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Abstract 

Injuries during quick directional change (cutting) are common, particularly to the 

anterior cruciate ligament of the knee. Cutting is subsequently a focus in research 

and clinical practices. However, it is usually assessed in situations with low ecological 

validity. As a solution, virtual reality (VR) has been used to replicate sporting scenar-

ios. The current paper details the design, development, and piloting of a VR applica-

tion based on an unanticipated-cutting scenario using an avatar-opponent blocking 

manoeuvre. The VR environment is highly realistic, avatar approach is instigated by 

the movement of the headset user, and simple input alters the avatar’s movements 

and spatiotemporal demands of the cutting task. Piloting occurred in two stages: the 

first involved three participants and focused on initial system testing and parameter 

optimisation, the second focused on a pilot case study with a female participant of 

typical population. The case study evaluated the effects of using different visual cut-

ting cues on frontal plane knee kinematics and kinetics linked to injury risk. Twenty- 

five successful, unanticipated, 90⁰ cutting manoeuvres to the left were analysed in 

three conditions: 1) physical world with arrows, 2) VR environment emulation with 

VR arrows, 3) VR environment emulation with VR avatar opponent. Mean knee 

angle during the arrow conditions, both physical and VR, presented abduction angles 

(−8.82° ± 1.44; −2.66° ± 0.90), yet cutting around the avatar opponent presented knee 

adduction angles (9.78° ± 0.44). During the 50 ms prior to heel strike, pelvis veloc-

ity was lowest and cutting foot velocity highest in the avatar condition compared to 

arrow conditions. This indicated the VR environment acts as a suitable control and 

that cutting strategy was adapted approaching the avatar, displaying more caution 

on approach. The avatar-based application has the potential to improve the ecolog-

ical validity of cutting assessment and make a VR application more accessible to 

researchers and clinicians, with further development.
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1. Introduction

Quick directional change (cutting) is required in multidirectional sports and is asso-
ciated with injury [1]. These manoeuvres involve a sprint approach followed by a 
sudden deceleration, change-of-direction foot plant, and reacceleration in a new 
direction [2]. This allows an athlete to move around an opponent [3] and is vital for 
performance [4]. However, the spatiotemporal requirements of the task mean the 
pivot leg can be subjected to excessive mechanical overloading which can shatter 
overall tissue integrity [5]. As cutting is common in team sports, cutting injuries are 
prevalent, especially the rupture of ligaments in the knee (anterior cruciate ligament 
injury (ACLI)) [6,7] and ankle sprain (anterior talofibular ligament sprain) [8]. Conse-
quently, a lot of research in the analysis of biomechanics and athlete training focuses 
on cutting injury mechanics, screening tools, and return to sport (RTS) [4,9–15].

A limitation to cutting analysis is that assessment environments and tasks are not 
representative of real sports and may result in inauthentic movements [16]. In 2022, 
Di Paolo et al. [17] analysed cutting tasks in a laboratory compared to on-field agility 
exercises. The kinematics differed in each plane. Di Paolo et al. [17] suggested 
that testing players in an ecological environment, such as on-field, may improve 
ACLI- prevention programmes. However, there are limitations to both: laboratories 
and clinics are restrictive regarding space and struggle to emulate the nuances of a 
realistic cutting task [17], whereas on-field data collection equipment is considered 
insufficient primarily due to lack of accuracy and precision [18,19]. Inaccessibility to 
specific settings is also a limitation [20]. Therefore, to optimise internal and external 
validity, attempts must be made to improve the ecological validity of laboratory and 
clinical settings [21].

Virtual reality (VR) environments are formed of easily manipulated, dynamic 
three-dimensional (3D) stimuli [22], providing management over environmental 
visualisation in sporting contexts [23,24]. A review of research utilising VR tailored to 
athlete ACLI prevention and rehabilitation, with an overview on cutting, can be found 
in the work of Soltanabadi et al. [23]. VR has been applied in the analysis of cutting 
manoeuvres, both to replicate sporting environments and for the assessment of bio-
mechanical movement patterns [25–27]. There are three main contributing reasons for 
the increased use of VR in cutting analysis: 1) VR technology provides a completely 
standardised and controlled laboratory environment [23], 2) VR has the potential 
to improve functional assessment [28], and 3) VR externalises focus to the realistic 
scenario, away from the injured joint [29]. This forces the body to rely on automatic 
motor control and improves automating movement patterns for RTS [28]. In summary, 
VR provides both experimental control and high-fidelity performance measurements, 
along with the potential to improve RTS rehabilitation programmes [23].

This study explores the feasibility of a VR-based assessment tool for evaluating 
cutting movements to enhance the ecological validity of sidestepping cutting analy-
sis. The aim of this paper was to detail the design, development, and pilot of the VR 
application. The objectives were to: 1) identify the essential spatiotemporal demands 
of cutting tasks and how these can be manipulated, 2) create a VR environment and 
avatar with parameters that can be changed to alter those spatiotemporal demands, 

[Accessed: 1103/06/2025]. (DOI: https://doi.
org/10.5281/zenodo.15102390 [Accessed: 
1103/06/2025]). The values behind the means, 
standard deviations, and other measures 
reported, as well as the values used to build 
graphs, have been made available for download 
from the following Zenodo repository: https://
urldefense.com/v3/__https://zenodo.org/
records/15490615__;!!IhKztkE!fyRCnfFpZt-
GutyIRiR3nbL1hJkhrp0S1zZQYIzHAQEr-
5R2qnwMrfZp7tXUHfBOIwNuM_yE5eTt72ql-
267C00EQ$ [Accessed: 1103/06/2025]. (DOI: 
https://doi.org/10.5281/zenodo.15490614 
([Accessed: 1103/06/2025]).

Funding: HKMT: Liverpool John Moores 
University PhD funding. https://www.ljmu.ac.uk 
The funders had no role in study design, data 
collection and analysis, decision to publish, or 
preparation of the manuscript.

