mid-swing to 

foot-off of the push off leg, across different stimuli conditions and player 

skill levels. * represents significant differences at p < 0.05.  

 

Stimulus                                    Feet:   Trunk: 

  Step length 

 

 

 

 

(cm) 

Mean (SD) 

Support foot 

placement 

lateral to pelvic 

midline (+ve) 

 

(cm) 

Mean (SD) 

Push-off foot 

placement 

 

 

 

(cm) 

Mean (SD) 

 

 

 

Peak lateral  

flexion toward 

sidestep (+ve) 

 

 

(°) 

Mean (SD) 

Peak lateral 

flexion timing 

 

 

 

(%) 

Mean (SD) 

  

AP 

  

152.4 (16.1) 

 

-94.4 (56.8) 

 

38.1 (3.1) 

 

 

 

-7.7 (6.1) 

 

55 (8) 

 1DS  143.3 (21.8) -23.2 (58.1) 39.8 (3.8)  -11.2 (4.4) 54 (8) 

 2DS  145.2 (232) -10.2 (76.6) 39.6 (4.2)  -10.9 (4.5) 63 (8) 

 AUNP  164.3 (24.4) 29.8 (34.0) 37.7 (3.8)  -12.5 (4.7) 64 (10) 

 

Stimulus effect p 

value 

  

< 0.001* 

 

< 0.001* 

 

< 0.001* 

 

 

 

< 0.001* 

 

< 0.001* 

 

Post hoc results 

  

AP > 1DS* 

AP < AUNP* 

1DS < AUNP* 

2DS < AUNP* 

 

AP < 1DS* 

AP < 2DS* 

AP < AUNP* 

1DS < AUNP* 

2DS < AUNP* 

 

AP < 1DS* 

AP < 2DS* 

AUNP < 1DS* 

AUNP < 2DS* 

  

AP > 1DS* 

AP > 2DS* 

AP > AUNP* 

2DS > AUNP* 

 

AP < 2DS* 

AP < AUNP* 

1DS < 2DS* 

1DS < AUNP* 

        

Skill Level    

 

     

 

High-level (HL) 

  

155.1 (21.6) 

 

-27.8 (56.1) 

 

    37.4 (3.8)  

 

 

 

      -10.4 (5.8) 

 

      59 (7) 

 

Low-level (LL) 

  

147.4 (20.5) 

 

-21.2 (56.8) 

 

40.3 (3.8) 

 

 

 

-10.7 (4.6) 

 

58 (9) 

 

Skill effect p 

value 

  

0.253 

 

0.680 

 

0.022* 

 

 

 

0.889 

 

0.686 

 

Post hoc results 

 

 

    

HL > LL in AP* 

HL > LL in 2DS* 

   

Stimulus x Skill 

p value 

 0.698 0.305 0.241  0.332 0.927 
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4.4 Discussion 

Sidestepping is a VPM skill frequently performed by athletes to avoid opponents 

in dynamic team sport environments (24), however the manoeuvre has seldom been 

investigated using laboratory protocols that attempt to replicate game situations. The 

first aim of this study was to identify changes in body orientation strategies, when 

athletes sidestepped in response to quasi-realistic projected 3D stereoscopic defender(s) 

(21) compared with generic light-based directional arrow stimuli. The second aim was 

to examine whether stimuli type affected the SS kinematics of high-level and low-level 

soccer players differently. With the exception of step length and push-off foot 

placement and in support of our first hypothesis, changes in the biomechanical and 

timing variables differed in accordance with the level of temporal constraints imposed 

by the stimuli. Our second hypothesis concerning skill level and stimulus type 

interaction was partially supported, with the high-level players placing their push-off 

foot closer to the pelvic mid-line compared with the low-level players in the AP and 

2DS conditions. There were no differences between skill level in all the other 

parameters examined.  

The majority of participants reported that SS in the arrow conditions were 

“easier” than the projected defender scenarios. This may be attributed to the small 

visual-perceptual effort required to identify the direction of travel (Table 4.1B) in the 

arrow stimulus. Further, participants perceived the 2DS to be the most “difficult” 

stimulus to respond to (Table 4.1B), as movements of both projected defenders were 

required to be interpreted before directional decision making and the appropriate cutting 

manoeuvre could be initiated. This perception was supported by a greater number of 

unsuccessful sidesteps performed in the 2DS compared with the other stimuli conditions 

(Fig 4.6).   

The increased stimuli complexity (Table 4.1B) and inferred spatial constraints 

imposed by the converging defenders in the projected scenarios (1DS and 2DS) may 

have resulted in participants reducing their step lengths compared with the simple arrow 

conditions. However, the reduced step lengths were independent of the level of temporal 

constraints imposed by the varying stimuli and could simply reflect caution exercised 

by the participants to avoid the defender(s). The difference between centre of pressure 
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and CM position during stance dictates the magnitude and direction of CM acceleration 

(31). During single support phase at initial foot contact, a smaller step length results in 

the centre of gravity projected closer to the base of support, facilitating balance and 

minimising potential corrective forces. Additionally, decreased step length results in a 

smaller decelerating vector in the anterior-posterior plane. Participants may have 

reduced their step lengths to allow themselves more room for locomotor adjustments in 

the anterior-posterior plane without excessive deceleration in attempting to avoid the 

defender(s).  

Similar to step length, it could be speculated that push-off foot placement 

relative to the pelvic midline appeared to be influenced by the spatial constraints of the 

defender scenarios. However, the functional significance of placing the push-off foot 2 

cm more lateral to the pelvic midline in the defender scenarios compared with the arrow 

conditions is unclear. Dempsey et al. (10) reported that an increase of 15 cm in push-off 

foot placement during planned SS resulted in a 53% increase in knee valgus loading, 

thereby increasing the risk of ACL injury. The 4.6 cm decrease in push-off foot 

placement of the high-level players compared with the low-level players in the 2DS 

could potentially reflect safer SS technique.  The high-level players may therefore have 

utilised the sport and situational-specific visual cues provided in the 2DS to facilitate 

earlier control of the push-off foot, resulting in a closer and potentially safer position 

with respect to the pelvic midline. 

The current work suggests a continuum of incremental changes in support foot 

placement and lateral trunk flexion when more planning and execution time is available 

for the sidestep manoeuvre. This corroborates and extends the findings of Patla and 

colleagues (27), who observed just two separate strategies to redirect CM when 

changing direction; 1) a support foot placement strategy in planned situations similar to 

our AP condition and 2) a lateral trunk flexion strategy in unplanned situations similar 

to our AUNP condition. With more time to sidestep, participants placed their support 

foot more medial to the pelvic midline and opposite to the sidestep direction, but kept 

their trunk more upright and toward the travel pathway. Conversely, with less time to 

sidestep, participants placed their support foot more lateral to the pelvic midline and 

toward the sidestep direction, but flexed their trunk more laterally and further away 

from the sidestep direction.   
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The changes in support foot placement and lateral trunk flexion seemed to be 

interdependent for body reorientation and is best explained using the two extremes 

observed in the AP and AUNP conditions. With adequate time to sidestep in the AP 

condition, participants placed their support foot furthest away from the sidestep 

direction (Fig 4.4A), and kept their trunk the most upright (vertical), compared with all 

the other stimuli conditions (Fig 4.3A). This strategy has been suggested to result in a 

mediolateral ground reaction force that moves the CM trajectory toward the sidestep 

direction (27, 31) with little contributory effort from the hips and trunk (27), such that 

the CM may simply rotate and “fall” toward the sidestep direction (Fig 4.4A). 

Conversely, with minimal time to sidestep as found in the AUNP condition, the support 

foot placement moved lateral to the pelvic midline and toward the sidestep direction 

(similar to normal running foot placement without active positioning) (Fig 4.4B). This 

resulted in the greatest lateral trunk flexion posture in the opposite direction to the 

intended travel pathway (Fig 4.3B). At this point, the CM is moving in the opposite 

direction of the sidestep. As the inertia of the upper body is large and the support foot is 

already off the ground, participants are probably required to compensate by quickly 

redirecting their trunk sideways in order to redirect their CM toward the intended 

sidestep travel pathway (27). 

Despite the current work providing further insight into the role of support foot 

placement and lateral trunk flexion contribution toward changing CM direction under 

different time constraint, further research is required to fully understand the role of other 

body segments. For example, Patla and colleagues (27) suggested that push-off foot 

placement can also contribute toward CM redirection during SS, but is not used for two 

reasons. First, during stance phase of the push-off foot, the ankle inverters/everters 

possibly only generate minimal force to redirect the CM toward the sidestep direction. 

As such, if people were unable to position their support foot “favourably” in the step 

prior to contact of the push-off foot due to high time constraints, then the CM is 

probably redirected toward the sidestep direction through muscle action at the hip and 

trunk. Secondly, placing the push-off foot wider is also avoided, as it compromises the 

subsequent swing phase. Future research should perform full body segmental kinetic 

analyses to understand the contribution of the arms, pelvis, shoulders and head towards 

CM directional change.     
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It may also be asserted that if temporal constraints of the stimuli displayed an 

overarching impact, then peak lateral trunk flexion should have been significantly 

higher in the 2DS condition than the 1DS condition. However, the similar lateral flexion 

values observed in the defender scenarios may also be affected (inter-dependently) by 

the spatial constraints imposed by the converging defender(s). Regardless of the 

differences in the level of temporal constraint or the complexity imposed by the 1DS 

and 2DS conditions, participants could have felt the same degree of urgency to avoid 

the defender(s) as quickly as they could, thereby flexing their trunks by similar amounts 

to change direction. These assertions are speculative and need to be explored further.  

Increased lateral trunk flexion, away from the intended travel direction during 

SS has been reported to increase knee valgus loading (10), a significant predictor of 

ACL injury risk (14). Without lower limb adjustments (17) or appropriate 

neuromuscular control (13, 14), increased lateral trunk flexion may translate the trunk‟s 

CM lateral to the knee joint of the push-off leg at initial foot contact, shifting knee 

moments toward valgus and straining the ACL (23). The increased peak lateral trunk 

flexion of 3° to 5° observed in the reactive stimuli conditions (1DS, 2DS and AUNP), 

compared with the pre-determined AP condition, may represent a VPM strategy that 

poses higher ACL injury risk. Despite the current results highlighting the means by 

which visual cueing affects trunk control during SS, it is still not sufficient for the direct 

formulation of injury prevention guidelines. Sports/clinical practitioners require 

knowledge surrounding the time at which peak frontal plane trunk flexion occurs 

relative to the performance of the sidesteps, as peaks that occur outside stance phase are 

not directly relevant to high ACL loads.  

Peak lateral trunk flexion occurred earlier in the less temporally constrained AP 

and 1DS conditions compared with the more temporally constrained 2DS and AUNP 

conditions. Across all stimuli conditions, the average timing of initial foot contact 

occurred at 53% of the mid-swing to foot-off phase (Fig 4.4). The similar timings of 

peak lateral trunk flexion in the AP and 1DS conditions relative to the timing of initial 

foot contact suggest that participants may have already commenced redirecting their 

CM toward the direction of sidestep as a function of the increased movement planning 

time afforded by these conditions. Conversely, due to the high temporal constraints of 

the 2DS and AUNP conditions, participants had less time to plan and execute the 
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sidestep, resulting in later timing of peak lateral trunk flexion. Ireland (18) suggested 

that most ACL injuries occur in the first 30% of stance phase, which corresponds to the 

period between initial foot contact and 67% of the mid-swing to foot-off phase. Despite 

the differences in timing, peak lateral trunk flexion in all the stimuli conditions occurred 

within this period of the stance phase and as such, lateral flexion postures occurring 

during this phase should be the  targeted for intervention.  

Training interventions should focus on the maintenance of the upright trunk 

posture observed in the AP stimulus for all reactive stimuli conditions. Sidestepping 

technique has been shown to be amenable to change via training interventions, resulting 

in reduced knee valgus loading (9) in stance phase. In that study, it was also reported 

that athletes were able to maintain the altered SS techniques in both planned and 

unplanned conditions, which were dictated using different illumination timings of a 

light-based stimulus. In game situations, however, athletes react to bodily movements of 

their opponents and sidestep to avoid getting tackled. As evidenced from the current 

results, more game-realistic unplanned stimuli such as the defender scenarios elicited 

different movement strategies at the feet and trunk compared with the less realistic 

arrow stimuli. Future training interventions could therefore, incorporate SS technique 

training with a focus on keeping an upright trunk posture, while manoeuvring in 

response to 3D stimuli which simulates the perceptual conditions experienced in game 

environments. Such an approach could improve both the visual-perceptual and motor 

components specific to SS in response to situations that may arise in team sports, 

maximising the potential for on-field transference (19). While this tenet cannot be 

examined explicitly in this study, experience (25) and skill acquisition (18, 25) have 

been associated with ACL injury risk, and thus presents a plausible and novel avenue 

for intervention.   

In addition to the differences found in push-off foot placement, the high-level 

players performed more successful sidesteps in the AUNP, and especially in the 2DS, 

compared with the low-level players (Fig 4.6). The AUNP and the 2DS were 

respectively, the most temporally constrained and complex stimuli conditions. The 

increased number of errors by the low-level players; mainly SS in the wrong direction 

or missing the force plate due to a late response; could reflect their inconsistency in 

employing the appropriate VPM strategy when SS in response to a more demanding 
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stimuli. Previously, level of experience has been reported to determine the level of 

postural variability during SS (25).  

In conclusion, this study provided new insights regarding the effects of stimuli 

with varying temporal and spatial constraints, on movement strategies employed to 

redirect CM during reactive SS. The introduction of 3D stereoscopic stimuli presents a 

new approach in the visual presentation of laboratory-based stimuli that attempt to 

mimic game environments. Such a controlled approach, which addresses both the task 

and visual-perceptual complexity associated with evasive SS, has been cited as a 

potential means to improve the efficacies of ACL injury prevention models (6). 

Additionally, the ability of the high-level players to maintain their push-off foot closer 

to their base of support in complex quasi game-realistic conditions (2DS) suggests that 

they may possess a safer SS VPM strategy that warrants further investigation. An 

understanding of the input parameters of this neuromuscular strategy could potentially 

be trained in lesser skilled players to reduce high ACL loads associated with dangerous 

SS postures. Although this concept is highly speculative, it is nevertheless a promising 

proposition, which opens up new avenues for intervention and provides some optimism 

for the future prevention of ACL injuries in sporting populations of all skill levels.  
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Chapter 5 (Paper 4) 

Effects of different visual stimuli on postures and 

knee loading during sidestepping 

This paper is prepared for submission to Medicine and Science in Sports and Exercise 
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Abstract  

Purpose:  

 Sidestepping to evade opponents in team sports can result in non-contact 

anterior cruciate ligament (ACL) injuries. Although sidestepping in response to 

different simple visual stimuli has been studied previously, it has never been 

investigated using “game-realistic” visual conditions. This study compared the 

biomechanics of high-level and low-level soccer players when sidestepping to evade 

projected, three-dimensional defender(s). Further comparisons were made with 

sidesteps performed in response to traditionally employed planned and unplanned arrow 

stimuli.  

Methods:  

 A three-dimensional motion analysis system captured the trunk and lower limb 

kinematics, and ground reaction forces, of 15 high-level and 15 low-level soccer players 

performing the sidestepping tasks. Participants sidestepped in response to a one-

defender scenario (1DS), two-defender scenario (2DS), arrow-planned condition (AP), 

and arrow-unplanned condition (AUNP). Temporal constraints imposed by the stimuli 

conditions increased in difficulty from the AP, 1DS, 2DS to the AUNP. A 

biomechanical model was used to investigate selected joint kinematics and three-

dimensional loading at the knee during the weight-acceptance phase of sidestepping.  