Competing interests: The authors have 
declared that no competing interests exist.

https://doi.org/10.5281/zenodo.15102390
https://doi.org/10.5281/zenodo.15102390
https://urldefense.com/v3/
https://urldefense.com/v3/
https://zenodo.org/records/15490615__;!!IhKztkE!fyRCnfFpZtGutyIRiR3nbL1hJkhrp0S1zZQYIzHAQEr5R2qnwMrfZp7tXUHfBOIwNuM_yE5eTt72ql267C00EQ$
https://zenodo.org/records/15490615__;!!IhKztkE!fyRCnfFpZtGutyIRiR3nbL1hJkhrp0S1zZQYIzHAQEr5R2qnwMrfZp7tXUHfBOIwNuM_yE5eTt72ql267C00EQ$
https://zenodo.org/records/15490615__;!!IhKztkE!fyRCnfFpZtGutyIRiR3nbL1hJkhrp0S1zZQYIzHAQEr5R2qnwMrfZp7tXUHfBOIwNuM_yE5eTt72ql267C00EQ$
https://zenodo.org/records/15490615__;!!IhKztkE!fyRCnfFpZtGutyIRiR3nbL1hJkhrp0S1zZQYIzHAQEr5R2qnwMrfZp7tXUHfBOIwNuM_yE5eTt72ql267C00EQ$
https://zenodo.org/records/15490615__;!!IhKztkE!fyRCnfFpZtGutyIRiR3nbL1hJkhrp0S1zZQYIzHAQEr5R2qnwMrfZp7tXUHfBOIwNuM_yE5eTt72ql267C00EQ$
https://doi.org/10.5281/zenodo.15490614
https://www.ljmu.ac.uk


PLOS One | https://doi.org/10.1371/journal.pone.0324941 June 24, 2025 3 / 23

3) optimise the system and determine the cutting parameters to remain constant throughout a study, 4) pilot the system 
and present the data on a single subject level.

The objective of the pilot case study was to identify the biomechanical fidelity of the VR environment and the effects 
of these cutting stimuli by analysing knee kinematics, kinetics, and personal perceptions of VR application fidelity. It 
was hypothesised that: 1) in the physical world and a realistic VR emulation of the physical world with arrows utilised 
as a directional cue, there would be no difference between conditions in knee abduction angles and moments, pelvis or 
foot velocity, or perceived realism, emotional responses, and perceptual-cognitive demands of the cutting task; 2) in the 
realistic VR emulation of the physical world with an avatar opponent utilised as a directional cue, as opposed to arrows, 
there would be an increase in knee abduction angles and moments, an increase pelvis and foot velocity, and an increase 
perceived realism, emotional responses, and perceptual-cognitive demands of the cutting task.

2. Theoretical underpinnings

2.1. Anterior cruciate ligament injuries

The ACL of the knee is essential for valgus and rotational stability, preventing the knee from translating and rotating 
excessively and keeping the femur in opposition with the tibia [30,31]. Non-contact ACLI are multifactorial in nature, with 
intrinsic risk factors, including biomechanical, neuromuscular, and genetic contributors, and extrinsic risk factors, such as 
environmental variables, types of sports (in particular football), playing techniques (predominantly regarding cutting, land-
ing and jumping), and training patterns [32–34]. Furthermore, it has been identified that females have a 2.2-fold higher 
incidence of ACLI [34].

Both physical and psychological implications on athletes and their performance can be extreme and long lasting, with a 
compromised capacity to return to sports and enhanced re-injury risks [35]. The long-term societal financial costs of ACL 
reconstruction (ACLR) may be as high as US$38,000 per individual [36].

The strategies for prevention are critical, as are methods to limit the severity of ACLI. Preventive strategies have 
included sport-specific prophylactic programmes, specialised strength and neuromuscular training (NMT), and bio-
mechanical and physical assessments to address injury-prone positions [31,34,37,38]. More recently, the potential of 
emerging technologies, such as VR, has come to light in enhancing research and injury-prevention strategies [39]. 
Particularly, one that allows for a personalised and multifaceted approach to prevention is essential for addressing the 
various risk factors [34].

2.2. Existing VR applications and novel features proposed

The potential of a VR application in the analysis of cutting manoeuvres has been well established [25,26,28,40], see S1 
Table. VR has been used to alter laboratory environments and cutting task presentation [25], with the capacity to mea-
sure training transfer to realistic sport performance [26]. When cutting to the directional cue of an arrow in environments 
true to real world, movements in VR are generally comparable to those outside of VR [40]; however, effects on kinetics 
are possibly subject specific [40]. Most recently, in a move towards integrating VR as a feasible rehabilitation tool, Van 
Wallendael et al. [28] presented at conference as being one of the first to use commercially available, immersive VR to 
cut in a realistic sporting scenario with an avatar. They investigated the value of non-immersive Extended Reality (XR) 
and immersive VR on movement during RTS assessment of male soccer players post-ACLR, compared to healthy 
control players. Van Wallendael et al. [28] concluded that VR has the potential for enhanced kinematic sensitivity in 
detecting movement deviations during RTS evaluations post-ACLR. The unique contribution of this recent work has been 
the realistic simulated interaction with the avatar: heading a ball kicked by a virtual teammate and cutting to perform a 
quick return pass. The overall trend has been to deliver increasingly realistic VR environments and increasingly interac-
tive sporting scenarios, allowing athletes to anticipate or react to representative environmental variables in true-to-life 
simulations.
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Despite the rapid progression in this field, there has yet to be a VR application designed for the assessment of cutting 
in sport that is quantifiably true to real-world environments, with scenarios dependent on athlete movement, and the ability 
to alter spatiotemporal demands of the cutting task. In a logical progression from the existing work, the current VR appli-
cation offers an environment with highly realistic visuals to within a 2 cm accuracy of the physical world, with the approach 
of the avatar instigated by the athlete’s movement in the virtual environment, and the ability for a ‘non-programmer’ to alter 
the demands of the task trial-to-trial by manipulating the avatar’s cutting parameters with simple input. Table 1 highlights 
how the current VR application is informed by and differs from applications previously developed. The examples are not 
exhaustive but are representative of the transition in research in this field.

3. Methods and materials

The step-by-step protocol for the current study can be accessed at protocol.io (see S2–S5 Protocols): https://www.proto-
cols.io/view/lab-protocol-for-a-realistic-virtual-reality-appli-q26g758wqlwz/v1 [Accessed: 11/06/2025].

(DOI: https://doi.org/10.17504/protocols.io.q26g758wqlwz/v1 [Accessed: 11/06/2025]).
The VR application has been made available for download from the following GitHub repository: https://github.com/

HannahKTang/VR-for-movement-assessment-in-sport.git [Accessed: 11/06/2025].
(DOI: https://doi.org/10.5281/zenodo.15102390 [Accessed: 11/06/2025]).

3.1. VR application design and development

3.1.1. Experimental set-up. The present study and VR environment were based on a typical laboratory-based cutting 
assessment. There were three experimental conditions, each having a different form of stimulus acting as a directional 
cue: 1) physical world with arrows; 2) VR emulation of the physical world with VR arrows, 3) VR emulation of the physical 
world with an avatar opponent (Table 2).