Results: 

 Knee flexion at initial foot contact was larger when sidesteps were performed in 

response to the projected defender versus arrow conditions. Average externally applied 

flexion moments were similar between the AP, 1DS and 2DS, and only 10% larger in 

the AUNP. Compared with the AP condition, the peak valgus moments were 25% larger 

in the defender scenarios and 70% larger in the AUNP condition. High-level players 

exhibited decreased hip abduction and knee valgus moments in the 2DS, compared with 

the low-level players.  
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Conclusion: 

 Compared with the arrow conditions, sidestepping in response to the quasi 

game-realistic three-dimensional stimuli resulted in different postures and knee 

moments. These biomechanical variables further differentiated between high-level and 

low-level players in complex quasi game-realistic situations (2DS). These findings 

highlight the importance of stimuli realism and complexity, and the visual-perceptual 

contribution toward sidestepping, which has implications for ACL injury prevention. 
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5.1 Introduction 

 Injuries to the anterior cruciate ligament (ACL) are serious and costly, with most 

requiring surgical treatment followed by lengthy periods of rehabilitation (22). This 

injury is common in many team sports (15, 38, 40) and injury rates appear to have 

remained constant (4). Typically, ACL injuries are classified as either contact or non-

contact, with the latter contributing from 50% to 80% of all injuries depending on the 

sporting code (5, 15, 38). A large proportion of non-contact ACL injuries occur during 

evasive sidestepping (SS) (10, 15, 40). Laboratory studies have shown that a 

combination of flexion, valgus, and internal rotation moments are applied to the knee 

joint during the stance phase of SS (8), which has the potential to cause large strain of 

the ACL (32). Video-based observations of ACL injuries during SS have also shown 

that the rupture is characterised by knee valgus collapse (10, 15, 40) and internal 

rotation (15). Furthermore, peak knee valgus moments during landing tasks were found 

to be a good predictor of subsequent ACL injury (24). Consequently, the 

aforementioned knee joint loading conditions during SS have been the focus of various 

studies into key postural and movement features associated with ACL injuries (8, 13, 

19, 35).  

 Several SS body postures have been associated with ACL injury and there is 

general consensus that most ACL injuries occur soon after initial foot contact, when the 

knee is close to full extension (10, 27, 34, 40). From interviews and analyses of videos 

documenting injuries, postures such as “apparent large” knee valgus angles, external 

tibial rotation (40), hip flexion (27), hip internal rotation, hip abduction, trunk lateral 

flexion, foot pronation and foot external rotation (25), have been observed during 

sidesteps that resulted in ACL injury.  Laboratory-based studies have corroborated these 

findings¸ whereby similar trunk, hip, and knee SS postures were related to large knee 

valgus (19, 34) and internal rotation moments during stance phase (19). These 

laboratory studies have been important in understanding the key joint postures, 

movements and loading patterns involved in ACL injury prevention, especially those 

amenable to change through targeted intervention. However, most non-contact injuries 

resulting from SS occur in competitive settings when athletes are evading defensive 

opponents that by extension are imposing high temporal and spatial constraints (27, 40). 

As such, it may prove to be important to study SS in a laboratory setting that mimics the 
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game environment. Moreover, improving the ecological validity of these investigations 

could enhance our understanding of how SS is performed in competitive environments, 

and help identify key factors involved in ACL injuries. 

 During basketball (27)(26) and handball (40) competitions, the majority of SS 

related ACL injuries were reported to occur when athletes were in offense and handling 

the ball. The athletes‟ visual attention was focussed on either the scoring target (basket 

rim or goals) or a defensive opponent(s) in close proximity. The visual system is 

sensitive to varying environmental demands, and visual information has the potential to 

alter locomotive strategies adopted for changing directions (41). The presence of 

opponents and/or scoring targets in the visual field could affect an athlete‟s perception 

of the amount of time and space available in the environment for performing evasive 

sidesteps. This may lead to compromised postural preparation and execution, 

consequently increasing the risk of injury. With this in mind, early efforts to investigate 

reactive SS in a laboratory setting used either variation in the timing of a light stimulus 

(6, 7) or a mannequin (35) to represent an opposing player in their efforts to mimic 

game-based time (6, 7) and space (35) constraints, respectively. These studies showed 

that the presence and timing of visual cues affected lower limb postures and knee joint 

loading during SS. More importantly, there was an exponential increase in knee valgus 

and internal rotation moments when SS was performed under increased time and space 

constraints. Recently Fedie et al. (21) also reported increased knee flexion and knee 

valgus loading when athletes caught or passed a ball during SS. Collectively, the 

inclusion of some form of game characteristics in laboratory protocols appears to elicit 

joint postures and knee loading profiles that are important biomechanical factors related 

to ACL injuries.   

 Visual-perceptual skill is important for successful task performance across 

different domains. In sport, the study of visual-perceptual skill has primarily focussed 

on expert and novice differences in using visual cues to facilitate appropriate 

anticipatory responses (2, 46). More recent research showed that experts were only able 

to use pertinent visual information to enhance their visual-perpetual-motor (VPM) task 

performance when the environment was “game-realistic” (20). No differences between 

experts and novices are usually found when visual stimuli are not sport and context-

specific (1). Recalling the work of Besier et al. (6, 7) and McLean et al. (35), the use of 
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non-game-realistic visual stimuli in those studies may not adequately promote expert 

and novice differences in SS, and the associated links between perception and injury 

mechanics.  

 The two aims of this study were to 1) investigate the SS biomechanics of soccer 

players when the manoeuvre was performed in response to different types of visual 

stimuli, and 2) examine if the types of visual stimuli affected the SS biomechanics of 

players with differing levels of skilled expertise. The quasi game-realistic stimuli were 

three-dimensional (3D) video projections of defensive opponent(s), consisting of a one-

defender scenario (1DS) and a two-defender scenario (2DS) that have been previously 

described (28). Sidesteps performed to avoid the projected defender(s) in these 

scenarios were further compared with those performed in response to two-dimensional 

(2D) directional arrows. The arrow stimuli consisted of arrow-planned (AP) and arrow-

unplanned conditions (AUNP), and were used to elicit planned and unplanned SS (6, 7, 

14, 18, 43). The AP and AUNP conditions were 2D in nature and imposed no spatial 

constraints. The 1DS and 2DS were 3D and imposed spatial constraints via depth 

changes of the converging defender(s), with the 1DS posing less spatial constraints than 

the 2DS condition. The temporal constraints imposed by the stimuli conditions 

increased in difficulty in the following order: AP, 1DS, 2DS and AUNP. It was 

therefore hypothesised that trunk and lower limb postures would differ at initial foot 

contact due to these constraints. In addition, from our previous research on knee loading 

during pre-planned and unplanned SS (8), it was hypothesised that only knee loading in 

the frontal and transverse planes would be greater in the 2DS and AUNP condition, 

compared with the 1DS and AP, due to the increased spatial and temporal constraints 

imposed by these stimuli. It was also hypothesised that compared to low-level players, 

high-level players would exhibit safer joint postures and lower knee joint loading in 

response to the 1DS and 2DS, due to their ability to make use of advanced visual cues 

to increase their time and space to perform SS. 
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5.2 Methods 

5.2.1  Participants 

 Participants were 15 high-level (mean age 23.1 ± 3.9 yr, height 180 ± 1 cm, 

mass 73.6 ± 10.3 kg) and 15 low-level (mean age 22.5 ± 3.8 yrs, height 179.9 ± 6.8 cm, 

mass 71.2 ± 7.0 kg) male soccer players, consisting of midfielders and forwards. The 

high-level players competed semi-professionally and had a mean playing experience of 

13.5 ± 3.7 years, while the low-level players competed in the amateur league and had a 

mean playing experience of 7.5 ± 1.3 years. All participants had no history of serious 

lower limb injuries and were competent in performing a SS manoeuvre. Previous 

research comparing planned and unplanned SS (7) revealed effect sizes of 

approximately 0.8. Using this value in a power analysis of a 4 x 2 (stimuli x skill) mixed 

design analysis of variance (ANOVA), a minimum of 12 subjects were necessary to 

achieve a statistical power of 0.8 and p < 0.05. All procedures were approved by the 

Human Research Ethics Committee at The University of Western Australia (UWA) and 

all participants provided their informed written consent before data was collected.  

5.2.2 Experimental procedures 

 The participants performed two well documented cutting tasks, either a running 

sidestep cut (6-8, 13-15, 18, 19, 34-36) or crossover cut (6-8, 14, 15, 43),  in response to 

four different visual stimuli.  Each stimulus required participants to either sidestep cut 

in one direction, or crossover cut in the opposite direction. Both manoeuvres were 

performed off the dominant leg, which was self-selected by the participants during 

practice trials as the preferred leg for pushing-off. For clarity, depending on the 

direction of travel indicated by the stimuli, a right leg dominant participant would 

sidestep to the left, and crossover cut to the right. Although only the SS trials were 

analysed, the crossover cuts served to prevent the participants from pre-empting the 

direction of travel and manoeuvre type. Participants were required to successfully 

perform three sidesteps and three crossover cuts in response to four visual stimuli, 

totalling 24 trials. 

 The four visual stimuli consisted of two game realistic conditions and two 

direction-arrow conditions. These were randomly presented on a large screen (Fig. 5.1) 
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using the Integrated Stereoscopic System (Chapter 3B). The game realistic 1DS and 

2DS visual stimuli were created with the 3D stereoscopic filming and projection 

techniques described previously (28). The 1DS (Fig 5.1C) featured a defensive 

opponent converging upon the approaching participant, before changing directions. The 

participant‟s task was to cut in the opposite direction to the opponent. To prevent 

participants from becoming familiar (conditioned) to the 1DS visual stimulus, every 

filmed trial was unique, featuring the opponent wearing different attire and changing 

directions to either the left or right side of the participant. The 2DS (Fig 5.1D) featured 

two defensive opponents, one on either side of the participant‟s straight line of gaze, 

who converged upon the approaching participant. When the participant was 

approximately one step length from the force plate, the defender located on the 

participant‟s right, initiated a 45° cut toward the participant, simulating a tackle. At the 

same instant, defender two located on the left side, initiated a 90°cut to the right, 

moving behind defender one. In this example, participants were required to cut to the 

left to avoid getting “tackled” by defender one, and into the “space” previously 

occupied, though now left vacant by defender two. The defender movement directions 

were mirrored in the trials where a cut to the right was required. The 2DS condition was 

developed in consultation with two semi-professional level soccer coaches and players 

from an amateur soccer club. Similar to the 1DS condition, all filmed trials featured 

defenders who wore different attire and switched their starting positions, in order to 

prevent participants from becoming familiar to the 2DS stimulus.  

 The two direction-arrow conditions (AP and AUNP) were similar to the planned 

and unplanned light-based stimuli previously used by our group (6, 7, 14, 18, 43). The 

arrow in the AP condition (Fig 5.1A) was presented on the screen prior to the 

participants‟ approach run, informing them of the required direction of sidestep or 

crossover cut. The AUNP (Fig 5.1B) featured an arrow that only appeared when the 

participant was approximately one step length from the force plate, providing minimal 

time for preparation and execution of the cutting task.  

The various visual stimuli posed different levels of spatial and temporal 

constraints. The 1DS and 2DS were 3D and imposed spatial constraints via depth 

changes of the converging defender(s), with the 1DS posing less spatial constraints than 

the 2DS condition. Since the direction-arrows were 2D it was assumed they imposed no 
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spatial constraints. The temporal constraints imposed by the stimuli conditions 

increased in difficulty in the following order: AP, 1DS, 2DS and AUNP. The AP 

condition imposed no temporal constraints, while the ranking of the 1DS, 2DS and 

AUNP conditions was established from pilot testing on 10 males. The test identified 

how much time before reaching the force plate the participants needed for the 

“directional cues” to be presented so they could sidestep successfully without missing 

the force plate. The directional cues were selected as the time points when the projected 

defenders first planted their feet to change directions in the 1DS and 2DS, and the 

appearance of the arrow in the AUNP condition. The directional cue in the AUNP 

condition needed to be presented earliest; 453 ± 37 ms before the participants reached 

the force plate, followed by the 2DS (361 ± 84 ms) and 1DS (215 ± 34 ms).  

 

Figure 5.1  A right leg dominant participant running and sidestepping to the left in 

 response to the different stimuli conditions: A) AP, B) AUNP, C) 1DS, 

D) 2DS.  



157 

 

 In all stimuli conditions, a cutting trial was considered successful only when the 

following requirements were fulfilled. Participants were required to maintain an 

approach velocity of 4.5 ± 0.5 m.s
-1

across the 4.5 m distance between two infrared 

timing gates (Fig 5.2), and achieve a cut angle of 45° ± 10°. Cut angle was monitored 

by placing two pairs of cones at 45° to the centre of the force plate and by requiring 

participants to not only manoeuvre on the force plate, but to also travel through the 

cones that are 1 m apart in the next stride (Fig 5.2). Except for the AP condition, the 

stimuli presentation was electronically triggered when participants travelled through 

timing gate one. If the participants did not maintain the required approach velocity of 

4.5m.s
-1

 in any visual condition, the word “abort” appeared on the screen, requiring a re-

trial. Initial commitment toward an incorrect direction of travel, followed by postural 

correction and missing foot contact with the force plate, was considered as an 

unsuccessful trial. To avoid force plate targeting, participants were instructed to focus 

on the screen during their approach run. A starting marker was used to set the approach 

distance of each participant, such that their natural cadence resulted in foot contact on 

the force plate with their dominant leg.  

 Prior to testing, participants were familiarised with the visual stimuli and cutting 

manoeuvres in a practice session. In this session, the presentation timing of the arrow in 

the unplanned condition (AUNP), controlled by custom software, was adjusted for each 

participant to account for individual reaction times. The minimal time required to 

complete the AUNP condition was then used as the time base for presentation of the 

directional cues in the 1DS and 2DS conditions, providing participants with more than 

sufficient time to perform cutting, while temporally constraining their manoeuvres at 

different levels. Approximately one hour was required for participants to become fully 

familiarised with cutting in the various stimuli conditions and establish the presentation 

timings of the directional cues. 
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Figure 5.2 Schematic of experimental setup. 

5.2.3 Data collection  

 The Integrated Stereoscopic System (Chapter 3B) was used to present the 

stimuli and synchronously record various data when participants performed the different 

sporting tasks.  Participant gaze behaviour data was collected using the Mobile Eye gaze 

tracker (Applied Science Laboratories, Waltham, MA) but displayed significant 

movement artefacts during initial foot contact of the sidestep and was excluded in the 

current study. Participant 3D motion data were collected at 250 Hz using a 12-camera 

Vicon MX motion analysis system (ViconPeak Ltd, Oxford, United Kingdom). Ground 

reaction forces were synchronously collected at 2 kHz using a 1.2 x 1.2 m AMTI force 

plate (Advanced Mechanical Technology Inc., Watertown, MA).  

 To perform the 3D motion analysis 32 retroreflective markers were affixed to 

selected anatomical landmarks or as part of three marker clusters, in accordance with 

the UWA lower body and torso model (6-9, 18, 19, 29).  Single markers were attached 

to the left and right calcanei, left and right head of the first and fifth metatarsals, left and 

right anterior and posterior superior iliac spines, sternal notch, xiphoid process, seventh 

cervical vertebrae, twelfth thoracic vertebrae, and the left and right acromion processes. 

Three-marker clusters were bilaterally attached to the thighs and lower legs. To define 

the ankle joint centres, single markers were bilaterally attached to the medial and lateral 
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malleoli in “static” calibration trials, which were removed for the dynamic trials. A six 

marker pointer was used in accordance with the Calibrated Anatomical Systems 

technique (12) to identify the bilateral position of the medial and lateral femoral 

condyles used to define the knee joint centres. Functional knee and hip tasks were 

performed to identify knee joint axes and hip joint centres respectively (9, 14, 19). A 

foot calibration rig was used to establish the neutral foot adduction-abduction and rear 

foot inversion-eversion in standing (9). 

 Joint angles and moments were calculated using our established methods (9, 18, 

19). To-this-end, the 3D motion and ground reaction force data were low-pass-filtered at 

a cut-off frequency of 16 Hz, using a fourth order, zero-lag, Butterworth recursive filter. 

The cut-off frequency was determined using residual analysis (47) and visual inspection 

of the kinematic and kinetic data. Applying the same filter and cut-off frequency to both 

motion and GRF data lowers the possibility for joint kinetics artefact, following the 

findings and recommendations of van den Bogert and de Koning (44) and studies by 

McLean and colleagues (34-37). The segment and joint angles were determined using 

the kinematic model described by Besier et al. (9), and were expressed in coordinate 

systems according to the standards of the International Society of Biomechanics (47). 

External joint moments were calculated using inverse dynamics (9) with the body 

segment parameter values from de Leva (16). 

 The kinematic and kinetic data were analysed in weight-acceptance (WA) phase 

during stance (Fig 5.3), which was identified using a custom Matlab (The Mathworks, 

Inc., Natick, MA) program.  Weight-acceptance occurred from initial foot contact to the 

first trough in the unfiltered vertical ground-reaction force, and was selected for analysis 

due to several reasons. The peaks of the knee valgus and internal rotation moments 

occurred in WA (18, 19), suggesting a period of high ACL injury risk (6-8, 35, 37). 