The VR environment was based on the laboratory in which cutting takes place. The direct replication of the arrow 
condition in the VR environment acted as a control. The environment was designed with a high level of face and construct 

Table 1. Features of VR applications designed to assess cutting manoeuvers.

Visual stimuli to  
trigger cutting to  
unanticipated  
direction

Fully  
immersive 
VR (use of 
headset)

Use of  
commercially 
available 
headset

Cutting around 
a 3D virtual 
avatar

Highly  
realistic 
virtual 
environment

Avatar movement 
instigated by  
headset user 
position

Alterable 
avatar cutting 
parameters

Cortes et al. [25] ✔
Kiefer et al. [26] ✔ ✔ ✔
Lei and Cheng. [40] ✔ ✔ ✔
Van Wallendael et al. [28] ✔ ✔ ✔ ✔
Current VR application ✔ ✔ ✔ ✔ ✔ ✔ ✔

https://doi.org/10.1371/journal.pone.0324941.t001

Table 2. Cutting scenarios.

Cutting scenarios Environment and task

Scenario 1 –
Non-VR Arrows

In the physical world, three stimuli were presented on a TV screen (110 cm): a cross sign for stop, a left arrow for 
cut left, or a right arrow for cut right.

Scenario 2 –
VR Arrows

In a VR emulation of the data collection area, three stimuli were presented on a direct VR replication of the 
physical TV screen: a cross sign for stop, a left arrow for cut left, or a right arrow for cut right.

Scenario 3 –
VR Avatar

In the same virtual emulation of the biomechanics laboratory, individuals reacted to the blocking manoeuvre of a 
VR avatar.

https://doi.org/10.1371/journal.pone.0324941.t002

https://www.protocols.io/view/lab-protocol-for-a-realistic-virtual-reality-appli-q26g758wqlwz/v1
https://www.protocols.io/view/lab-protocol-for-a-realistic-virtual-reality-appli-q26g758wqlwz/v1
https://doi.org/10.17504/protocols.io.q26g758wqlwz/v1
https://github.com/HannahKTang/VR-for-movement-assessment-in-sport.git
https://github.com/HannahKTang/VR-for-movement-assessment-in-sport.git
https://doi.org/10.5281/zenodo.15102390
https://doi.org/10.1371/journal.pone.0324941.t001
https://doi.org/10.1371/journal.pone.0324941.t002
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validity, in that it was designed to look and ‘feel’ real and an accurate representation of a cutting task [41]. However, a con-
trol condition is needed to determine if the simulation elicits realistic motor movements, or acts as a confounding variable 
[41]. Similar to the work of Lei and Cheng [40], the ‘VR Arrow’ condition determines the level of biomechanical fidelity of 
the VR environment [41]. It would also provide an environmentally identical setting to compare arrow to avatar stimuli. At 
this stage of application development, the VR application is only intended for use in the lab that is emulated, specifically to 
act as a control. In future work, other environments could be replicated using the same methods.

The physical set-up was directly emulated in the virtual environment (Fig 1). This consisted of a 3.3 m run-up between 
the starting position and the near edge of two 60 x 90 cm force plates. Moving through the second timing gate triggered 
visual stimuli, either in the physical environment (arrows on a TV screen) or virtual environment (virtual arrows on a virtual 
TV screen, or avatar opponent approach). The participants could either react to the visual stimuli by stopping or cutting. 
When cutting, the cutting leg was planted on the left force plate directly in front of the TV screen or avatar. The avatar 
opponent was positioned to run directly towards the centre of the left force plate, and the avatar opponent then conducted 
a 30˚ cut to the left or right to direct the movement of the athlete with a blocking manoeuvre. There was 1.33 m from 
viewing the stimuli to reacting on the force plate. There was 6 m in either direction for follow-through steps. There was no 
trigger to visualisation delay.

Fig 1. Experimental set-up in the physical environment and virtual environment.

https://doi.org/10.1371/journal.pone.0324941.g001

https://doi.org/10.1371/journal.pone.0324941.g001
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The VR environment was delivered on an HTC Vive Pro system using the wireless adapter (HTC Corporation, Taiwan). 
This delivered a fully-immersive VR environment allowing for free ambulatory movement. Six base stations (2.0) tracked 
movement of the headset and were positioned for optimal coverage as seen in Fig 1.

3.1.2. Features to alter cutting demands. Control over variables allows the systematic delivery of visual stimuli 
to standardise the sporting scenarios and maintains internal validity of study findings [22]. It also meets the demands 
of researchers and clinicians with variable goals. When determining which variables should be modifiable in the VR 
application, there are many components to be considered which impact the mechanical capacity required to change 
direction successfully. The primary spatiotemporal demands can be met by the athlete’s navigation of: a) the direction 
in which they must turn [42], b) velocity of approach [43], and c) the angle of the cut [44]; see Dos’ Santos et al. [45], 
and Dos’ Santos et al. [46] for comprehensive overview. Table 3 describes the VR application input parameters and the 
expected movement outcome of the athlete as a result.

The application was designed so that the user could change the avatar’s parameters (i.e., avatar speed, avatar direc-
tion). Prior to each trial, there is a simple selection or input for each variable; these remain constant if left unaltered. For 
example, the specific approach speed of the avatar could be set at the average speed of the athlete, as recommended by 
Kiefer et al. [26]. While there is not yet an autonomous system in place to match the avatar’s movements to those of the 
headset user, the set-up can allow for the control of variables on a trial-to-trial basis.

Further to this, just as the user can adjust the physical environment, they can also adjust the virtual environment, and 
therefore how the athlete interacts with these tasks and the space around them. For example, the cue could be presented 
earlier or later by repositioning the VR timing gates relative to the VR screen, thus allowing the athlete more or less time 
to react; the athlete’s trajectory can also be controlled by changing their start position and direction by orientating the VR 
environment when it is overlaid onto the physical laboratory during calibration.

3.1.3. VR development. A 3D model replicating the laboratory where the pilot experiments would be conducted was 
created to scale. This included experimental equipment such as base stations, tripods, and timing gates. An infrared 
LiDAR sensor (Velodyne Puck lite (Velodyne Lidar, CA, USA)) was employed to capture the dimensions of the physical 
environment with a degree of accuracy of 2 cm. To recreate the laboratory, images of a colour palette (8bits RGB) were 
taken alongside 360° images of the laboratory using a GoPro MAX camera (GoPro, CA, USA) as a reference during the 
development process. The objective was to recreate the environment with a simplified scaled 3D mesh, using the free and 

Table 3. Virtual manipulation of spatiotemporal demands of cutting task.