Additionally, the trunk and lower body kinematic data were analysed at initial foot 

contact, as knee valgus loading were reportedly sensitive to lower limb postures adopted 

at this time point (19, 37). Subsequently, the set of dependent biomechanical variables 

were created. At initial foot contact, knee flexion-extension (FE), hip FE, adduction-

abduction (AA) and internal-external rotation (IE) angles, and frontal plane trunk 

flexion were extracted for analysis. During WA, mean knee FE moments, as well as 

peak knee valgus and internal rotation moments were extracted. Mean knee FE 
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moments were analysed as there were no definite peaks during WA. All knee moments 

were normalised to body weight and height (Nkg
-1

). Joint angles were reported as 

positive in flexion, adduction and internal rotation. Lateral trunk flexion toward the 

sidestep direction was positive.  Joint moments were positive in extension, valgus, and 

external rotation.  

 

Figure 5.3 Vertical ground-reaction force with the weight acceptance phase 

indicated. 

5.2.4 Statistical analysis 

 The dependent biomechanical variables in WA were averaged across three 

sidesteps performed in response to the respective stimuli conditions. Stimuli conditions 

were treated as repeated measures, whereas skill level was treated as an independent 

factor. Using SPSS 16.0 (SPSS Inc., Chicago, IL), within and between group ensemble 

mean differences were ascertained using a 4 x 2 (stimuli x skill level) mixed design 

ANOVA, with p < 0.05. Differences which approached significance were defined as 

0.05 < p < 0.08. Significant main and interaction effects were assessed using post hoc 

tests with Sidak correction. Before analysis, all data were inspected for assumptions of 

normality which were fulfilled, satisfying the criteria for the performance of mixed 

design ANOVAs.  
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5.3 Results 

Knee flexion was affected by stimuli type, but not skill level (Table 5.1). The 

knee was flexed at initial foot contact, with similar values between the 1DS and 2DS, 

which were about 2° to 3° greater than that measured in the AP condition (p < 0.05; p < 

0.08).  

 Hip postures were affected by stimuli type and skill levels (Table 5.1). Hip 

flexion postures were similar in the AP and 1DS conditions,  which were approximately 

3° and 7° greater than in the 2DS (p < 0.03; p < 0.001) and AUNP (p < 0.001 for both 

comparisons) conditions respectively. Compared with the AUNP condition, hip flexion 

was 3.1° greater in the 2DS (p < 0.003).  Hip abduction was smaller in the pre-planned 

(AP) condition compared to all the other reactive stimuli conditions, i.e.: 1DS, 4.2° 

higher (p < 0.02); 2DS, 3.4° higher (p < 0.03); and AUNP, 9° higher (p < 0.001). Hip 

abduction was also larger in the AUNP condition when compared with the 1DS (4.8°, p 

< 0.001) and 2DS (5.5°, p < 0.001) conditions. Regardless of stimuli, high-level players 

decreased their hip abduction by 3.5° compared with low-level players (p < 0.05). Post 

hoc analysis specifically showed that the high-level players (-8.8° ± 4.9°) displayed 4.7° 

less hip abduction in the AP condition compared with the low-level players (-13.5 ± 

6.4°), p < 0.03. Hip abduction in the high-level players (-12.7° ± 4.8°) also tended to be 

3.9° lower than the low-level players (-16.6 ± 5.9°) in the 2DS, p < 0.06. Hip external 

rotation postures were similar for the 1DS and 2DS, displaying 2° to 3° smaller external 

rotation compared with the AP (p < 0.03 for both comparisons) and AUNP (p < 0.05 for 

both comparisons) conditions respectively.  

 Generally, the trunk was more upright in the frontal plane during sidesteps 

performed in the AP condition relative to the reactive stimuli conditions (AUNP, 1DS 

and 2DS), but was not affected by skill level. Trunk lateral flexion was more upright in 

the AP by 2° compared with the 2DS (p < 0.02), and 4° compared with the 1DS (p < 

0.001) and AUNP (p < 0.001) conditions. Trunk lateral flexion was also more upright in 

the 2DS by approximately 2° compared with the AUNP (p < 0.02) condition, and 

exhibited a similar trend when compared with the 1DS (p < 0.07).   
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 Average knee flexion moments were significantly affected by stimuli conditions. 

Furthermore, here was significant interaction between stimuli conditions and skill level 

(Table 5.2). Knee flexion moments were 12% greater in the AUNP condition compared 

with the 2DS (p < 0.01). The interaction effect found that the changes in average knee 

flexion moments associated with the stimuli conditions varied between participants of 

different skill level. The average flexion moments in the high-level group were smallest 

in the AP (-0.86 ± 0.25 Nkg
-1

), and increased in the following order: 2DS (-1.00 ± 0.20 

Nkg
-1

), 1DS (-1.03 ± 0.17 Nkg
-1

), AUNP (-1.17 ± 0.16 Nkg
-1

). In the low-level group, 

knee flexion moments were smallest in the 1DS (-0.92 ± 0.27 Nkg
-1

), and increased in 

the following order: 2DS (-0.97 ± 0.30 Nkg
-1

), AUNP (-1.07 ± 0.40 Nkg
-1

), AP (-1.14 ± 

0.17 Nkg
-1

). Post hoc analysis specifically showed that the high-level players displayed 

knee flexion moments that were 32% smaller in the AP condition compared with the 

low-level players (p < 0.01).  

 The peak knee valgus moments were significantly affected by stimuli, tended to 

be significantly affected by skill level, and exhibited significant interaction between 

stimuli conditions and skill level (Table 5.2). These moments measured in the AUNP 

condition were larger by 69%
 
compared with the AP, 40% compared with the 1DS and 

43% compared with the 2DS;  p < 0.001 for all comparisons. The interaction effect 

suggested that the changes in peak knee valgus moments across stimuli conditions 

differed for skill level. In the high-level group, peak knee valgus moments were 

smallest in the AP (-0.31 ± 0.28   Nkg
-1

) and 2DS (-0.31 ± 0.22 Nkg
-1

), and increased in 

the following order: 1DS (-0.43 ± 0.28 Nkg
-1

m
-1

), AUNP (-0.59 ± 0.25 Nkg
-1

). In the 

low-level group, peak knee valgus moments increased in the following order: AP (-0.47 

± 0.26 Nkg
-1

), 1DS (-0.51 ± 0.29 Nkg
-1

), 2DS (-0.60 ± 0.27 Nkg
-1

), AUNP (-0.72 ± 0.36 

Nkg
-1

). Post hoc analysis specifically showed that the high-level players had peak 

valgus moments that were smaller by 48% in the 2DS compared with the low-level 

group (p < 0.004)  

 The peak knee internal rotation moments were only affected by the stimuli 

conditions. These moments significantly decreased in the AUNP condition by 

approximately 32% compared with the AP (p < 0.01), 1DS (p = < 0.001), and 2DS (p < 

0.01).  
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Table 5.1  Mean knee FE, hip FE, AA, and IE, and lateral trunk flexion angles at 

initial foot contact across different stimuli conditions and player skill 

levels.                                                          

* represents significantly different at p < 0.05.                                           

# represents approaching significantly different at 0.05 < p < 0.08.  

Stimulus 

 Knee  Hip  Trunk 

 Flexion   

(+ve) 

 

(°) 

Mean (SD) 

 

Flexion 

(+ve) 

 

(°) 

Mean (SD) 

Adduction 

(+ve) 

 

(°) 

Mean (SD) 

Internal Rotation 

(+ve) 

 

(°) 

Mean (SD) 

 

Lateral Flexion 

toward  

sidestep (+ve) 

(°) 

Mean (SD) 

  

 AP 

  

19.8 (5.9) 

  

47.5 (7.3) 

 

-11.2 (5.9) 

 

-6.8 (7.5) 

  

-6.5 (6.0) 

 1DS  22.1 (7.1)  48.0 (7.6) -15.4 (6.2) -4.1 (6.8)  -10.2 (5.6) 

 2DS  22.2 (6.9)  44.5 (7.0) -14.6 (5.6) -4.6 (7.9)  -8.7 (4.6) 

 AUNP  20.8 (6.6)  41.4 (6.6) -20.2 (5.0) -7.2 (8.6)  -10.3 (4.0) 

 

Stimulus effect p 

value 

  

0.043* 

  

< 0.001* 

 

< 0.001* 

 

< 0.001* 

  

< 0.001* 

 

Post hoc results 

  

AP < 1DS* 

AP < 2DS# 

  

AP > 2DS* 

AP > AUNP* 

1DS > 2DS* 

1DS > AUNP* 

2DS > AUNP* 

 

AP > 1DS* 

AP > 2DS* 

AP > AUNP* 

1DS > AUNP* 

2DS > AUNP* 

 

1DS > AP* 

1DS > AUNP* 

2DS > AP* 

2DS > AUNP* 

  

AP > 1DS* 

AP > 2DS* 

AP > AUNP* 

2DS > 1DS# 

2DS > AUNP* 

         

Skill Level         

 

High-level (HL)  

  

19.8 (5.3) 

  

46.8 (5.7) 

 

-13.6 (4.8) 

 

-4.5 (8.0) 

  

-8.8 (5.8) 

 

Low-level (LL) 

  

22.7 (7.9) 

  

43.7 (4.3) 

 

-17.1 (6.0) 

 

-6.8 (7.5) 

  

-9.0 (4.2) 

 

Skill effect p value 

  

0.196 

  

0.210 

 

0.046* 

 

0.376 

  

0.901 

 

Post hoc results 

     

HL > LL in AP* 

HL > LL in 2DS# 

 

   

Stimulus x Skill p 

value 
 

 

0.895 
 

 

0.732 

 

0.430 

 

0.510 
 

 

0.127 
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Table 5.2 Average extension, peak knee valgus and external rotation moments at 

the knee in WA across different stimuli conditions and player skill levels.                          

* represents significantly different at p < 0.05.                                            

# represents approaching significantly different at 0.05 < p < 0.08.  

Stimulus 

Average Extension 

(+ve) 

(Nkg-1) 

Mean (SD) 

Peak Valgus  

(+ve) 

(Nkg-1) 

Mean (SD) 

Peak External Rotation  

(+ve) 

(Nkg-1) 

Mean (SD) 

    

AP -1.00 (0.26) 0.39 (0.27) -0.21 (0.10) 

1DS -0.98 (0.22) 0.47 (0.28) -0.23 (0.10) 

2DS -0.99 (0.25) 0.46 (0.28) -0.21 (0.10) 

AUNP -1.12 (0.29) 0.66 (0.30) -0.15 (0.11) 

    

Stimulus effect p value 0.029* 0.000* 0.000* 

    

Post hoc results AUNP < 2DS* AP < 1DS* 

AP < AUNP* 

1DS < AUNP* 

2DS < AUNP* 

AP < AUNP* 

1DS < AUNP* 

2DS < AUNP* 

    

Skill Level    

    

High-level (HL) -1.02 (0.20) 0.41 (0.26) -0.20 (0.11) 

Low-level (LL) -1.03 (0.31) 0.58 (0.29) -0.20 (0.09) 

    

Skill effect  p value 0.887 0.078# 0.895 

    

Post hoc results HL > LL in AP* HL < LL in 2DS*  

    

    

Stimulus x Skill p value 0.002* 0.036* 0.865 
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5.4 Discussion 

The limited research that has incorporated some representation of game 

conditions in laboratory-based investigations of evasive SS have reported important 

effects on biomechanical variables related to ACL injuries (7, 13, 21, 35). These 

findings improve our understanding of non-contact ACL injury aetiology. As SS is 

performed to evade opponents, the first aim of this study was to introduce 3D video 

projections of defensive opponent(s) (28) to investigate the manoeuvre in a laboratory 

setting. Compared with traditionally employed 2D arrow stimuli, the quasi game-

realistic scenarios featured defenders and a goal post, which were found to draw the 

attention of athletes during ACL injury scenarios (27, 40). These game-based visual 

cues provided the rationale for the second aim, which was to investigate the SS 

biomechanics of high-level and low-level athletes in response to these visual stimuli. 

Our first two hypotheses were generally supported, as the majority of postures and 

resultant knee moments were affected by the varying level of temporal and spatial 

constraints imposed by the varying stimuli conditions. Our third hypothesis was also 

partially supported, as hip abduction and knee valgus moments differed between the 

high-level and low-level players albeit only in the 2DS condition.  

All trunk and lower limb postures at initial foot contact were affected by the 

stimuli conditions independent of skill level, supporting our first hypothesis. Knee 

flexion in the projected defender scenarios was higher by similar amounts compared 

with both arrow conditions. This implies that the knee flexion angle was not affected by 

the temporal constraints imposed by the stimuli conditions, but more so by the realism 

of the stimuli. This result reflects the findings of McLean et al. (35), whereby increased 

knee flexion was observed during the performance of SS in response to a static 

mannequin defender. Hypothetically, participants may have perceived a need to 

decelerate more rapidly at initial foot contact due to the spatial constraints imposed by 

the 3D projected defender(s), facilitating greater eccentric muscle action of the 

quadriceps for the generation of energy in the take-off phase of the sidestep (35). 

Although knee flexion has been reported to moderate ACL loads in cadavers (33), it is 

difficult to conclude if the less than 3° difference observed between the defender 

scenario and arrow conditions has functional significance. As cited previously, the 

impact of knee flexion on ACL injury risk during SS remains “inconclusive” (19). 
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Similar to knee flexion, hip external rotation was only affected in the quasi 

game-realistic stimuli conditions that imposed both temporal and spatial constraints. 

Despite the higher temporal difficulty imposed by the AUNP compared with the AP 

condition, hip external rotation was similar in both conditions. There was also virtually 

no difference in hip external rotation values for the defender scenarios, despite the 2DS 

imposing more temporal constraints than the 1DS. Although speculative, the 

aforementioned assertion is supported by two studies which found no differences in hip 

rotation, when temporal (11) and spatial constraints (35) were manipulated 

independently during landing and SS tasks. The decreased hip external rotation (hence 

greater internal rotation) in the 1DS and 2DS has been suggested to contribute to higher 

knee valgus moments (33), which may lead to knee valgus buckling and rupture of the 

ACL (24). Although selected activation of medial lower limb muscle groups have the 

potential to counter externally applied knee valgus loads (6) during SS, increased hip 

internal could compromise the ability of these muscles to provide valgus support (34). 

Based on these hypotheses, SS in the defender scenarios may be associated with 

increased ACL injury risk.  

Hip flexion was smallest in the AUNP condition, and largest in the AP and 1DS 

conditions, suggesting it increased with decreasing levels of temporal constraint. It has 

been previously reported that hip flexion decreases during unplanned movement tasks 

(11), remains constant in planned SS tasks (21) and increases when SS is performed in 

response to a static defender (35). This further reinforces the hypotheses that more 

extended hip postures are adopted when SS is performed under tight temporal 

constraints. Decreased initial contact hip flexion during the stance phase of unplanned 

movements (AUNP) may place the hamstrings at a mechanical disadvantage (17) for 

supporting large anteriorly directed tibial shear loads and external out of plane loads 

(31), thereby increasing the risk of ACL injury.  

Hip abduction appeared to be greatly influenced by the level of temporal 

constraint imposed by the stimuli conditions. The greatest affect was observed in the 

AUNP condition, with moderate effects in the defender scenarios, and the smallest 

effects found in the AP condition. The relevance of this finding remains unclear while 

the debate continues regarding the effect of increased hip abduction on ACL injury risk 

(11, 21). Increased hip abduction may result in a lateral shift of the centre of pressure 
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relative to the knee joint centre, thereby increasing knee valgus moments (21). 

Conversely, increased hip abduction has also been suggested to represent a strategy to 

reduce knee valgus and hence protect the ACL (11). In the current study, the large hip 

abduction measured in the AUNP condition coincided with the highest measured knee 

valgus moments (Table 5.2). This association suggests that increased hip abduction 

during SS may indirectly increase ACL injury risk predisposition.  

Supporting our third hypothesis, the high-level players exhibited smaller hip 

abduction when SS was performed in the AP and 2DS conditions compared with the 

low-level players. The difference in the AP condition may reflect greater hip adductor 

strength in the high-level group, acting to keep their hips closer to the body‟s midline 

during SS for the maintenance of postural stability. In addition, the decreased hip 

abduction angle in the 2DS condition may also reflect the enhanced visual-perceptual 

skills of the high-level players in utilising the quasi game-realistic visual cues to engage 

in earlier control of the pelvis, hip and SS limb. Increased hip abduction resulting from 

a “foot-wide” technique during SS has been shown to increase knee valgus loading at 

initial foot contact (19) and therefore increase ACL injury risk (24). The ability of the 

high-level players to reduce hip abduction during SS in the 2DS condition may be a 

contributory postural control measure that serves to reduce knee valgus loading in 

skilled athletes (Table 5.2). 