Spatiotemporal demand of 
cutting task on the athlete

Parameters altered by application input Expected movement outcome of athlete

Direction of cut: right/left •  Direction of the avatar cut: right/left The athlete cuts in the opposite direction to the avatar to 
evade the blocking move.

Approach velocity •  Position of timing gates: closer or further away 
from avatar. Movement through virtual timing gate 
triggers avatar approach.

•  Avatar running speed.

The athlete’s final approach velocity should increase when 
given a shorter distance or less time to react either due to:
1)  a change in the position of the timing gates closer to the 

avatar or,
2) an increase in avatar speed.

Angular degree of cut N.B. The input parameters for angle of cut were not 
manipulable by the end-user in the current application. 
A future application could incorporate the following 
features:
•  Degree of avatar’s cut
•  Start and end position of the avatar
•  Number of avatars
•  Position of teammates
•  Position of ball

Athlete changes angle of cut in response to play circum-
stances, including available space, the blocking position of 
opponent(s), movement of teammate(s), and the ball.

https://doi.org/10.1371/journal.pone.0324941.t003

https://doi.org/10.1371/journal.pone.0324941.t003
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open-source 3D computer graphics software tool Blender (Blender, Netherlands), while matching colours and textures to 
achieve a heightened sense of realism. Lighting was also taken into consideration during the 3D model creation process, 
and the resulting textures were baked to optimise the software performance when deployed in the Unity game engine, 
requiring less computing power as it achieves realism without the need for real-time lighting rendering. The virtual scene 
was then gamified using the game engine Unity (Unity Technologies, CA, USA).

3.1.4. VR avatar body and movement. In Unity game engine, avatar movements were rendered to allow the avatar 
to run towards the athlete and cut at 30° in a blocking manoeuvre. The avatar was positioned directly in front of the 
virtual TV screen, emulating a 1v1 scenario, common in training and RTS [47] and utilised by Cortes et al. [25] and Kiefer 
et al. [26]. To increase realism, the avatar swayed in their starting position until their movement was instigated. When 
the athlete moved through the second virtual timing gate, the avatar approached and conducted a 30˚ cut to direct the 
movement of the athlete with a blocking manoeuvre. A 30˚ cut is common in football [48] and ensured the avatar remained 
central in the field of view. The cut was identifiable but subtle enough to require continued attention and tax decision-
making processes. As a result of the realistic avatar locomotion, the athlete was then able to respond by cutting in the 
opposite direction to evade them.

Certain compromises were made regarding the ecological validity of the VR application. At this stage of application 
development, experimental rigour was prioritised by reducing confounding issues and improving internal validity. This 
was prioritised to validate the application to a certain technology readiness level. The goal of the foundational work was 
to establish what effects a transition from arrow to avatar creates in controlled conditions, identifying its potential as an 
application before more ecologically valid alterations can be incorporated.

Realistic representations of bodies are an ongoing limitation in this field [26]. The avatar was formed of plain white seg-
ments as if wearing a metallic suit. It is widely accepted that individuals will respond to an avatar in different ways depend-
ing on their own demographics and features of the avatar (e.g., gender, race) [49,50]. It was unknown which participants 
would take part in the pilot. To prevent participant bias, and the participant reacting differently to the avatar because of 
their characteristic, a generic avatar was selected. However, this could detract from the sense of realism. In future VR 
applications, it could be possible for the user of the VR application to select an avatar with features of choice regarding 
gender, race, and disability status, such as those produced by CreatorCustom [51].

Alongside the limitations regarding aesthetic representation of the avatar’s body, there were also limitations relating to 
avatar movement. The virtual opponent has a fixed movement pattern and does not replicate the reaction pattern of the 
headset user. Therefore, the avatar does not reflect the dynamic uncertainty of a game situation to the same extent as an 
opponent with variable movement patterns. This may reduce the ability to conduct a fully naturalistic cut. Future work may 
look at different methods of rendering the avatar’s movements to improve ecological validity and transference to the real 
world, as this is an ongoing issue in this research field [27]. The method of animation could also incorporate honest and 
deceptive signals used to predict the movement of the opponent [52], i.e., an avatar that is able to ‘fake’ a cut.

The speed of the avatar may not accurately match that of the athlete. The current application attempts to address this 
in two ways: 1) the ability to alter avatar speed to match the average speed of the athlete, and 2) the feature that ensures 
the avatar cut is instigated by the close approach of the athlete. However, the approach speed of the athlete may vary 
between trials and within different phases of the approach. Avatar speed was constant all the way to the point of intercep-
tion at the force platform area. For the case study participant, avatar speed was fixed at 2 m/s and they had approximately 
0.66 s to react to the visual stimuli (comparable to reaction times seen in previous work of 0.5 s [57] to 0.7 s [58]). Their 
average approach speed measured via timing gates at 2.29 m/s. However, for the last 50 ms prior to pivot foot contact, the 
athlete’s speed would have reduced significantly compared to the preceding seconds during approach. In initial pilot work, 
this has not impacted the ability to conduct a naturalistic cut around the avatar; however, in future work, the avatar could 
potentially mirror the velocity of the headset and, the VR avatar opponent could have a decreasing curvilinear speed pro-
file in the final approach steps. If the avatar were ‘yoked’ to the athlete as suggested by Kiefer et al. [26], this may remove 
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the benefit of standardised stimuli. However, for this potential, pre-recorded 3D motion capture data to animate the avatar 
was avoided [26]. As the avatar movements are currently systematic and are the same between each trial, the implica-
tions for any biomechanical results need to be considered when drawing conclusions.

3.1.5. Developed virtual environment. The physical environment and its emulation in the virtual environment, 
deployed in the Unity game engine, can be seen in Fig 2. Fig 3 shows the experimental parameters in the virtual world as 
seen on the Unity game engine in a view from above, with the TV screen and the addition of the avatar.

As a result of the design and development of the VR application, the following visual stimuli can be presented to an 
athlete indicating for them to perform a left cut (Fig 4). Only left cut data was processed in the current study.

3.1.6. User interface in Unity game engine. The VR application was in a development phase and alterations 
were consistently being made via the Unity game engine. Using the Unity Inspector, the VR application can be run by 
someone with no coding experience. However, further development would see the application shipped to a mobile device 
with a simpler user interface. See Fig 5 for image of the virtual scene displayed on the Unity game engine. To the left of 
the screen is the ‘Hierarchy’ that contains virtual objects to be selected as necessary. To the right of the screen is the 
‘Inspector’, presenting options for user input. The Inspector (see Fig 6 for enlarged image) offers a simple interface to 
input numerical values of avatar speed and gate position, and to select direction of cut. Gate position is also alterable via 
click-and-drag.

Fig 2. Replication of data collection laboratory (column A) as virtual reality environment (column B).

https://doi.org/10.1371/journal.pone.0324941.g002

https://doi.org/10.1371/journal.pone.0324941.g002
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3.2. Pilot methods

3.2.1. Participants. The VR application was piloted (Liverpool John Moores University Research Ethics Committee 
reference: 22/ENR/004). Four pilot participants provided written informed consent to take part in the study and to publish 
these case details, as outlined in the PLOS consent form. Piloting was conducted in accordance with the Declaration of 
Helsinki. The participants were medically screened, primarily ensuring no musculoskeletal complaints in 6 months, or 
issues with vision, or balance and neurological impairment.

In an ongoing process of system optimisation, the pilot process involved four participants, each attending the lab on 
separate occasions over the duration of one month. The piloting process involved two stages. The first stage involved 
three participants and focused on initial system testing and parameter optimisation. Designed with the intention of improv-
ing system development, this was then used after each session to improve the virtual scenarios. Having reached a func-
tional system, the second stage focused on one individual in a case study analysing data output on a single participant 
level (female, 31 years old, 1.73 m, 72.3 kg, cutting novice, no previous VR use). This involved a full set of kinematic and 
kinetic data.

3.2.2. Experimental protocol. A marker model was applied. This consisted of 43 reflective markers placed on the 
pelvis and legs, including segment-defining markers and four-marker clusters on rigid plates used for dynamic tracking 
of the thighs and shanks. Medial knee and ankle markers were removed for data collection to allow for unhindered 
movement (Fig 7).

A Qualisys 14 infra-red camera motion capture system (Qualisys, Sweden; model: Arqus A12) recording at a sam-
ple rate of 250 Hz was used to capture the position of a marker model set. One Kistler force plate of 60 x 90 cm (Kistler 
Group, Switzerland; model: 9287C) collected kinetic data at a sampling rate of 1500 Hz.

Fig 3. Experimental parameters in the virtual world as seen on the Unity game engine in a view from above, using arrows as visual stimuli 
and using avatar cutting scenario.

https://doi.org/10.1371/journal.pone.0324941.g003

https://doi.org/10.1371/journal.pone.0324941.g003
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Prior to each condition, the participant was provided with incremented familiarisation tasks repeated in four stages: 
1) walk forward and stop at presentation of stimulus; 2) jog forward and stop at presentation of stimulus; 3) walk entire 
manoeuvre; 4) jog entire manoeuvre. This was repeated for a stop sign, left cut and right cut. Familiarisation time was not 
capped.

After task familiarisation, the pilot participants involved in system optimisation conducted 15 successful left cuts under 
the three conditions (5 ‘Non-VR Arrow’, 5 ‘VR Arrow’, 5 ‘VR Avatar’), and the case study participant performed a total of 25 
successful left cuts under the three conditions (9 ‘Non-VR Arrow’, 9 ‘VR Arrow’, 7 ‘VR Avatar’). These were unanticipated, 
90° cutting manoeuvres to the left (with interspersed right cuts and stops – 3:1 ratio of left:right or stop). Only left cuts 
were processed. Approach speed was self-selected to impose minimal intervention on the cut and for ethical consider-
ations. The participant was told to ‘run as quickly as possible whilst still feeling safe’. They were also informed of the visual 
stimuli being presented and were actively told to ‘cut in the opposite direction to the avatar blocking manoeuvre’.

After the motion trials, the participant answered an eight-question questionnaire (Table 4). This determined any impacts 
of: dominant leg use, prior participation in biomechanical research or sport, prior VR use. The questionnaire also iden-
tified participant perspectives regarding whether the VR simulation captured fundamental features of the physical envi-
ronment and a real opponent cutting scenario, as well as the participant’s opinion on the VR application eliciting realistic 

Fig 4. Visual stimuli displayed to inform athlete to cut left: arrow in the physical environment (‘Non-VR Arrow’), arrow in the virtual environ-
ment (‘VR Arrow’), and avatar in the virtual environment conducting blocking manoeuvre (‘VR Avatar’).

https://doi.org/10.1371/journal.pone.0324941.g004

https://doi.org/10.1371/journal.pone.0324941.g004


PLOS One | https://doi.org/10.1371/journal.pone.0324941 June 24, 2025 11 / 23

Fig 5. Image of game engine scene.

https://doi.org/10.1371/journal.pone.0324941.g005

Fig 6. Inspector presenting options for user input for ‘VR Arrows’ and ‘VR Avatar’.

https://doi.org/10.1371/journal.pone.0324941.g006

https://doi.org/10.1371/journal.pone.0324941.g005
https://doi.org/10.1371/journal.pone.0324941.g006
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behaviours [41]. The questions posed to the participants directly related to measurements of presence and task engage-
ment to determine, within each condition, the level of: 1) physical fidelity – realism provided by the VR application, 2) 
emotional fidelity – emotional response to the stimuli, and 3) perceived psychological fidelity – replication of perceptual- 
cognitive demands of the cutting task [41].

3.2.3. Data processing. Initial system testing and parameter optimisation: The initial stages of testing relied on a 
Likert-scale-based ‘System Usability Scale’ (S6 Table) and questionnaire (Table 4) specifically designed to gain personal 

Fig 7. Marker model from front during static trials and dynamic trials with medial knee and ankle markers removed.

https://doi.org/10.1371/journal.pone.0324941.g007

Table 4. Eight-question questionnaire.

1. Which is your dominant leg?

2. Have you participated in a study that has measured quick directional change (cutting) trials before?

3. Have you ever competed in a sport (at any level) where you would do a movement like this? If yes, which and at what level?

4. How many hours would you normally spend using a VR headset in any given week?

5. Did you feel like the virtual environment (virtual lab room) was similar and different from the real environment? If yes, how?

6. Do you feel like you moved differently in the virtual environment compared to the real environment? If yes, how?

7. Did you feel like there was a difference between how the arrows directed your movement compared to the avatar? If yes, how?