Increased levels of lateral trunk flexion coincided with increasing levels of 

temporal constraints except for the 2DS condition. The trunk was most upright when SS 

was performed in the AP, and most laterally flexed opposite to the SS direction of travel 

in the 1DS and AUNP. Previous work by Patla and colleagues (41) suggested that the 

central nervous system controls lateral trunk flexion instead of support foot placement, 

in order to redirect the centre of mass when direction change is performed under time 

constraints. The increased lateral trunk flexion observed in the more temporally 

constrained 1DS and AUNP conditions may reflect a similar strategy used to redirect 

centre of mass toward the intended direction of the sidestep.  

The presented kinematic results highlight the impact of visual information on SS 

postural control that is relevant to ACL injury aetiology (19, 34, 40).  However, ACL 

injuries occur when external loads applied to the ligament are larger than its capacity to 
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sustain them. Consequently, the presented kinematic data need to be evaluated in 

association with the resultant knee moments, to establish the extent to which the 

kinematic changes are relevant to knee loading profiles and subsequent ACL injury risk.  

Knee joint loading was significantly affected by the visual stimuli in all three 

planes. Although knee flexion moments were highest in the AUNP, they were not 

statistically different from the AP and 1DS, thus supporting our second hypothesis. 

However, the significantly increased knee flexion moments in the AUNP compared 

with the 2DS was unexpected.  Previously, Besier et al. (6) reported no differences in 

knee flexion moments during SS, regardless of the level of temporal difficulty imposed 

by a light-based stimulus. In that study, the approach velocity of participants was           

3 m.s
-1

. The discrepant results in the current study may be  due to the different stimuli 

used and the 50% increase in approach velocity of our participants. Recalling the 

current kinematic data, SS performed in the AUNP condition resulted in more extended 

knee postures compared with the 2DS.  The faster approach velocity, coupled with 

minimal time to sidestep in the AUNP, could have resulted in participants adopting 

these extended knee postures (Table 5.1.) and impacting the ground more forcefully. 

This may have resulted in the larger knee flexion moments observed in the AUNP 

compared with the 2DS. The significantly greater vertical impulse measured in the 

AUNP (78.7 ± 20.7 Ns) condition compared with the 2DS (71.4 ± 24.3 Ns) reinforces 

this assertion, t (29) = 3.1, p = 0.005. 

The significant interaction between stimuli and skill level for average knee 

flexion moments was a result of these moments being larger in the low-level group 

compared with the high-level players, when sidesteps were performed in the AP 

condition. No differences in sagittal plane knee loading were found between skill levels 

across the other reactive conditions (1DS, 2DS and AUNP). This  suggests that the low-

level players generally sidestepped with techniques that resulted in higher knee flexion 

moments compared with the high-level players, but were able to modify their 

techniques when required to sidestep in more temporally and spatially demanding 

situations. In previous research, level of experience was associated with postural 

variability during sidestepping (36), with the experts exhibiting more consistency 

compared with the novices.  
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Despite the various assertions regarding knee flexion moments during SS, the 

impact of these moments on ACL injury risk remains debatable as discussed by 

Dempsey and colleagues (19). However, increased knee internal rotation moments (7, 8, 

15) and increased knee valgus moments in particular (8, 24), are well-established key 

biomechanical variables associated increase ACL injury risk during SS. Contrary to our 

hypothesis and the results of Besier et al. (7), peak knee internal rotation moments were 

significantly decreased in the AUNP compared with the other stimuli conditions. Again, 

the discrepant results may be related to the different approach velocities adopted by the 

participants in both studies. To date, no other study has examined reactive SS performed 

using an approach velocity of 4.5 m.s
-1

. Future research should investigate both planned 

and unplanned SS at varying approach velocities to identify potential changes in the 

involved mechanics. Regardless, the magnitude of the internal rotation moments and the 

differences between stimuli conditions do appear insignificant in light of the knee 

valgus moment results.  

Peak knee valgus moments significantly increased across stimuli with increasing 

temporal difficulty. Subsequently, and in keeping with our results, as knee valgus 

moments have been found to be a good predictor of ACL injuries during landing tasks 

(24), SS in the AUNP condition in this research, or by extension other highly 

temporally constrained conditions, probably entails the highest ACL injury risk. 

Notably, changes to the majority of trunk and lower body postures in the AUNP 

condition were the most extreme, when compared with the other stimuli conditions. 

Training interventions should attempt to shift these SS postures toward that observed in 

the AP condition, where valgus loading was the lowest. Previously, it has been shown 

that SS technique can be changed via training interventions to reduce knee valgus 

loading during the manoeuvre (18). However, the research did not assess if SS 

techniques changed in-situ when a participant was attempting to evade an opponent. 

The findings of this research clearly show that SS performed in response to a projected 

3D defender(s) results in different postures and knee moments to that resulting from the 

non-game-realistic arrow stimuli. As such, in addition to the established effectiveness of 

balance and plyometric training in reducing non-contact ACL injuries (23, 30, 39), 

future interventions should incorporate SS technique training while responding to 3D 

quasi game-realistic stimuli. Such an approach may improve both the visual-perceptual 

and motor components relevant to SS, maximising the potential for on-field 

transference (26).  
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The high complexity of the 2DS may have allowed the high-level players to 

sidestep with a safer VPM strategy as evidenced from the smaller hip abduction and 

knee valgus moments, compared with the low-level players. This differentiation in SS 

strategy was absent in the less complex 1DS condition. During the performance of 

“open” skills such as evasive SS, especially in perceptually demanding situations (42), 

visual-perceptual skill and decision-making abilities are believed to act as the limiting 

factors to performance rather than movement production (1, 3). The safer SS strategy 

employed by the high-level players may reflect their ability in identifying directional 

cues in the quasi game-realistic 2DS faster than the low-level players, thereby allowing 

the high-level players more time and space to perform the manoeuvre. Future research 

could track the gaze fixations of high-level players to assist in identifying important 

visual cues used to create increased time and space. If important cuing strategies can be 

identified, low-level level athletes could be trained to focus on these cues in game 

environments (45). Sustained training may then act to improve the abilities of these less 

skilled players to “buy themselves more time and space” in game situations to prepare 

and execute the SS manoeuvre more safely. While this tenet cannot be examined 

explicitly in this study, experience (36) and skill acquisition (25) has been associated 

with ACL injury risk, and thus represents a plausible and novel avenue of intervention.   

In conclusion, this study has provided new insights into the relationship between 

visual information and its effect on SS biomechanics. The introduction of the 3D 

stereoscopic stimuli presents a new approach in the visual presentation of temporal and 

spatial constraints via stimuli that attempt to mimic the game environment. The 3D 

stereoscopic stimuli facilitate the investigation of the SS manoeuvre in a controlled and 

repeatable fashion within a laboratory environment. Using such an approach, which 

addresses both the movement and visual-perceptual complexity associated with evasive 

SS, has been cited to potentially improve the efficacies of ACL injury prevention 

models (11). Additionally, the less injurious SS biomechanics exhibited by the high-

level players in the 2DS condition suggests a more efficient VPM strategy that 

researchers can attempt to better understand, with the goal of imparting this ability to 

low-level and community athletes for safer SS and subsequent reduced ACL injury risk.  
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Chapter 6 (Paper 5) 

Effects of different stimuli on muscle activation at 

the knee during sidestepping 

This paper is prepared for submission to Medicine and Science in Sports and Exercise 
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Abstract 

Introduction: 

 Non-contact anterior cruciate ligament (ACL) injuries occur in team sports when 

players sidestep to evade opponents. However, sidestepping has never been investigated 

in conditions mimicking game situations. Knee muscle activation may stabilise the knee 

and help prevent ACL injury. This study compared the muscle activation patterns of 

high-level and low-level soccer players, when sidestepping was performed to evade 

projected, three-dimensional (3D) defenders. Further comparisons were made with 

sidesteps performed in response to traditionally used planned and unplanned arrow 

visual stimuli.  

Methods:  

 Eleven high-level and 10 low-level male soccer players sidestepped in an arrow-

planned condition (AP), one-defender scenario (1DS), two-defender scenario (2DS), 

and arrow-unplanned condition (AUNP). These stimuli imposed temporal constraints on 

the performance of sidesteps that increased in difficulty from the AP, 1DS, 2DS to 

AUNP. Activation from eight muscles crossing the knee was determined from 

electromyography measured during a pre-contact and weight-acceptance phase of the 

sidesteps. Knee flexors-extensors co-contraction ratios were established. The muscles 

were also categorised into medial or lateral groups to form co-contraction ratios, 

depending on their ability to counter externally applied varus or valgus moments. Group 

specific muscle activation levels and ratios were analysed using (stimulus x skill) 

mixed-design ANOVA. 

Results: 

 Except for a small increase in the 1DS, muscle activation levels were consistent 

across all stimuli conditions, in both sidestepping phases. In the 2DS, the shift from a 

flexor dominant co-contraction strategy in pre-contact toward extensor dominance in 

weight-acceptance commenced earlier for the high-level players compared with the low-

level players.  
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Conclusion: 

 Game situations which impose moderate temporal constraints on sidestepping 

performance (1DS) may allow athletes to slightly increase knee muscle activation to 

possibly better stabilise the knee. The high-level players‟ co-contraction strategy in pre-

contact may reduce ACL strain in stance phase when SS in complex game situations as 

represented by the 2DS. Investigating sidestepping in game-realistic conditions 

addresses the visual-perceptual and motor contributions, and differentiates the muscle 

activation patterns of high-level and low-level players.  
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6.1 Introduction 

Injuries to the anterior cruciate ligament (ACL) are serious, with many requiring 

surgical treatment followed by lengthy periods of rehabilitation (19). This injury is 

common in many team sports (3, 13, 41) and the injury rates appear to have remained 

constant (3). ACL injuries are classified as either contact or non-contact, with the latter 

contributing from 50% to 80% of all these injuries, depending on the sport (3, 13, 25, 

41). A large proportion of non-contact ACL injuries occur during evasive sidestepping 

(SS) (13, 25, 41). These injuries occur when the loads applied to the ACL exceed the 

ligament‟s capacity to sustain them. During a sidestep, loading of the ACL can 

potentially occur when anterior tibial translation is caused by action of the quadriceps 

generating knee extension (17). However, there is evidence to suggest that quadriceps 

knee extension alone is insufficient to rupture the ACL (36). It has been suggested that 

externally applied knee valgus moments in isolation, or in combination with internal 

rotation moments and/or anterior draw by action of the quadriceps, could rupture the 

ACL (32, 36, 44). Importantly, large knee valgus moments during landing tasks also 

predicts the incidence of ACL injuries (23) and the knee gives way into valgus when the 

knee ruptures (7, 13, 41). As such, counteracting the action of knee valgus moments 

during SS seems to be crucial in the prevention of non-contact ACL injuries (5, 6, 15, 

16, 23, 34, 44).  

When appropriately activated, the muscles crossing the knee can reduce the load 

placed onto the ACL and other knee ligaments (4, 10, 29, 30, 43). Primarily, muscles 

crossing the knee are activated to generate flexion and extension moments (29). 

Quadriceps activation to perform knee extension causes anterior tibial translation, which 

can strain the ACL at knee flexion angles of less than 20° to 30° (17, 28). However, 

hamstrings co-activation at knee flexion angles of more than 20° can effectively counter 

anterior draw, stiffen the joint, and reduce ACL loading (40). Additionally, co-

contraction of the hamstrings and quadriceps has been shown to support valgus-varus 

moments and internal-external rotation moments owing to their moment arms and 

thereby reduce ligament loading (29, 30, 43). However, the support of valgus-varus 

moments via hamstring-quadriceps co-activation is most effective when the knee is 

close to full extension (10, 29). Thus, support of valgus and varus moments via 



180 

 

activation of the knee muscles at extended joint angles may compromise the support of 

anterior tibial draw moments and vice versa (29).  

Two different muscle co-contraction strategies have been identified to support 

valgus-varus knee loading, depending on the amount of time participants have for 

planning a sidestep (4, 10, 31). These are a generalised and a selective co-contraction 

strategy. In a study from our laboratory, participants sidestepped in response to a light-

based stimulus that illuminated at varying times to simulate the temporal demands that 

athletes experience when performing the manoeuvre in game situations (4). Compared 

with running, a planned sidestep with no temporal constraints had large knee valgus 

moments that were supported by a selective co-contraction strategy (4). This was 

evidenced in the greater activation of the medial versus lateral muscles of the knee, with 

the medial muscles having moment arms that produce varus moments to counter the 

external valgus moments. However, compared with a planned sidestep, an unplanned 

manoeuvre performed under tight temporal constraints resulted in further increases in 

the knee valgus moments, but were met with a generalised co-contraction strategy 

characterised by equal co-activation of the medial and lateral muscle groups, and an 

increase in total activation (4). These findings highlight the variations that may occur in 

the muscle activation patterns when different time constraints are imposed by changes 

to the visual environment.  

The effect of visual information on the performance of visual-perceptual-motor 

(VPM) skills has been studied in different research domains. For example, the use of 

specific visual cues to guide locomotion was found to ameliorate gait disturbances 

associated with Parkinson‟s disease (27, 38). Visual information used to impose 

temporal constraints during online steering has also been shown to affect the locomotive 

strategies adopted for body reorientation (42). In sports, the study of visual perception 

has mainly focussed on expert and novice differences in using visual cues to facilitate 

appropriate anticipatory responses (2, 49). Experts have an advantage in using visual 

information for enhanced VPM task performance, but this is only evident when the 

environment presented is “game-realistic” (18). Therefore, the use of light-based visual 

stimuli (4, 5) that are not game-realistic may not adequately reveal differences between 

experts and novices when SS. Furthermore, these light-based stimuli may not show the 

associated links between VPM skill and ACL injury mechanics.   
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We developed quasi game-realistic visual stimuli in the form of three-

dimensional (3D) video projections of defensive opponents (26) to which participants 

had to perform reactive sidesteps (Chapter 5). Sidesteps performed in reaction to quasi 

game-realistic one-defender (1DS) and two-defender (2DS) scenarios were compared 

with those performed in response to planned (AP) and unplanned (AUNP) presentations 

of two-dimensional (2D) direction-arrows (4, 5, 12, 15, 45). The 2D AP and AUNP 

stimuli imposed no spatial constraints, while the 1DS and 2DS stimuli were 3D, 

imposing spatial constraints via depth changes of the converging defenders. The 1DS 

imposed less spatial constraints than the 2DS condition. The temporal constraints 

imposed by the various stimuli conditions increased in difficulty in the following order: 

AP, 1DS, 2DS and AUNP. In this study (Chapter 5), the predominant changes were to 

the peak valgus moments, where compared with the AP condition, the valgus moments 

were 25% larger in the defender scenarios and 70% larger in the AUNP condition. In 

addition, high-level players were able to sidestep with smaller peak valgus moments 

than their lower level counterparts in the 2DS condition. However, it is unknown how 

the changes in knee valgus loading and level of expertise affected the muscle activation 

patterns. 

The two aims of this study were to 1) investigate the knee muscle activation 

patterns for supporting valgus loading at the knee joint when soccer players sidestepped 

in response to different visual stimuli, and 2) examine if various types of visual stimuli 

had different effects on the knee muscle activation patterns of players with different 

levels of expertise. From these aims, the following hypotheses were posed: 1) Average 

knee muscle activation levels would increase in the reactive SS tasks (1DS, 2DS and 

AUNP) compared with the AP condition, to support the increased externally applied 

knee valgus loading; 2) In addition to generalised co-contraction of the knee flexors and 

extensors, a selective co-contraction strategy reflected by increased activation of the 

medial versus lateral knee muscles would be observed in the AP and 1DS conditions, 

but not in the 2DS and AUNP conditions; 3) For the support of knee valgus moments 

resulting from sidesteps performed in response to the 2DS, the  high-level players 

would adopt a selective co-contraction strategy, while the low-level players would adopt 

a more generalised co-contraction strategy. 
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6.2 Methods 

6.2.1 Participants 

 Participants were 11 high-level (mean age 24.9 ± 3.9 yr, height 179.0 ± 7.0 cm, 

mass 73.8 ± 10.3 kg) and 10 low-level (mean age 23.7 ± 2.8 yrs, height 181.1 ± 6.0 cm, 

mass 70.2 ± 5.7 kg) male soccer players, consisting of midfielders and forwards, who 

also took part in our previous study (Chapter 5). The high-level players competed semi-

professionally and had a mean playing experience of 13.7 ± 4.2 years, while the low-

level players competed in the amateur league and had a mean playing experience of 6.1 

± 1.5 years. All participants had no history of serious lower limb injuries and were 

competent in performing sidesteps. Previous research comparing planned and 

unplanned SS (5) revealed effect sizes of approximately 0.8. Using this value in a power 

analysis of a 4 x 2 (stimuli x skill) mixed design analysis of variance (ANOVA), a 

minimum of 12 subjects were necessary to achieve a statistical power of 0.8 and p < 

0.05. All procedures were approved by the Human Research Ethics Committee at The 

University of Western Australia (UWA) and all participants provided their informed 

written consent before data was collected.  