8. Is there anything else you feel would improve the VR experience either as a user, or for sports, or for rehabilitation?

https://doi.org/10.1371/journal.pone.0324941.t004

https://doi.org/10.1371/journal.pone.0324941.g007
https://doi.org/10.1371/journal.pone.0324941.t004
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feedback and input from the first three participants and aid discussion of system issues. It was not delivered to compare 
qualitative input between participants or substantiate the case study pilot, which was stand-alone. Throughout the session, 
the researcher also created notes on user and system-related events. After each piloting session, these were used to 
enhance the functionality and usability of the system. It also determined the optimal parameters for a naturalistic cut that 
would remain constant for systematic delivery of the task from trial-to-trial. This was finalised prior to the attendance of the 
next participant. See Fig 8 for image of participant cutting in and out of VR.

Pilot case study: Spatiotemporal measures, kinematics and kinetics: Markers were labelled, raw data was gap 
filled, and files were exported in.c3d format to a skeletal modelling software Visual3D (C-Motion, ON, Canada). The raw 
kinematic data was filtered at 20 Hz; kinetic data was then match filtered [53]. The relevant skeleton segments of the pel-
vis and right leg were modelled. For comparison to data collected in existing studies, all knee moments were normalised 
by the product of the participant’s mass (72.3 kg) and height (1.73 m). Gait events were applied, specifying ground contact 
by identifying the ‘right heel strike’ when the heel makes contact with the ground and the ‘right toe off’ when the foot no 
longer makes contact with the ground. Model-based data was computed for joint angles and internal net moments of the 
knee. Centre of gravity velocities were calculated for the pelvis and right foot. Velocity was calculated from 50 ms prior to 
Initial Contact (IC) (i.e., 50 ms prior to 10 N detected by the force plate) to the instant of IC.

Questionnaire: The volume of questionnaire data was not comparable to that of a study requiring in-depth qualitative 
analysis. All responses were presented in the results section in the same form as they were collected.

3.2.4. Data analysis. Pilot case study: Spatiotemporal measures, kinematics and kinetics: Mean knee frontal 
plane angle and moment values across trials for each of the three visual conditions were all normalised to the stance 
phase (heel strike to toe off) of the cutting step. The mean average curve was determined and plotted, with corresponding 
standard deviation (SD). Adduction was reported as positive.

Fig 8. Participant cutting without a headset (row A) and with a headset (row B).

https://doi.org/10.1371/journal.pone.0324941.g008

https://doi.org/10.1371/journal.pone.0324941.g008
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Mean curve and SD were also plotted for centre of gravity (COG) velocity component in the forward direction of move-
ment leading into the turn for: 1) the pelvis, as an indicator of centre of mass (COM) velocity of the whole body, and 2) 
right foot (cutting foot).

To accurately describe the severity of the turning angle, the angle of cut for each condition was calculated as the max-
imum angular change between the vector of the pelvis COM at approach and exit of the cut stride [54]; i.e., between the 
swing phase of the pivot leg entering and exiting the cut. Angle of cut was tabulated for each condition.

As the current work is an initial case study of one participant, a mean curve was plotted and SD acted as an indicator of 
variability in the participant’s performance. Using SD as a quantification of signal from noise allowed relative comparison 
between conditions, i.e., no overlap of SD being an indicator of real difference between conditions. Further to this, a table 
presented values for each outcome variable (kinematics and kinetics during the stance phase and velocities in the 50 ms 
prior to IC). The table reported mean average value, SD, and 95% confidence interval (CI), alongside the mean of the 
peak values (reported as maximum absolute values with corresponding SD). A further table presents the mean angle of 
cut for each condition.

4. Results

4.1. System optimisation results

Issues presented during system optimisation are listed in S7 Table. These included any topics brought up in discussion or 
noted as user- and system-related events, issues raised in the questionnaire, or items listed as 2 or below in the System 
Usability Scale. For an overview of action taken for system optimisation, see S7 Table.

4.2. Case study results

4.2.1. Spatiotemporal measures. Pelvis velocity: Regarding pelvis velocity (Fig 9), there was substantial overlap 
in SD between the ‘Non-VR Arrow’ and ‘VR Arrow’ condition. The mean pelvis COG velocity in the 50 ms prior to IC was 
greatest in the ‘VR Arrow’ condition (2.5 m/s ± 0.2), followed by the ‘Non-VR Arrow’ condition (2.3 m/s ± 0.1). There was no 
overlap in SD with the Pelvis COG in the ‘VR Avatar’ condition, which was markedly lower (2.0 m/s ± 0.1). The spread in 
the pelvis velocity was similar in each condition.

Right foot velocity: Mean right foot COG velocity in the 50 ms prior to IC (Fig 9) was greatest in the ‘VR Avatar’ 
condition (2.9 m/s ± 0.7), with a lot of overlap in SD with the ‘Non-VR Arrows’ condition (2.0 m/s ± 0.8). The right foot COG 
velocity was particularly lower in the ‘VR Arrows’ condition (2.0 m/s ± 0.1), as was the spread of data in this condition.

Peak and mean values for all graphed data can be seen in Table 5
Angle of cut: See Table 6 for angle of cuts. Angles of cuts for all trials averaged at 69.6° with a variation of 12.4° 

between the mean values for each condition. The average cut for the ‘Non-VR Arrows’ and ‘VR Avatar’ condition 
only differed by 1.1°. The ‘VR Arrows’ condition presented a much lower angle of cut and the greatest variation 
61.7 ± 6.4.

4.2.2. Kinematics. Distinct difference in mean knee angle existed between each condition (Fig 9). The mean knee 
angle in the ‘Non-VR Arrow’ and ‘VR Arrow’ conditions presented abduction values (−8.8° ± 1.4 [CI: −9.5–8.2]; −2.7° ± 0.9 
[−3.2–2.2], respectively). However, the mean knee angle during the ‘VR Avatar’ condition presented adduction values 
(9.8° ± 0.4 [9.2 10.4]), with lower variability between trials. Only the ‘VR Avatar’ condition had the average curve clearly 
in the positive adduction region. For the VR conditions, mid-stance (often associated with the point of turning) indicated 
slight adduction, as suggested by visual inspection of the plots.

4.2.3. Kinetics. There was overlap in SD between each condition for mean knee moment (Fig 9). However, this 
overlap was greater between the VR conditions. The mean knee moment during the ‘VR Arrow’ condition and the 
‘VR Avatar’ condition presented abduction values (−0.3 N/kg ± 0.2 [−0.3–0.2]; −0.4 N/kg ± 0.4 [−0.5–0.3] respectively). 
Conversely, the mean knee moment in the ‘Non-VR Arrow’ condition presented adduction values (0.2 N/kg ± 0.1 [0.2 0.2]). 
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The VR conditions had greater variability between trials, with the greatest variability in the ‘VR Avatar’ condition. The VR 
conditions displayed a higher and earlier peak at IC, highest and earliest in the ‘VR Avatar’ condition, as identified on 
visual inspection of the plot.