6.2.2 Experimental procedures 

  The participants performed two well documented cutting tasks, either a running 

sidestep cut (4-6, 12, 13, 15, 16, 34-36) or crossover cut (4-6, 12, 13, 45),  in response 

to four different visual stimuli.  Each stimulus required participants to either sidestep 

cut in one direction, or crossover cut in the opposite direction. Both manoeuvres were 

performed off the dominant leg, which was self-selected by the participants during 

practice trials as the preferred leg for pushing-off. For clarity, depending on the 

direction of travel indicated by the stimuli, a right leg dominant participant would 

sidestep to the left, and crossover cut to the right. Although only the SS trials were 

analysed, the crossover cuts served to prevent the participants from pre-empting the 

direction of travel and manoeuvre type. Participants were required to successfully 

perform three sidesteps and three crossover cuts in response to four visual stimuli, 

totalling 24 trials. 
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 The four visual stimuli consisted of two game realistic conditions and two 

direction-arrow conditions. These were randomly presented on a large screen (Fig. 6.1) 

using the Integrated Stereoscopic System (Chapter 3B). The game realistic 1DS and 

2DS visual stimuli were created with the 3D stereoscopic filming and projection 

techniques described previously (26). The 1DS (Fig 6.1C) featured a defensive 

opponent converging upon the approaching participant, before changing directions. The 

participant‟s task was to cut in the opposite direction to the opponent. To prevent 

participants from becoming familiar (conditioned) to the 1DS visual stimulus, every 

filmed trial was unique, featuring the opponent wearing different attire and changing 

directions to either the left or right side of the participant. The 2DS (Fig 6.1D) featured 

two defensive opponents, one on either side of the participant‟s straight line of gaze, 

who converged upon the approaching participant. When the participant was 

approximately one step length from the force plate, the defender located on the 

participant‟s right, initiated a 45° cut toward the participant, simulating a tackle. At the 

same instant, defender two located on the left side, initiated a 90°cut to the right, 

moving behind defender one. In this example, participants were required to cut to the 

left to avoid getting “tackled” by defender one, and into the “space” previously 

occupied, though now left vacant by defender two. The defender movement directions 

were mirrored in the trials where a cut to the right was required. The 2DS condition was 

developed in consultation with two semi-professional level soccer coaches and players 

from an amateur soccer club. Similar to the 1DS condition, all filmed trials featured 

defenders who wore different attire and switched their starting positions, in order to 

prevent participants from becoming familiar to the 2DS stimulus.  

The two direction-arrow conditions (AP and AUNP) were similar to the planned 

and unplanned light-based stimuli previously used by our group (4, 5, 12, 15, 45). The 

arrow in the planned condition (Fig 6.1A) was presented on the screen prior to the 

participants‟ approach run, informing them of the required direction of sidestep or 

crossover cut. The unplanned condition (Fig 6.1B) featured an arrow that only appeared 

when the participant was within one step length to reaching the force plate, providing 

minimal time for preparation and execution of the cutting task.  

The various visual stimuli posed different levels of spatial and temporal 

constraints. The 1DS and 2DS were 3D and imposed spatial constraints via depth 
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changes of the converging defender(s), with the 1DS posing less spatial constraints than 

the 2DS condition. Since the direction-arrows were 2D it was assumed they imposed no 

spatial constraints. The temporal constraints imposed by the stimuli conditions 

increased in difficulty in the following order: AP, 1DS, 2DS and AUNP. The AP 

condition imposed no temporal constraints, while the ranking of the 1DS, 2DS and 

AUNP conditions was established from pilot testing on 10 males. The test identified 

how much time before reaching the force plate the participants needed for the 

“directional cues” to be presented so they could sidestep successfully without missing 

the force plate. The directional cues were selected as the time points when the projected 

defenders first planted their feet to change directions in the 1DS and 2DS, and the 

appearance of the arrow in the AUNP condition. The directional cue in the AUNP 

condition needed to be presented earliest; 453 ± 37 ms before the participants reached 

the force plate, followed by the 2DS (361 ± 84 ms) and 1DS (215 ± 34 ms).  

 

Figure 6.1  A right leg dominant participant running and sidestepping to the left in 

 response to the different stimuli conditions: A) AP, B) AUNP, C) 1DS 

and D) 2DS.  
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 In all stimuli conditions, a cutting trial was considered successful only when the 

following requirements were fulfilled. Participants were required to maintain an 

approach velocity of 4.5 ± 0.5 m.s
-1

across the distance of 4.5m between two infrared 

timing gates (Fig 6.2), and achieve a cut angle of 45° ± 10°. Cut angle was monitored 

by placing two pairs of cones at 45° to the centre of the force plate and by requiring 

participants to not only manoeuvre on the force plate, but to also travel through the 

cones that are 1 m apart in the next stride (Fig 6.2). Except for the AP condition, the 

stimuli presentation was electronically triggered when participants travelled through 

timing gate one. If the participants did not maintain the required approach velocity of 

4.5m.s
-1

 in any visual condition, the word “abort” appeared on the screen, requiring a re-

trial. Initial commitment toward an incorrect direction of travel, followed by postural 

correction and missing foot contact with the force plate, was considered as an 

unsuccessful trial. To avoid force plate targeting, participants were instructed to focus 

on the screen during their approach run. A starting marker was used to set the approach 

distance of each participant, such that their natural cadence resulted in foot contact on 

the force plate with their dominant leg.  

 Prior to testing, participants were familiarised with the visual stimuli and cutting 

manoeuvres in a practice session. In this session, the presentation timing of the arrow in 

the unplanned condition (AUNP), controlled by custom software, was adjusted for each 

participant to account for individual reaction times. The minimal time required to 

complete the AUNP condition was then used as the time base for presentation of the 

directional cues in the 1DS and 2DS conditions, providing participants with more than 

sufficient time to perform cutting, while temporally constraining their manoeuvres at 

different levels. Approximately one hour was required for participants to become fully 

familiarised with cutting in the various stimuli conditions and establish the presentation 

timings of the directional cues. 
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Figure 6.2  Schematic of experimental setup. 

6.2.3 Data collection 

 Various data were collected while the participants performed the different 

cutting tasks. Their segmental motion data were collected at 250 Hz using a 12 camera 

Vicon MX motion analysis system, with their ground reaction force and 

electromyography data collected at 2 kHz synchronously with the motion data. Ground 

reaction forces were measured using a 1.2m x 1.2m AMTI force plate (Advanced 

Mechanical Technology Inc., Watertown, MA) with a Noraxon Telemyo system 

(Noraxon USA, Scottsdale, AZ) used to collect electromyography (EMG) activity. 

Electromyography were measured using bipolar Ag/AgCl surface electrodes 

(ClearTrace
TM 

; ConMed Corporation, Utica, NY, USA)  from 8 selected muscles of the 

dominant leg: semimembranosus (SM), biceps femoris (BF), medial gastrocnemius 

(MG), lateral gastrocnemius (LG), vastus medialis, rectus femoris (RF), vastus lateralis 

(VL), and tensor fascia latae (TFL). The electrodes were placed on the skin that was 

prepared by shaving, exfoliating and then cleaning with ethanol swabs. The electrodes 

were placed over muscles as per Delagi et al. (14), in line with the fibres over the mid 

muscle bellies, with an inter-electrode distance of 20 mm. A ground electrode was 

placed over the head of the greater trochanter. The raw EMG data were checked for 

artefacts after the placement of the electrodes and prior to data collection.  
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The raw EMG data were processed using a custom Matlab program (The 

Mathworks, Inc., Natick, MA).  Raw EMG data were band-pass filtered between 30 Hz 

to 500 Hz using a zero-lag, 4
th

 order, Butterworth filter and then full wave rectified. 

Linear envelopes were created using a zero-lag, 4
th

 order, Butterworth filter, with a cut-

off frequency of 6 Hz. The muscle activation data collected during the different SS 

conditions were normalised to the peak muscle activation measured from the AP 

condition. This procedure is similar to previous practices of our group (4), whereby 

muscle activation data collecting during cutting was normalised to a straight run. 

Normalising EMG data to a functional task has been reported to minimise inter-subject 

variability (8), compared with normalising to a maximum voluntary isometric 

contraction.  

The EMG data were analysed in pre-contact and weight acceptance phases of the 

sidestep (4-6, 16). These phases were identified using force plate data (4-6, 16). Pre-

contact (PC) was the 50 ms period prior to initial foot contact and was used to allow a 

better understanding of the pre-programmed nature of muscle activation at the knee 

joint. Weight acceptance (WA) was the period between initial foot contact to the first 

trough in the unfiltered vertical ground-reaction force. It was chosen as maximum knee 

valgus and internal rotation moments were previously reported to occur in this phase, 

suggesting a period of high ACL injury risk (4-6, 16).   

 Muscle co-contraction was assessed to examine the muscle activation strategies 

employed during SS. We have suggested that muscle co-contraction has three different 

characteristics (21, 46): 1) the total activation of agonist and antagonist muscles, 2) the 

ratio of agonist to antagonist activation, and 3) the determination of which agonists or 

antagonists were dominant co-contractors. These characteristics can be described using 

two variables (21, 46), namely total muscle activation and the directed co-contraction 

ratio (DCCR). To enable these variables to be calculated, the muscles were first grouped 

according to their potential to produce flexion, extension, valgus or varus moments at 

the knee, i.e. the flexor muscles: SM, BF, MG and LG; the extensor muscles: VM, RF, 

VL and TFL; the varus, or medial muscles: SM, VM and MG; and the valgus, or lateral 

muscles: BF, VL, LG. The RF was excluded from the varus and valgus groupings due 

to its midline insertion into the patella (4). Total activation of all the muscles was 

calculated to reflect the net level of support by the knee musculature and was the sum of 
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each muscle‟s normalised EMG (4, 21, 46). Two DCCRs were established: 1) flexor-

extensor and 2) varus-valgus, and were calculated (21, 46),   

 

 if mean EMG for agonist > mean EMG for antagonist,                                                      

DCCR = 1 - (mean EMG for antagonist / mean EMG for agonist), and  

  

 if mean EMG for antagonist > mean EMG for agonist,      

 DCCR = (mean EMG for agonist / mean EMG for antagonist) - 1  

 

 In these equations, the flexor and varus muscle groups were chosen as agonists, 

while the extensor and valgus muscle groups were chosen as antagonists. Consequently, 

if the flexor or varus muscle groups were more activated than their antagonists, the 

DCCR would be positive. Conversely, increased activation of the extensor or valgus 

muscle groups compared with their agonists would result in a negative DCCR value. 

Equal activation levels of agonists and antagonists would yield a DCCR equal to zero.  

6.2.4 Statistical analysis 

 Mean total muscle activation and the DCCRs in the PC and WA phases were 

averaged over three sidesteps performed in response to the respective stimuli 

conditions. Stimuli conditions were treated as repeated measures, whereas skill level 

was treated as an independent factor. Using SPSS 16.0 (SPSS Inc., Chicago, IL), within 

and between group mean differences were ascertained using a 4 x 2 (stimuli x skill 

level) mixed design ANOVA, with an α level of p < 0.05. Differences which 

approached significance were defined as 0.05 < p < 0.08. Significant main and 

interaction effects were assessed using post hoc tests with Sidak correction. Before 

analysis, all data were inspected for assumptions of normality which were fulfilled, 

satisfying the criteria for the performance of mixed design ANOVAs.  

6.3 Results  

 In PC, all the variables were significantly affected by the stimuli conditions, 

with the exception of the varus-valgus DCCR (Table 6.1). The PC total muscle 

activation in the different stimuli conditions increased in the following order: AP, 
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AUNP, 2DS, 1DS. From post hoc testing, total activation in the 1DS was 27% higher 

than in the AUNP (p < 0.01). Additionally, the flexors were dominantly activated 

across all stimuli conditions, indicated by positive flexor-extensor DCCRs. Post hoc 

testing revealed that sidesteps performed in the AP condition resulted in more flexor 

activation compared with the 1DS (p < 0.01), 2DS (p < 0.05) and AUNP (p < 0.025) 

conditions.  

In PC, no significant differences were found between skill levels for all the 

variables, although there was a significant interaction effect between stimuli and skill 

level observed for the flexor-extensor DCCRs (Table 6.1). For the high-level players, 

flexor-extensor DCCR was most flexor dominant in the AP, and increasingly moved 

toward being extensor dominant in the following order: 1DS, AUNP, 2DS. The low-

level players exhibited a different profile, whereby their flexor-extensor DCCR was also 

most flexor dominant in the AP, but increasingly moved toward being extensor 

dominant in the following order: 2DS, 1DS, AUNP. Post hoc testing revealed that the 

flexor-extensor DCCR of the low-level players (0.62 ± 0.22) in the 2DS had a trend to 

be more flexor dominant than the high-level players (0.41 ± 0.28) (p < 0.06).  

In WA, all the variables were significantly affected by the stimuli conditions, 

again with the exception of the varus-valgus DCCR (Table 6.2). No significant 

differences were found between skill levels on all the variables, nor were any interaction 

effects observed.   

 The total activation in the different stimuli conditions increased in the following 

order: AUNP, AP, 2DS, 1DS (Table 6.2). Post hoc tests revealed that the total activation 

in the 1DS was 18% higher than that measured in the AUNP (p < 0. 01). A flexor 

dominant (positive) flexor-extensor DCCR was adopted in the AP condition, whereas 

the extensors dominated (negative flexor-extensor DCCR) across the remaining 

conditions. Post hoc tests revealed that the flexor-extensor DCCR in the AP condition 

was more flexor dominant compared with the AUNP condition (p < 0.001) and  

exhibited a similar trend when compared with the 2DS (p < 0.08). Additionally, the 

flexor-extensor DCCR in the AUNP condition tended to be more extensor dominant 

than the 1DS (p < 0.07).    
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Table 6.1  The PC total muscle activation, flexor-extensor DCCR, and varus-valgus 

  DCCR across different stimuli and skill conditions.  

  * represents significant differences at p < 0.05.  

  # represents approaching significantly different at 0.05 < p < 0.08.  

 

Stimulus Total muscle 

activation 

Mean (SD) 

Flexor-extensor 

DCCR 

Mean (SD) 

Varus-valgus 

DCCR 

Mean (SD) 

    

AP 2.08 (0.70) 0.67 (0.13) 0.30 (0.21) 

1DS 2.37 (0.65) 0.51 (0.23) 0.25 (0.20) 

2DS 2.12 (0.78) 0.51 (0.25) 0.27 (0.25) 

AUNP 1.87 (0.77) 0.42 (0.39) 0.24 (0.30) 

    

Stimulus effect 

p value 

0.001* 0.002* 0.484 

    

Post hoc results 1DS > AUNP* AP > 1DS* 

AP > 2DS* 

AP > AUNP* 

 

    

Skill Level    

    

High-level (HL) 2.06 (0.76) 0.54 (0.20) 0.28 (0.24) 

Low-level (LL) 2.17 (0.69) 0.52 (0.28) 0.25 (0.25) 

    

Skill effect p 

value 

0.702 0.864 0.714 

    

Post hoc results  HL < LL#  

    

Stimulus x Skill  

p value 

0.355 0.042* 0.246 
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Table 6.2  The WA total muscle activation, flexor-extensor DCCR, and varus-

  valgus DCCR across different stimuli and skill conditions.  

  * represents significant differences at p < 0.05.  

  # represents approaching significantly different at 0.05 < p < 0.08.  

 

Stimulus Total muscle 

activation 

Mean (SD) 

Flexor-extensor 

DCCR 

Mean (SD) 

Varus-valgus 

DCCR 

Mean (SD) 

    

AP 2.84 (0.74) 0.01 (0.28) 0.10 (0.21) 

1DS 3.06 (0.68) -0.11 (0.29) 0.10 (0.24) 

2DS 2.82 (0.79) -0.18 (0.32) 0.06 (0.23) 

AUNP 2.59 (0.85) -0.27 (0.23) 0.11 (0.26) 

    

Stimulus effect 

p value 

0.015* <0.001* 0.749 

    

Post hoc results 1DS > AUNP* AP > 2DS# 

AP > AUNP* 

1DS > AUNP# 

 

    

Skill Level    

    

High-level (HL) 2.82 (0.84) -0.17 (0.29) 0.11 (0.25) 

Low-level (LL) 2.84 (0.69) -0.10 (0.27) 0.08 (0.23) 

    

Skill effect p 

value 

0.942 0.474 0.752 

    

Post hoc results    

    

Stimulus x Skill  

p value 

0.341 0.080 0.279 
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6.4 Discussion 

 

 Examination of VPM skills, such as evasive SS, requires the testing environment 

to be game-realistic (1, 18). Our previous studies (Chapters 4 and 5) showed that joint 

postures and knee loading patterns were different in sidesteps performed in reaction to 

the quasi game-realistic defender scenarios, compared with those elicited by the 2D 

directional arrows. In addition, the quasi game-realistic defender scenarios were the 

only visual conditions able to differentiate the knee loading of high-level and low-level 

players performing sidesteps, highlighting the importance of visual stimuli realism on 

VPM task performance. External knee loading is just one factor that affects ACL 

loading, with knee muscle activation patterns also playing an important role (4, 10, 29-

31). Subsequently, the first aim of this study was to investigate if the co-contraction 

strategies of the knee muscles would have changes that corresponded to the changes in 

knee loading, particularly the peak valgus moments, when the sidestep was performed 

in the different stimuli conditions. The second aim was to investigate the co-contraction 

strategies of the knee muscles in high-level and low-level athletes when performing SS 

in the varying stimuli conditions. In general, the hypotheses were partially supported by 

the results and will be addressed in the remainder of the discussion.   

 We previously showed that (Chapter 5) there were little or no differences in the 

externally applied average flexion and internal rotation moments, but large differences 

in the peak valgus moments during SS.  The average flexion moments in WA were 

similar in the AP, 1DS and 2DS conditions, with a small 10% larger loading in the 

AUNP condition. The peak valgus moments were virtually the same in both defender 

scenarios, which were 25% larger than those in the simple AP condition. Importantly, 

the peak valgus moments in the AUNP condition were over 40% larger than the 

defender scenarios and 70% larger than the AP condition. In addition, the high level 

players were able to sidestep with smaller peak valgus moments than their lower level 

counterparts in the 2DS condition.  So would the similar average flexion moments or 

variation in peak valgus moments be the main determinants for the muscle activation 

patterns in the different visual conditions?  
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Total muscle activation was not larger in the reactive stimuli conditions (1DS, 

2DS and AUNP) compared with the planned AP condition, providing no support for our 

first hypothesis. Our group has previously shown that small increases in total knee 

muscle activation coincided with increased knee varus-valgus loading when performing 

unplanned sidesteps with high temporal constraints, compared with planned sidesteps 

that are performed without time constraints (5, 6, Chapter 5). However, in the current 

study, the increased knee valgus moments in the AUNP condition were not matched to 

larger total muscle activation. This makes SS in the AUNP condition possibly the most 

„unsafe‟ from an ACL injury perspective, and probably even more unsafe than 

previously suggested (4). Sidestepping performed in the defender scenarios may also 

pose higher ACL injury risk when compared with the AP condition, as the larger knee 

valgus moments were generally not supported with increased total muscle activation.  

The discrepancy between the current total muscle activation results and previous 

findings (4) could have been due to the different approach velocities, coupled with the 

various timing demands imposed by the different visual stimuli conditions. Participants 

ran at 4.5 m.s
-1

 in the current study, compared with 3 m.s
-1

 in Besier et al. (4). Besier 

and colleagues suggested that athletes anticipate the increased valgus-varus and 

internal-external rotation knee moments during unplanned SS, and support these loads 

by using a general increase in total muscle activation (4). However, by running at faster 

velocities in the current study, the time available to increase muscle activation in 

anticipation of increased knee loadings may have been limited. This was revealed in the 

AUNP and 2DS conditions, which imposed higher temporal demands than the AP 

condition, where their greater valgus loads met with unchanged total muscle activation. 

Nevertheless, there was increased total muscle activation in the 1DS condition 

compared with the AUNP condition. The extra information from the quasi game-

realistic 1DS, with only moderate temporal difficulty, may have enabled more time to 

anticipate and increase total muscle activation to counter valgus loads that were greater 

than in a planned sidestep. The results also suggest a threshold affect between the 1DS 

and the more difficult AUNP and 2DS situations, where exceeding a timing threshold 

precluded an anticipated increase in total knee muscle activation. Further research 

should focus on the visual perception conditions that contribute to this threshold and 

how to process difficult visual conditions faster, to enable anticipation and appropriate 

selection of the activation patterns. 
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 There was no change in selective co-contraction with changing visual- 

perceptual demands, providing no support for hypothesis 2.  In both phases of the 

sidestep, the varus muscle group was dominantly active and this did not change in all 

the stimuli conditions, indicated by a positive varus-valgus DCCR. These results were 

in contrast to Besier et al. (4) who reported that a greater medial (varus) knee muscle 

co-contraction activation was adopted during planned performance of a sidestep 

compared with the unplanned task. The discrepancy in the findings once again 

highlights the potential effect of the increased approach velocity adopted in the current 

study, reducing the time available to anticipate loading patterns with appropriate muscle 

activation patterns.  

Flexor dominant activation patterns were observed at the end of terminal swing 

and may reduce ACL loading in WA. This was seen in the positive flexor-extensor 

DCCRs in PC, where the flexors were activated to eccentrically slow rapid knee 

extension (39). However, due to the electromechanical delay between EMG and muscle 

force, the flexor activation in PC may also counter the action of the knee extensors in 

WA (4, 28, 31). During WA, the extensors were activated to eccentrically slow knee 

flexion and facilitate knee extension for push-off (39). Eccentric contraction of the 

quadriceps at extended knee angles during landing may induce anterior tibial translation 

and strain the ACL (33), but can be countered by co-activation of the hamstrings (37). 

Consequently, any increased flexor activation during a sidestep may decrease ACL 

loading and injury risk. 

 Compared with the planned sidesteps, the higher timing demands in the reactive 

stimuli conditions resulted in reduced flexor dominance in the activation patterns. This 

was evidenced in the smaller positive flexor-extensor DCCRs during PC and greater 

negative ratios during WA in the reactive stimuli conditions. The flexors were most 

dominant in the AP condition, less dominant in the defender scenarios and were least 

dominant in the AUNP condition. This activation pattern reinforces the current belief 

(4, 5) that sidesteps performed in the AUNP condition has the highest potential for ACL 

loading and risk of injury. This is especially the case when one considers that the AUNP 

condition resulted in the highest knee valgus and flexion moments compared with the 

other conditions, but had the lowest total activation of the knee muscles.  This 

undesirable coupling of high knee loadings and low total muscle activation for support 
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is exacerbated by increased activation of the extensors in WA, which may induce 

anterior tibial draw and further strain the ACL.  

Skill level did appear to have some effect on the activation patterns, partially 

supporting our third hypothesis. Although no significant main effects between skill 

levels were found, there was a significant interaction effect (stimuli x skill) in the 

flexor-extensor DCCRs during PC. This significant interaction was seen in a trend for 

the high-level players to have a greater extensor dominant DCCR in PC, in the 2DS 

condition, than their low-level counterparts. Furthermore, regardless of skill level, 

flexor dominant flexor-extensor DCCRs in PC shifted towards extensor dominance in 

WA in all stimuli conditions. Would this greater extensor (i.e. quadriceps) dominance in 

the high-level players prior to foot contact in the 2DS condition, compared with the 

low-level players, result in increased ACL loading?  

There is debate on whether the quadriceps loads the ACL. At extended knee 

angles, the quadriceps can cause anterior draw of the tibia and potentially load the ACL 

(31). However, these muscles can be activated to stablise the knee against varus and 

valgus moments, potentially lowering ACL loading (10, 11, 29, 31). Furthermore, 

elevated quadriceps activation prior to landing has been shown to reduce the ACL strain 

upon landing (20). As such, the activation strategy adopted by the high levels players in 

the 2DS condition may have reduced ACL loading.  

The greater difficulty to perform a sidestep in the 2DS compared with the 1DS 

allowed for the muscle activation patterns of high-level players to be differentiated from 

the low-level players, while the increased difficulty imposed by the AUNP condition 

compared with the AP condition did not allow for such differentiation. This 

phenomenon was also observed in our previous study (Chapter 5), whereby compared 

with the low-level players, high-level players were able to moderate the potential for 

ACL loading in the 2DS by decreasing hip abduction and knee valgus moments. 

Viewed collectively, these experimental outcomes highlight two important notions. 

First, these findings provide further support for using game-realistic stimuli to 

investigate VPM skills such as SS, as the generic arrow conditions may mask certain 

aspects of the relationship between visual-perception and movement mechanics. 

Second, within the quasi game-realistic defender scenarios, a high level of stimulus 
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complexity was required to discriminate the SS biomechanics between players of 

different skill levels. The high-level players displayed “better” VPM skills compared 

with the low-level players only in the 2DS, which potentially gave them more time to 

sidestep with less loading of the ACL. Extending this finding to the real world, skilled 

athletes may be at less risk of suffering from non-contact ACL injuries during a sidestep 

in other complex and demanding game situations. 

Whereas previous research focussed on performance based measures, the current 

work suggests that differences in VPM skills are also expressed in measures that are 

related to risk of injury.  Although there is a substantial body of literature that discusses 

how the motor component of SS associates with the risk of ACL injury (4-6, 15, 16, 22, 

23, 34, 35, 50), much less is known about the visual-perceptual contribution. The 

current findings, together with the results from our series of studies (Chapters 4 and 5), 

provide foundational information on the effect of visual-perceptual skill on SS 

biomechanics in both non-game-realistic and game-specific environments.  

A potential limitation of the current findings is that the altered activation 

patterns may not be driven by the altered biomechanics (loading and postures) of the 

knee joint, but by the biomechanical demands at the hip and ankle. There are many 

biarticular muscles that cross the knee, which have roles at the hip and ankle. However, 

previous research (11, 29, 30) that investigated the activation of biarticular knee 

muscles in static varus-valgus loading conditions found that knee loading and postures 

directly dictated the activation of biarticular muscles. Of course, this does not exclude 

the possibility that the biomechanical demands at the hip and ankle may affect the 

activation patterns used to stabilise the knee. Additionally, the current study did not 

examine the contribution of the muscles toward stabilising tibial internal rotation 

moments, which can also strain the ACL and increase injury risk (5, 6, 32).  For 

example, Besier et al. (5) showed that SS under high temporal constraints resulted in 

increased internal rotation moments which could increase injury risk of the ACL. 

However, our previous study showed that instead of an increase, there was a marginal 

decrease in knee internal rotation moments when SS was performed in the temporally 

most constrained AUNP condition. In contrast, the knee valgus moments were much 

larger in the reactive conditions compared with the planned AP condition. Knee valgus 

moments in isolation could rupture the ACL (36, 44) and has also been shown to predict 
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the incidence of ACL injuries (23). Consequently, this study‟s focus on the muscle 

activation patterns to stabilise knee valgus moments during SS could be more valuable 

from an ACL injury prevention perspective.  

 In conclusion, this study has provided new insights into the effect of vision and 

perception on SS neuromuscular biomechanics. The 3D stereoscopic stimuli present a 

new approach to visually impose temporal and spatial constraints that mimic the game 

environment for the investigation of SS. Such a controlled approach addresses both the 

visual-perceptual and motor components of SS and may improve our current 

understanding of the causes of ACL injury (9). Moreover, the body postures, knee 

loading and knee muscle activation patterns exhibited by the high-level players in the 

2DS suggests the potential existence of a VPM strategy that reduces ACL loading and 

injury risk during a sidestep. Future research should endeavour to better understand this 

VPM strategy used by the high-level players.  

 The Integrated Stereoscopic System (Chapter 3B) may be the tool to enable this 

to occur, which would be achieved by not only recording the biomechanics of sidesteps, 

but also the gaze behaviours of the high-level players. However, currently, gaze 

behaviour data collected using the gaze tracker is affected by large movement artefacts 

caused by initial foot contact of the sidestep, which need to be rectified.  If this can be 

surmounted, then the visual cues used by high-level players in game environments 

could be identified. These skills could then form the basis of perceptual training 

programs that teach low-level and community level athletes to focus on these cues in 

game situations (47, 48). Such training may act to increase these athlete‟s time and 

space to employ motor programs to sidestep with neuromuscular biomechanics 

characteristics that may decrease the risk of injuries caused by unexpected game 

demands (22). While this idea is beyond the scope of the current study, experience (35) 

and skill acquisition (24) has been reported to be associated with ACL injury risk, and 

thus represents a plausible and novel avenue of intervention. 
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Chapter 7 

Summary and Conclusions 
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7.1 Thesis aims 

 

 This thesis examined the biomechanics of sidesteps performed by high and low 

level soccer players in response to varying visual stimuli. A set of visual stimuli were 

developed to probe visual-perception-motor (VPM) coupling and consisted of a one-

defender scenario (1D), two-defender scenario (2DS), arrow-planned condition (AP), 

and arrow-unplanned condition (AUNP). The defender scenarios were novel three-

dimensional (3D) stereoscopic videos projected on a large screen which were intended 

to provide increased realism, compared with the two-dimensional (2D) direction-arrow 

stimuli traditionally used in this research domain (5, 6). The 2D AP and AUNP 

conditions imposed no spatial constraints, while the 3DS 1DS and 2DS imposed spatial 

constraints via depth changes of the converging defender(s), with the 1DS posing less 

spatial constraints than the 2DS condition (Fig 7.1). The temporal constraints imposed 

by the stimuli conditions increased in difficulty in the following order: AP, 1DS, 2DS 

and AUNP (Fig 7.1). This research was conducted with the aim of addressing the 

following research problem.  

 

Figure 7.1 Continuum illustrating levels of spatial (A) and temporal (B) constraints 

imposed by the stimuli. 

Evasive sidestepping (SS) is a VPM skill commonly performed by team sport 

athletes to evade opponents which contributes to a large proportion of non-contact 

anterior cruciate ligament (ACL) injuries. Successful SS depends on a combination of 

abilities, i.e. to visually perceive the opponent(s), assess the available options to avoid 

the opponent(s) (18), and then perform the manoeuvre controlling its considerable 

dynamics, hopefully without sustaining an injury. As such, sidesteps that result in ACL 
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injury during game situations may reflect a “breakdown” in an athlete‟s visual-

perceptual and motor skill inter-dependent relationship. However, the bulk of research 

aimed at better understanding the role of SS biomechanics and ACL injury have ignored 

the visual-perceptual component required for successful injury free performance. The 

small number of laboratory-based studies which have attempted to incorporate some 

basic form of game representation into the laboratory testing environment (e.g. obstacle 

avoidance, unplanned SS), have identified important changes in biomechanical 

variables known to dangerously increase ACL load (6, 7, 11, 21). These findings lend 

support for the closer examination of SS biomechanics within increasingly game-

realistic environments. In the first instance, this calls for the development of laboratory-

based tools and protocols that facilitate the SS manoeuvre being performed to serve its 

primary purpose of evading an opponent. The resulting increased ecological validity 

afforded by the implementation of these tools and protocols may assist in the 

identification of body postures, knee loads and activation patterns of knee muscles, that 

better identify the relationship between the VPM pathway and ACL injury mechanics.   

 The research problem was addressed using five independently written papers 

that comprise four chapters of this thesis. The first two papers (chapters 3A and 3B) 

were technical in nature and outline the development, integration and pilot testing of 

tools required for executing the experimental procedures documented in the remaining 

three papers (chapters 4 – 6). The general aim of these papers was to investigate SS 

biomechanics across varying, quasi game-realistic and non game-realistic, visual 

stimulus conditions. The remainder of this chapter will restate the aims and provide a 

summary of results with reference to the developed hypotheses of each individual study 

(chapters 3B – 6). Lastly, the chapter and the thesis is concluded by a statement 

summarising the overarching findings of the research and their implications for future 

research.  

 

 

 



206 

 

7.2 Chapter 3A (Paper 1):  

Stereoscopic filming and projection of defender scenarios with accurate sense of 

scale and depth for future investigations of evasive sidestepping  

Aims 

The aim of this study was to develop novel filming and projection techniques to 

create 3D stereoscopic, quasi game-realistic defender visual stimuli to investigate SS 

biomechanics. The created defender scenarios consisted of scenes comprising of one 

(1DS) or two (2DS) oncoming opponents. When viewed by participants in the 

laboratory setting, these scenarios supported stereoscopic depth perception. The process 

involved in creating these visual stimuli to support the remaining applied SS studies 

resulted in the development of: 

 a feasible, efficient and user-friendly method to undertake specialised 

filming procedures for the creation of projected stereoscopic content that 

delivers accurate sense of scale and depth to the viewer. 

 

 a dual-mount rig that supports stereoscopic filming and enabled two high-

definition cameras to be separated at the inter-ocular distance of 6.5 cm. 