4.2.4. Questionnaire. The questionnaire responses from the case study participant are presented in Table 7 in the 
same form as they were collected. These indicated the participant’s perception on the VR environment’s: 1) physical 
fidelity, e.g., ‘lab looked similar’, 2) emotional fidelity, e.g., ‘I was more cautious’, and 3) perceived psychological fidelity, 
e.g., ‘difficult to evaluate the direction [the avatar opponent] would turn’.

Fig 9. Pelvis and right foot centre of gravity forward velocity component 50 ms prior to Initial Contact (0 = Initial Contact) (A); knee abduction- 
adduction angle (B); knee abduction-adduction moment (C).

https://doi.org/10.1371/journal.pone.0324941.g009

https://doi.org/10.1371/journal.pone.0324941.g009
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5. Discussion

This design and development study utilised a VR application to assess cutting movements in environments either with 
or without an avatar opponent cutting scenario. To the authors’ knowledge, this is the first VR application dedicated to 
this purpose with a highly realistic VR environment, VR scenarios instigated by athlete movement, and spatiotempo-
ral demands of the cutting task that can be manipulated by altering avatar movements. Arguably, in these preliminary 

Table 5. Kinematic, kinetic and spatiotemporal measures.

Condition Peak ±SD Mean ±SD

1 Knee Angles (°) (Abduction (-), Adduction (+))

 Non-VR Arrow 13.6 2.4 −8.8 1.4

 VR Arrow 6.5 1.4 −2.7 0.9

 VR Avatar 15.7 1.8 9.8 0.4

2 Knee Moment (N/kg) (Abduction (-), Adduction (+))

 Non-VR Arrow 0.5 0.1 0.2 0.1

 VR Arrow 0.9 0.4 −0.3 0.2

 VR Avatar 1.1 0.5 −0.4 0.4

Velocity (m/s) of segment centre of gravity in the 50 ms prior to heel strike

3 Pelvis

 Non-VR Arrow 2.3 0.1

 VR Arrow 2.5 0.2

 VR Avatar 2.0 0.1

4 Right foot

 Non-VR Arrow 2.6 0.8

 VR Arrow 2.0 0.1

 VR Avatar 2.9 0.7

https://doi.org/10.1371/journal.pone.0324941.t005

Table 6. Mean angle of cut entering and exiting cut step.

Condition Angle (°)

Mean ±SD

Non-VR Arrow 73.0 3.5

VR Arrow 61.7 6.4

VR Avatar 74.1 4.3

https://doi.org/10.1371/journal.pone.0324941.t006

Table 7. Questionnaire data.

Did you feel like the virtual environment (virtual lab room) was similar and different from the real environment? If yes, how?
The overall lab looked similar (shapes, layout) but differences existed in location of certain objects.
There was a ‘zoom-in’ sensation when approaching the avatar.

Do you feel like you moved differently in the virtual environment compared to the real environment? If yes, how?
I was more cautious in VR. I stopped at any sound and sooner after cutting.

Did you feel like there was a difference between how the arrows directed your movement compared to the avatar? If yes, how?
Arrows were easy to process. The avatar was more difficult to process as it seemed to be running in a straight line at the beginning and was difficult to 
evaluate the direction it would turn, but it was also closer to a real situation.
The zoom-in effect made it more difficult.

Is there anything else you feel would improve the VR experience either as a user, or for sports, or for rehabilitation?
If copying the real world, the objects will always have to be in the same position as the real world.
I don’t know how an injured patient would respond to the environment.

https://doi.org/10.1371/journal.pone.0324941.t007

https://doi.org/10.1371/journal.pone.0324941.t005
https://doi.org/10.1371/journal.pone.0324941.t006
https://doi.org/10.1371/journal.pone.0324941.t007


PLOS One | https://doi.org/10.1371/journal.pone.0324941 June 24, 2025 17 / 23

findings, the data indicated a strong level of conditions effect based on differences identified in knee kinematics and kinet-
ics during ground contact, as well as approach velocities averaged over the 50 ms leading into IC.

As hypothesised, there was a similarity between conditions using directional arrows, both physical and VR, regard-
ing knee kinematics and pelvis centre of gravity velocity. The mean knee angle in the ‘Non-VR Arrow’ and ‘VR Arrow’ 
control conditions presented abduction values and the ‘VR Avatar’ condition adduction values, suggesting the realistic 
VR emulation of the physical world does not act as a confounding variable. The VR-emulated environment may there-
fore prove sufficient as a control. The similarity of movement in the arrow conditions, Non-VR and VR, also implies 
suitable motor learning could occur in the VR environment and successful transfer of skill training may be possible 
[41,55].

Contrary to the hypotheses, when cutting around the VR avatar opponent, compared to when cutting around Non-VR 
and VR directional arrows, there were distinctly greater knee adduction angles. Knee adduction angles may not be 
associated with ACLI risk [56]. However, this is comparable to a study by Schroeder et al. [57] where cutting around a live 
human opponent, as opposed to an arrow, also resulted in greater knee adduction in male participants. This suggests 
that moving around an avatar opponent imposes the same spatiotemporal demands as cutting around a live opponent. 
Furthermore, in the current study, there was also a distinctly slower mean pelvis COG velocity when cutting around the 
avatar opponent (0.5 m/s slower than ‘VR Arrows’), but a slightly greater right foot velocity when entering the cutting step 
(0.9 m/s faster than ‘VR Arrows’). Participants were able to maintain the angle of cut in each condition, and this would not 
account for the results. This suggests that the introduction of the VR avatar opponent slowed the participant’s approach 
and altered knee frontal kinematics and spatiotemporal measures. Within the scope of this study data, attributing a cause 
may be premature.