  

 a novel scene calibration procedure to match the observer‟s viewing 

geometry relative to the projection screen, with the recording geometry 

relative to the projection plane during filming 

7.3 Chapter 3B (Paper 2):  

The effect of 2D versus 3D projected stimuli on visual-perceptual-motor skill  

Aims 

The aim of this study was to examine effect of game-based 2D versus 3D visual 

stimuli on the VPM responses of lab based participants. To permit this comparison, a 

novel Integrated Stereoscopic System (ISS) was developed via the integration of the 

customised stereoscopic system (chapter 3A), with a Vicon motion analysis system 
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(ViconPeak Ltd, Oxford, United Kingdom) and a modified Mobile Eye gaze tracker 

(Applied Science Laboratories, Waltham, MA). The ISS permitted the investigation of 

VPM skills in the 2D and 3D conditions to be conducted in a controlled and repeatable 

manner. Participants performed a simple defensive interception task by taking one step 

in the same direction as a 2D or 3D projection of an oncoming opponent. The lab based 

participant‟s motor skill was examined via 3D kinematic variables. The participants‟ 

visual-perceptual skill was assessed via measurement of eye movement characteristics 

in terms of quantity, duration and locations of gaze fixations on the 2D and 3D stimuli.  

Hypotheses 

 The players’ reaction times would be faster when initiating a sidestep in the 3D 

versus 2D scenario. 

 

o There was no difference in the time required for participants to initiate an 

interception of the projected opponent between conditions. This finding did 

not support our hypothesis.  

 

 The players’ would exhibit altered gaze behaviour in terms of fixation quantity and 

duration in total, and on different body parts of the virtual opponent in 3D 

compared with 2D conditions. 

 

o Differences in the total number and duration of fixations broken down 

according to selected regions of interest were found between the 2D and 3D 

conditions. Participants fixated less and for shorter durations on the trunk and 

more time on locations outside the body of the opponent projected in 3D 

compared with 2D.  These findings supported our hypothesis.  

  

o There were no differences in gaze fixations when analysed as total numbers 

and duration between the 2D and 3D conditions. These findings did not 

support our hypothesis.  
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7.4 Chapter 4 (Paper 3):  

Different visual stimuli affect body reorientation strategies during sidestepping. 

Aims 

The first aim of this research was to investigate foot placement and trunk 

movement strategies employed by soccer players to change direction when sidestepping 

in response to varying stimuli types. The second aim was to examine the effect of 

stimuli types on the movement strategies of players of high and low skill levels.  

Hypotheses 

 Peak lateral trunk flexion, in the contralateral (opposite) direction to the sidestep, 

would be greater in the 2DS and AUNP conditions, due to greater temporal difficulty 

imposed by these conditions compared with the 1DS and AP conditions. 

 

o Compared with the AP condition, peak lateral trunk flexion, in the contra-

lateral direction to the sidestep, was greater in the 1DS, 2DS and AUNP 

conditions. Therefore, this hypothesis was supported 

 

 Push-off foot placement would be closer to the pelvic midline in the AP and 1DS, due 

to decreased temporal difficulty imposed by these conditions compared with the 2DS 

and AUNP conditions. 

  

o Regardless of temporal difficulty, push-off foot placement was wider in the 

quasi game-realistic one and two defender scenarios compared with the 

directional-arrow stimuli. Therefore, this hypothesis was not supported.  

 

 Placement of the support foot in the penultimate step prior to initial contact of the 

push-off foot would be more medial to the pelvic midline in the less temporally 

constrained AP and 1DS conditions, compared with the more temporally constrained 

2DS and AUNP conditions.  
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o Support foot placement was most medial in the AP condition, became 

increasingly lateral in the 1DS and 2DS conditions, and was most lateral in 

the AUNP condition. Therefore, this hypothesis was supported.   

 

 Step length would be smaller in the AP and 1DS conditions, due to these conditions 

imposing lesser temporal difficulty compared with the 2DS and AUNP condition.  

 

o Independent of temporal difficulty, step length decreased in the quasi game-

realistic defender scenario conditions compared with the directional-arrow 

stimuli conditions. Therefore, this hypothesis was not supported.  

 

 High-level players would adopt more upright trunk postures, perform fewer 

unsuccessful sidesteps, and position their support and push off foot closer to the 

body’s pelvic midline (inferred centre of mass) in the 1DS and 2DS compared with 

the low-level players, due to their ability to make use of advanced visual cues for 

earlier preparation and execution of safer sidesteps. 

 

o High-level players placed their push-off foot closer their pelvic midline and 

made fewer unsuccessful sidesteps compared with the low-level players in the 

2DS. Therefore this hypothesis was partially supported 

 

o No differences were found in the support foot placement in the penultimate 

step prior to initial contact of the push-off foot between the high-level and 

low-level players in all stimuli conditions. Therefore, this hypothesis was not 

supported. 

 

o No differences were found in the peak lateral trunk flexion between the high-

level and low-level players across all stimuli conditions. Therefore, this 

hypothesis was not supported.  
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7.5 Chapter 5 (Paper 4):  

Effects of different visual stimuli on postures and knee loading during sidestepping 

Aims 

 The first aim of this study was to investigate the SS biomechanics (selected 3D 

trunk, hip and knee, kinematics and kinetics) of soccer players when a SS manoeuvre 

was performed in response to varying visual stimuli types.  The second aim was to 

examine the effect of varying stimuli types on the SS biomechanics of high and low 

skill level soccer players. 

 

Hypotheses 

 

 Knee flexion at initial foot contact would be greater in the 2DS and AUNP 

conditions, due to these conditions imposing greater temporal difficulty compared 

with the 1DS and AP conditions.  

 

o Independent of temporal difficulty, knee flexion was larger in the quasi game-

realistic defender scenarios compared with the direction-arrow conditions. 

Therefore, this hypothesis was not supported.  

 

 Hip flexion, abduction and external rotation at initial foot contact would be greater 

in the 2DS and AUNP conditions, due to these conditions imposing greater temporal 

difficulty compared with the 1DS and AP conditions.  

 

o Hip flexion was largest in the AP and 1DS conditions, moderate in the 2DS, 

and smallest in the AUNP condition. Therefore, this hypothesis was not 

supported.   

 

o Hip abduction was largest in the AUNP condition, moderate in the 1DS and 

2DS conditions, and smallest in the AP condition. Therefore, this hypothesis 

was supported.  
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o Independent of temporal difficulty, there was less hip external rotation in the 

quasi game-realistic defender scenarios compared with the directional arrow 

conditions. Therefore, this hypothesis was not supported.  

 

 Trunk lateral flexion (contralateral to the sidestep direction) at initial foot contact 

would be greater in the 2DS and AUNP conditions, due to these conditions 

imposing greater temporal difficulty compared with the 1DS and AP conditions.  

 

o Trunk lateral flexion was largest in the AUNP condition, moderate in the 1DS 

and 2DS conditions, and smallest in the AP condition. Therefore, this 

hypothesis was supported.  

 

 From our previous research on knee loading during pre-planned and unplanned SS 

(6), it was hypothesised that only knee loading in the frontal and transverse planes 

would be greater in the 2DS and AUNP condition, compared with the 1DS and AP, 

due to the increased spatial and temporal constraints imposed by these stimuli. 

 

o Knee joint loading was significantly affected by the visual stimuli in all three 

planes, but the variation in loading patterns only partially supported this 

hypothesis.  

 

 Average knee flexion moments appeared to be the highest in the 

AUNP condition, but were not statistically different from the AP and 

1DS conditions, thus supporting the hypothesis. However, the 12% 

increase in knee flexion moments in the AUNP condition compared 

with the 2DS was unexpected.  

 

 Peak knee internal rotation moments were significantly decreased by 

approximately 32% in the AUNP condition compared with the other 

stimuli conditions. This finding did not support the hypothesis.  

 

 Peak knee valgus moments increased in the reactive stimuli 

conditions (AP, 1DS and 2DS) compared with the planned AP 

condition, supporting the hypothesis. Compared with the AP 
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condition, valgus moments were approximately 40% higher in the 

1DS and 2DS, and 70% higher in the AUNP condition.  

 

 Compared to low-level players, high-level players would exhibit safer joint postures 

and lower knee joint loading in response to the 1DS and 2DS, due to their ability to 

make use of advanced visual cues to increase their time and space to perform SS. 

 

o High-level players exhibited smaller hip abduction and knee valgus moments 

compared with the low-level players in the 2DS.  No other differences were 

found. Therefore, this hypothesis was partially supported.  

7.6 Chapter 6 (Paper 5):  

Effects of different visual stimuli on muscle activation at the knee during 

sidestepping 

Aims 

The first aim was to investigate the knee muscle activation patterns for 

supporting valgus loading at the knee joint when soccer players sidestepped in response 

to varying projected defender and direction-arrow stimuli. The second aim was to 

examine how the type of stimuli affected knee muscle activation patterns of high and 

low level soccer players. 

Hypotheses 

 Average activation levels of the knee muscles would increase in the reactive SS tasks 

(1DS, 2DS and AUNP) compared with the AP, to support the increased externally 

applied knee valgus loading. 

 

o In both the pre-contact (PC) and weight-acceptance (WA) phases of the 

sidestep, total activation of the knee muscles did not significantly increase in 

the reactive stimuli conditions (1DS, 2DS, AUNP) when compared with the 

AP condition. Additionally, total muscle activation in the 1DS condition was 
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unexpectedly higher than the more temporally constrained AUNP condition. 

Therefore, this hypothesis was not supported.  

 

 In addition to generalised co-contraction of the knee flexors and extensors, a 

selective activation strategy reflected by increased co-contraction of the 

medial/varus knee muscles compared with the lateral/valgus muscles would be 

observed in the AP and 1DS conditions, but not in the 2DS and AUNP conditions.  

 

o Instead of two distinct knee muscle co-contraction strategies, co-contraction 

was directed toward muscles with medial/varus moment arms in all the 

stimuli conditions, across both PC and WA. Therefore, this hypothesis was 

not supported. 

 

 For the support of knee valgus moments resulting from sidesteps performed in 

response to the 2DS, the high-level players would adopt a selective co-contraction 

strategy, while the low-level players would adopt a more generalised co-contraction 

strategy. 

  

o No significant difference in the flexor-extensor directed co-contraction ratio 

was found between skill levels in the 2DS. However, in PC, a significant 

interaction (stimuli x skill) effect was found for the flexor-extensor directed 

co-contraction ratio. Post hoc tests revealed that the high-level players tended 

to adopt a flexor-extensor DCCR that was more extensor dominant in the 

2DS condition, compared with the low-level players. Regardless of skill 

levels, flexor dominant flexor-extensor directed co-contraction ratios in PC 

shifted towards extensor dominance in WA by similar amounts across all 

stimuli conditions. This shift toward a more extensor dominant co-contraction 

strategy from PC to WA occurred earlier for the high-level players in the 2DS 

condition, compared with the low-level players. Therefore, this hypothesis 

was partially supported.  
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7.7 Thesis conclusions and directions for future research 

 

The VPM skill of SS warrants investigation as it is comprised of biomechanical 

characteristics that may increase the risk of ACL injury when performed in game 

situations.  To fully elucidate the coupled relationship of a VPM skill, one must 

investigate both the motor and the perceptual components of the skill in tandem. A 

number of SS biomechanical studies have identified critical kinematic and kinetic 

variables that may increase the risk of ACL injury (6, 9, 15). Other research in the area 

has investigated the effect of individuals SS in response to stimuli such as lights (5, 6) 

or arrows (16). The research in which participants reacted to a light-based stimulus has 

demonstrated that when players have large amounts of preplanning time (none or 

minimal temporal constraint), they are able to organise a sidestep (motor response) in a 

manner that minimises critical loads at the knee, particularly knee valgus moments (6). 

An important motivation driving the research direction of this thesis was to extend the 

concept of temporally constraining the sidestep motor performance by incorporating 

quasi game-realistic visual stimuli. Body postures, knee loading patterns and knee 

muscle activation patterns that result from sidesteps performed in increasingly game-

realistic conditions may better elucidate the link between perception and ACL injury 

mechanics.   

As SS is primarily performed to evade opposition players, the concept of 

introducing simulated opponent(s) into a laboratory setting was established in the early 

stages of the project.  The advantage of 3D stereoscopic projection of real opponents 

filmed in game-based environments to other stimulus candidates (e.g. a real person or 

computer graphic virtual reality) is that it offers improved ecological validity while 

allowing for externally controlled repeatability. Requiring one real player to sidestep in 

reaction to another real player means that there is great difficulty in setting the timing of 

both players, resulting in potentially large trial-to-trial variability. Furthermore, virtual 

reality environments incur large computational and even monetary expenses, and may 

not be as realistic as in-situ filmed content. Despite delivering a visual experience that is 

faithful to the real world, stereoscopically filmed content traditionally do not deliver an 

accurate representation of scene depth. Therefore, a rigorous filming and equipment 

development process was undertaken to allow the 3D defender scenarios to be presented 

with an accurate sense of scale and depth for the laboratory-based viewer.  
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Since this thesis research commenced, inevitable advances in technology mean 

that stereoscopic videoing is more attainable than ever.  It was only in August 2010 that 

the world‟s first integrated twin-lens high-definition 3D camera recorder (Panasonic 

AG-3DA1 – Panasonic Corporation) became commercially available.  Nevertheless, the 

twin video camera setup developed to support our videoing and projection methods for 

the creation of defender scenarios in this research still has great value. While the cost of 

these cameras may fall in the future, the current cost of the Panasonic camera prototype 

is approximately USD $20000, which may be a barrier to it being adopted widely for 

research purposes. Comparatively, the camera setup of the current project (Chapter 3A) 

facilitates the creation of highly realistic and accurate stereoscopic content at a fraction 

of the cost (between AUD $500 - $2000). Furthermore, the specialised videoing, 

calibration, post-processing, and projection methods presented can be readily adopted 

and implemented by other research groups, potentially minimising the “trial and error” 

process (19).  

In the sport psychology and motor control literature, the ability to examine VPM 

skills in game-realistic conditions is commonly cited to be crucial in advancing our 

understanding of the relationship between visual-perceptual skill and proficiency in 

sport (4, 10, 24, 27, 28). Bearing in mind the overarching aim of this thesis; to 

investigate evasive SS in quasi game-realistic conditions; the developed stereoscopic 

system was integrated with a 3D motion analysis system, force plates, an EMG system, 

and gaze tracking equipment (Chapter 3B). The complete fully integrated system 

enabled the biomechanical examination of SS in response to the quasi game-realistic 

stimuli (1DS and 2DS). While the gaze behaviour data may have yielded valuable 

visual cuing information used by participants when responding to the defender scenarios 

(Chapters 4, 5 and 6), its contribution was limited to a simple but important study 

(Chapter 3B). The movement artefacts in the gaze data, caused by foot impact 

frequencies, precluded its inclusion in the SS studies. Additionally, the time associated 

with rectifying the gaze tracker mounting, and developing sophisticated processing 

methods to obtain suitable data for further analysis, was deemed beyond the time and 

labour scope of this thesis.  

Chapter 3B assessed participant 3D kinematics and gaze behaviour during 

interception of oncoming 2D and 3D opponents from a stationary standing position. The 
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findings from this study showed that participants fixated less and for shorter durations 

on the 3D projected opponent‟s body compared with the 2D stimuli, but were still able 

to initiate the interception within the same timeframe across both conditions. Although 

this was not investigated in the thesis, it may be possible that the 3D stereoscopic 

stimuli allowed participants to improve the efficiency of their gaze behaviour relative to 

the 2D condition, similar to the documented differences between experts and novices 

visual search pattern behaviours. Expert soccer players are reported to outperform 

novices in solving tactical game problems, despite fixating less on the display that 

features structured game-play (13). It was suggested that experts, when compared with 

novices, are able to observe and process more pertinent information from a single 

fixation to facilitate anticipatory responses. However, this “expert advantage” is only 

apparent when the visual display sufficiently presents visual-perceptual conditions that 

mimic an actual game environment (2, 10, 28). With respect to the current research, the 

additional visual cues in the 3D condition may have allowed participants to do “more 

with less”, and provides some evidence to suggest that 3D stereoscopic stimuli may 

sufficiently represent a more realistic game environment. This finding provides support 

for the use of the ISS to investigate the VPM skill of evasive SS using the 3D projected 

defender scenarios. 

In Chapters 4, 5 and 6, traditionally used 2D directional-arrows were presented 

as control conditions to complement the 1DS and 2DS stimuli. This inclusion also 

enables comparisons to be made between the biomechanical data collected in the current 

studies with those published in the literature. The findings in Chapter 4 suggest that the 

movement strategies responsible for body reorientation during SS are affected by the 

type of stimuli presented. We observed that with increasing temporal difficulty imposed 

by the stimuli, there was increased lateral trunk flexion away from the sidestep 

direction, while the support foot was aligned toward the sidestep direction and placed 

more lateral to the pelvic midline. In contrast, changes in step length and push-off foot 

placement were independent of the stimulus type (imposed temporal constraints). Step 

length decreased and push-off foot placement was wider for the 1DS and 2DS stimuli 

compared with the direction-arrow stimuli. These findings suggests that the traditional 

approach of presenting 2D directional-arrows to impose time constraints on SS 

performance may not elucidate the relationship between visual perception and SS 

biomechanics in its entirety. Additionally, the spatial constraints imposed by quasi 

game-realistic stimuli may affect SS biomechanics, which has implications for ACL 
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injury aetiology/prevention. This is an important finding, as it highlights the need to 

address the visual-perceptual component of evasive SS during investigations, a 

component which has received little research attention and is central to the theme of this 

thesis.  

Another important finding from Chapter 4 related to the level of expertise effect 

on push-off foot placement and the recorded number of unsuccessful sidesteps. In the 

2DS condition, the high-level players sidestepped by placing their push-off foot closer 

to their body centre of mass and made fewer unsuccessful sidesteps compared with the 

low-level players. This skill level effect was not observed in the 1DS. Keeping the 

push-off foot closer to the body‟s centre of mass during SS has been reported to reduce 

knee valgus moments and therefore ACL injury risk (8, 9). Additionally, fewer 

unsuccessful sidesteps (i.e. missing the force plate and SS toward the wrong direction) 

were performed by the high-level players in the complex 2DS which may reflect their 

enhanced ability to visually cue off the movements of the projected defenders. This 

would allow them more time to identify the required direction of sidestep and execute 

the manoeuvre (i.e. planning time). This is the first study to not only highlight the 

importance of implementing game-realistic visual stimuli, but also the importance of the 

level of stimuli complexity, in differentiating the SS biomechanics of high-level and 

low-level players. This is also the first study to speculate the existence of an enhanced 

VPM strategy that allows high-level athletes to possibly adopt safer postures during SS 

compared with lesser skilled players in complex quasi-game-specific situations.  

The conclusions from Chapter 4 were confirmed in Chapters 5 and 6 where the 

majority of kinematic variables measured at initial foot contact incrementally changed 

in accordance with the increasing levels of stimuli type temporal constraint. However, 

differences in knee flexion and hip external rotation were independent of stimuli type. 

Instead, knee flexion increased and hip external rotation decreased in the quasi game-

realistic defender scenario conditions, compared with the arrow conditions. This 

observation confirmed that the use of non-game-realistic stimuli to temporally constrain 

and investigate SS may mask postures that are of clinical relevance to the aetiology of 

ACL injury. It is therefore advocated that future investigations of evasive SS should 

include a sport-specific  visual stimulus which participants must attend to whilst 

manoeuvring.  
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The knee loading (Chapter 5) and activation patterns of the knee muscles 

(Chapter 6) showed that SS performed in temporally constrained situations probably 

entails the highest ACL injury risk. Sidesteps performed in response to the reactive 

stimuli conditions (1DS, 2DS and AUNP), resulted in higher knee valgus moments 

compared with the planned condition (AP). However, these loading patterns were not 

supported by increased knee muscle activation. Within the reactive stimuli conditions, 

different SS mechanics were observed in the defender scenarios compared with the 

AUNP condition. This suggests that quasi game-realistic stimuli yield different VPM 

responses. Taking into consideration that athletes react to opponents and not directional-

arrows in game situations, the SS postures, knee loading patterns and activation patterns 

of the knee muscles observed in the quasi game-realistic stimuli (1DS and 2DS) may be 

more representative of the biomechanical factors related to ACL injuries.   

The results from the final two studies (Chapter 5 and 6) confirmed that not only 

was there greater difficulty in performing a sidestep in the 2DS compared with the 1DS, 

but this increased difficulty also differentiated the SS biomechanics of high-level 

players and low-level players. Conversely, the increased difficulty imposed by the 

AUNP condition compared with the AP condition did not allow for such differentiation. 

In the 2DS condition, high-level players sidestepped with smaller hip abduction and 

knee valgus moments, and displayed increased quadriceps pre-landing activation 

compared with low-level players. These findings highlight two important concepts. 

First, these findings provide further support for using game-realistic stimuli to 

investigate VPM skills such as SS, as the generic arrow conditions may mask aspects of 

the relationship between visual-perception and movement mechanics. Second, within 

the quasi game-realistic defender scenarios, a high level of stimulus complexity was 

required to discriminate between the SS biomechanics of high and low skill level 

players. The high-level players displayed “better” VPM skills compared with the low-

level players only in the 2DS, which gave them more time to sidestep with potentially 

less loading of the ACL. Extending this finding to the real world, skilled athletes may 

be at less risk of suffering from non-contact ACL injuries during a sidestep in other 

complex and demanding game situations. 

Whereas previous research has focussed on performance based measures, the 

current research suggests that differences in VPM skills are also expressed in measures 
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that are related injury risk.  Although there is a substantial body of literature that 

discusses how the motor component of SS is associated with ACL injury risk (5, 6, 8, 9, 

11, 14, 15, 20, 22), much less is known about the visual-perceptual contribution toward 

SS mechanics. The results from our series of studies (Chapters 4, 5, 6), provide 

foundational information on the effect of visual-perceptual skill on SS biomechanics in 

both non-game-realistic and quasi game-realistic environments.  

An important finding, although not directly relevant to this thesis‟s central aims, 

was the effect of approach velocity on SS mechanics. Compared with the findings from 

Besier et al. (5) who investigated planned and unplanned SS (5), activation of the knee 

muscles did not scale up in anticipation of the increased knee valgus moments in the 

temporally constrained stimuli conditions (2DS and AUNP). The discrepant results was 

potentially due to the 50% increase in approach velocity adopted by the participants in 

the current study (4.5 m.s
-1

), compared with Besier et al. (5) (3m.s
-1

). When running at 

an increased velocity, there is decreased time to alter knee muscle activation in 

anticipation of increased knee loading. This resulted in a difference only between the 

AUNP and 1DS condition, where time for planning was still available in the quasi 

game-realistic 1DS, which only imposed moderate levels of temporal and spatial 

constraint. This may also explain the lack of differences in knee muscle activation 

patterns when comparing the AP condition (least temporally and spatially constrained) 

with the AUNP (most temporally constrained) and 2DS conditions (most spatially 

constrained). The high levels of constraint imposed by the AUNP and 2DS stimuli 

conditions may have exceeded a certain threshold which precluded an anticipated 

increase in total knee muscle activation to support increased joint loadings. The reasons 

for this phenomenon are beyond the scope of this study. Future research could 

systematically manipulate the visual-perceptual constraints imposed by various stimuli 

conditions, in conjunction with the approach velocities of participants and assess the 

resulting impact on SS biomechanics. Future research could also focus on the visual 

perception conditions that contribute to the timing threshold and how to process 

difficult visual conditions faster, to enable anticipation and appropriate selection of 

muscle activation patterns. 

An important consideration is whether the current findings can be used to 

formulate training interventions to reduce the risk of ACL injuries in sport. During the 
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performance of sporting skills such as evasive SS, visual-perceptual skill and decision-

making abilities are suggested to act as the limiting factors to performance rather than 

movement production (1-3). In addition to balance and plyometric training which have 

been shown to be effective in reducing non-contact ACL injuries (14, 20, 23), future 

interventions could incorporate technique training that requires sidesteps to be 

performed in response to  quasi game-realistic stimuli, such as the 3D projections of 

opponents used in this thesis‟s series of studies. Such an approach may improve both 

the visual-perceptual and motor skills relevant to SS and maximize the potential for on-

field transference. While training athletes to sidestep with safer technique in response to 

real opponents would be the “gold standard” approach, imaginative techniques will first 

need to be developed to enable the consistent presentation of kinematic cues from the 

opponents between trials.  

The developed ISS could also be applied to track the eye movements of high-

level players when they perform SS in response to complex game situations (2DS). The 

safer SS strategy employed by the high-level players may reflect their ability to more 

quickly identify critical visual cues in game situations than the low-level players, 

thereby allowing them more time and space to perform the manoeuvre (i.e. increased 

planning time). Knowledge of these cues may allow coaches to direct the attention of   

low-level and community level athletes towards these important visual cues in game 

environments. This form of training may act to improve the abilities of less skilled 

players to “buy themselves more time and space” to prepare and execute a „safer‟ 

manoeuvre during game play. While this theory was not examined explicitly in this 

study, experience (22) and skill acquisition (17) has been associated with ACL injury 

risk, and thus represents a plausible and novel avenue of intervention.   

In summary, this study has highlighted the importance of addressing both the 

visual-perceptual and motor components that contribute to the performance of an 

evasive sidestep from an ACL injury prevention perspective. Future work should 

endeavour to gain a greater understanding of the VPM strategy employed by high-level 

players, who appear to adopt safer evasive SS neuromuscular biomechanics. Such 

knowledge will provide sport scientists, coaches and trainers, with foundational 

information for training programmes that may serve to reduce the rate of ACL injuries 

in sport.  
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Appendix A 
 

Participant Profile (   ) 
(*To be completed by participant*) 

 

 

Name:                                 Sex:                             D.O.B.:   

 

 

Height (cm):         Weight (kg):             Sport: Soccer     

 

 

Current club you are playing for: 

 

Highest level you played at (e.g. professional, semi-professional) and name of that 

club: 

 

No. of years you have played soccer: 

 

No. of years involved in structured soccer training:  

 

No. of years playing/training in your specific position (e.g. midfielder): 

 

Which is your dominant leg? Left or Right?:  

 

Any serious lower limb injuries? Please list and include as much detail on it as 

possible (e.g. injury site, date of injury, where diagnosis was made, medical records 

if any etc.): 

 

 

Any eye diseases?:  

 

 

----------------------------------------------------------------------------------------------------------

--------------------- 

(*To be completed by investigator*) 

 

Date: ___________________ 

 

Inter-ASIS distance _______________________ 

 

Foot length: _______________________ 

 

Foot adduction/abduction (degrees): ____________________ 

 

Foot inversion/eversion (degrees): ____________________ 
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Appendix B 
 

 

 

 

 

 

 

 

 

 

 

 

 

Evasive Sidestepping as a Visual-Perceptual-Motor Skill: Implications 

for Anterior Cruciate Ligament Injury Prevention  

Subject Information Sheet  

PURPOSE 

 

The research aims to examine if individual differences in responding to different visual 

stimuli, which elicit different time and space constraints, affects the risk of sustaining an 

anterior cruciate ligament (ACL) injury during evasive sidestepping. The different 

stimuli types consist of a simple light-based stimulus (LBS) which illuminates to 

indicate direction of sidestep and a 3-dimensional (3D) stereoscopic stimulus (3DSS), 

which depicts tackle scenarios of varying complexity, requiring you to sidestep to avoid 

the simulated tackle. Experimental results will provide us with better insight into 

important visual information utilized to prepare the body for an evasive side-step which 

may lead to lower knee joint loading during the execution and hence, lower ACL injury 

risk. This will enable us to make recommendations for preventative strategies to be 

developed for the reduction of ACL injuries across the sporting fraternity.  

PROCEDURES 

 

Firstly, you will be asked to engage in a 10 minute warm up consisting of both and 

aerobic and stretching component. Next, retro-reflective markers will be attached to 

your skin using double-sided low allergenic tape. This is necessary for the motion 

analysis cameras to capture your 3D images while you engage in the sidestepping tasks. 

Surface electrodes will then be attached to your skin for the measurement of muscle 

activation patterns during the tasks. You will also be fitted with an eye movement 

recorder which will track your eye movements in response to the 3D stimuli.   

After this preparation phase, you will be presented with the LBS in a planned and 

unplanned condition, as well as the 3DSS either depicting one or two tacklers, totalling 

up to four different stimuli conditions, in a randomized fashion. You will first 

commence on an approach run at approximately 4 metres per second and upon 

presentation of the stimuli, will have to respond by sidestepping in the appropriate 

direction accordingly. Three trials of you sidestepping in both left and right directions in 

the four stimuli conditions, resulting in a total of 24 successful sidestepping trials, will 

be collected.  
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 We will collect data on lower limb velocities, joint angles, joint accelerations, muscle 

activation patterns and gaze fixations before and during the sidestepping tasks. These 

data will then be compared between the different stimuli conditions as well as between 

participants. The duration of the whole experiment will be approximately 3 hours. 

RISKS 

 

There is a slight risk that you may injure your ACL, although very unlikely, as the 

methodology used is similar to the ones used by other researchers in this area of 

research. No injuries have been reported using this methodology so far.  

 

Delayed onset muscle soreness (DOMS) may be experienced a few days after engaging 

in the side-stepping tasks. Minor skin irritation may occur from the attachment of the 

retro-reflective markers and surface electrodes placed on your skin, using double-sided 

tape. The DOMS and skin irritation do not constitute any long term risks and should 

abate within a few days after testing. 

 

Motion sickness may also be experienced in response to the 3D visual stimuli that you 

will engage, though highly unlikely, as pilot testing during the development phase has 

deemed the stimuli realistic and highly consistent with what you would see in normal 

vision.  

BENEFITS 

 

With the information collected we will be able to develop preventative strategies to 

reduce ACL injuries across the sporting fraternity. These recommendations will also be 

delivered to you.  

CONFIDENTIALITY 

Data collected will be stored on a computer that is kept within the premises of the 

School of Sport Science, Exercise and Health. Data files will be password protected and 

saved under numerical codes to ensure the participants‟ confidentiality.  

SUBJECT RIGHTS  

 

Participation in this study is purely voluntary and you are free to withdraw from the 

experiment at any time and without prejudice. You can withdraw for any reason and do 

not need to justify your decision. If you do withdraw, we may wish to retain the data 

that we have recorded, but only if you agree. Otherwise, your records will be destroyed. 

Participation in this study does not prejudice any right to compensation that you may 

have under statute of common law.  
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Evasive Sidestepping as a Visual-Perceptual-Motor Skill: Implications 

for Anterior Cruciate Ligament Injury Prevention  

 

Consent Form 

 

I ___________________________ have read the information provided and any 

questions I have asked have been answered to my satisfaction.  I agree to participate in 

this activity, realising that I may withdraw at any time without reason and without 

prejudice. 

I understand that all information provided is treated as strictly confidential and will not 

be released by the investigator unless required to by law.   I have been advised as to 

what data is being collected, what the purpose is, and what will be done with the data 

upon completion of the research. 

I agree that research data gathered for the study may be published provided my name or 

other identifying information is not used. 

 

 

 

 

 

______________________                    __________________ 

Participant                                             Date 

 

The Human Research Ethics Committee at the University of Western Australia requires 

that all participants are informed that, if they have any complaint regarding the 

manner, in which a research project is conducted, it may be given to the researcher or, 

alternatively to the Secretary, Human Research Ethics Committee, Registrar’s Office, 

University of Western Australia, 35 Stirling Highway, Crawley, WA 6009 (telephone 

number 6488-3703). All study participants will be provided with a copy of the 

Information Sheet and Consent Form for their personal records. 
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Appendix D 

Definition of terms and abbreviations 

2D  two-dimensional 

3D   three-dimensional 

1DS   one-defender scenario 

2DS   two-defender scenario 

ACL   anterior cruciate ligament 

AP   arrow-planned 

AUNP   arrow-unplanned 

CM   centre of mass 

Crossover cut  A crossover cut to the right would require 

individuals to push-off the medial side of their 

right foot while moving their left leg across their 

bodies 

DCCR  directed co-contraction ratio 

ISS   Integrated Stereoscopic System 

Knee flexion moment   Moment which if applied with no resistance will 

  cause the knee to flex. Reported as external and 

  negative 

Knee valgus moment   Moment which if applied with no resistance will 

  move the knee into a „knocked knee‟ posture. 

  Reported as external  and positive 

Knee internal rotation moment Moment which if applied with no resistance will 

move the tibia to rotate medially relative to the 

femur posture. Reported as external and negative 

ME   Mobile Eye gaze tracker 

PC   pre-contact 

SS   Sidestepping. A sidestep to the left would require 

  an individual to push-off the lateral side of their 

  right foot  

UWA   The University of Western Australia 
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VPM   Visual-perceptual-motor. Visual-perceptual-motor 

  skills refer to the coupling between visual- 

  perceptual skill and motor skill 

WA  weight-acceptance 

 

 

 

 