Speculative interpretation of the findings indicates that when faced with unanticipated cutting scenarios, the participant 
adopted a different and more cautious movement strategy. The participant adapted with an increasingly cautious approach 
when processing more complex information, as seen with the approach to the avatar opponent. Based on the feedback 
from the participant (‘The avatar was more difficult to process’, ‘closer to a real situation’), it is possible that, even with 
familiarisation in each condition, the interaction with the avatar opponent introduced a more unpredictable scenario with 
realistic and complex decision-making processes and responses. This may have caused a reduction in approach velocity 
to gain processing time. As found by Cortes et al. [25], by increasing the number of choices during the unanticipated con-
dition, participants had to slow down to closely observe the screen to properly react and execute the correct task. It is also 
in keeping with the more recent work of Lee et al. [58], who identified that perception of game-realistic visual information, 
i.e., using defender scenarios instead of arrows, contributed to a safer neuromuscular strategy. One could suggest that 
there is a sliding scale of progressively increasing realism: 1) anticipated cutting of a known cut direction, 2) unanticipated 
cutting with directional arrows, and 3) an avatar opponent adding a new element of unanticipated and ‘unpredictable’ cut-
ting. The closer the avatar emulates human movement, the more unpredictable.

To further support the argument of avatar unpredictability, adapting a cutting strategy when approaching the avatar 
opponent, to interpret and react to its change in movement, may have reduced awareness of the precise timing of foot-
ground impact. Supporting the hypotheses, the velocity of the stepping foot was greatest when moving into the pivot to 
avoid the avatar opponent. This indicates that collision at ground contact may have occurred prior than expected. As with 
adapting to the first step of a new running surface [59], this dual-task nature of processing avatar-opponent interaction 
and coordinating movement may have implications for cutting leg stiffness. Stiffness levels may have been less prepared 
on ground contact than would normally be seen during more predictable cutting scenarios around arrows, i.e., navigating 
around the avatar prevented optimal stiffness [60]. The participant appeared to be caught unaware when approaching the 
avatar opponent. Familiarisation to the avatar contained more impact-hop pivot steps. During data collection, the par-
ticipant would look at the avatar opponent repeatedly and for longer, and there appeared to be greater variability in the 
ground reaction force vector during weight acceptance. The culmination of these factors potentially increases the risk of 
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injury from either impact loading or excessive motion. In this way, the VR avatar opponent may better capture the com-
plexity of ecologically representative cutting tasks.

With regards to moment values, the introduction of the VR headset alone may have acted as a confounding variable. 
Although each condition displayed similar knee moment patterns, wearing the headset caused greater mean abduction 
moments, with earlier initial adduction peaks, potentially indicating more rapid and greater loading, and subsequently, an 
increased injury risk [61]. As identified by Lei and Cheng [40], more investigation is required to determine if the VR head-
set and/or system has a confounding effect on knee moment for specific individuals.

6. Limits of the current VR application and future directions

The current study presented case study piloting data and as such is not intended to be generalisable to greater popula-
tions. This limited the data that could be investigated and statistical analyses that could be conducted. A further proof-of-
concept study with a greater number of participants could better determine if this application has the potential to improve 
authenticity of decision-making and movement. Furthermore, non-contact ACLI occurs during complex multi-planar move-
ments [5,62]. Future work could also analyse movement about the transverse and sagittal plane. To better understand the 
forces on the knee during cutting, a biomechanical model of the knee can be applied, leading to dynamic adjustments of 
cutting strategies and landing techniques to reduce the risk of ACLI [63].

Realistic representation of the application user’s body is an ongoing limitation [40]. Virtual body segments of the athlete 
were not present in the virtual environment. Consequently, the athlete would not see their body when in VR. This could be 
added at a later stage.

Regarding study design, familiarisation was not capped for safety reasons. The participant may have been more familiar 
with one condition than another. However, familiarisation was incremented for each condition and this ensured a baseline 
understanding of each condition. Additionally, data from a single participant is used for the demonstration of the VR appli-
cation using a relevant set of conditions to compare real-world (arrows on a screen) against a VR environment that mimics 
that real-world environment (as a control), and then a more realistic avatar in the VR environment. Future work could add a 
new dimension to this work by addressing the realism of the cutting response when compared to game situations.

A primary limitation is that approach speed was not controlled, as was the case in similar studies [25,26,40]. Allowing 
self-selected approach speed provided an understanding of the effects of visual cues on speed as an outcome measure; 
it also enhanced ecological validity. In practice, self-selected speed could provide information as to cutting strategy [64] 
and determine changes in performance [16]. Fundamentally, with the exploratory nature of the work and the potential 
safety considerations regarding confined areas and restricted vision, it would have been unethical to impose a minimum 
approach speed. Unlike the participants of Kiefer et al. [26], there was consistent motivation and a minimum speed was 
not required. However, variable approach speed within and between conditions does make the results susceptible to 
participant learning and fatigue effects. Fundamentally, results could be attributed to speed variation, which is the primary 
confounding variable of the study.

The pilot identified that the VR environment and headset introduced certain confounding variables, potentially affect-
ing kinetic measurements in particular. As identified by the participant, ‘differences existed in location of certain objects. If 
copying the real world, the objects will always have to be in the same position as the real world.’ Additionally, ‘there was a 
‘zoom-in’ sensation when approaching the avatar’. There was not a close proximity to objects, however, the potential for 
collision may always elevate anxiety. This is particularly the case when running at speed in a virtual environment with a 
potentially reduced visualisation and image quality under motion Zhao et al. [65] and reduced ability to investigate sounds, as 
commented on by the participant, ‘I was more cautious in VR. I stopped at any sound and sooner after cutting’. Furthermore, 
the headset measured at approximately 1 kg in total, including adapter and wires. This has been seen to cause some dis-
comfort during dynamic actions, although it did not seem to cause dizziness as seen in similar studies using the same brand 
of headset [40]. This validates the need for the arrow control to ensure the headset is not affecting outcome measures.
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The use of force plates in a future proof-of-concept work would not be recommended due to time constraints, force 
plate targeting effects, and due to the confounding impact of headset use on the kinetic results.

7. Conclusions

The current study presented the first known realistic VR application that is easy to implement for the analysis of quick 
directional change in sport. The novel features are a highly realistic VR environment, VR scenarios instigated by ath-
lete movement, and spatiotemporal demands of the cutting task that can be easily altered by manipulating an opponent 
avatar. These preliminary results suggest that the VR-emulated environment may prove sufficient as a control and that 
moving around an avatar opponent did alter approach strategy. It did question the confounding impact of headset use, 
particularly on kinetics. However, this was a proof-of-concept piloting case study of one participant, whose performance 
solely acted as an indicator of variability between conditions. Future research could contain a larger sample size to detect 
statistical effects of differences for more definitive conclusions. This would also allow for the further assessment of issues 
raised, such as the ‘zoom in’ effect described by the participant. The VR application also has the potential to be shipped to 
a mobile device at a later stage of application development. With the realistic environment, and the avatar-based cutting 
scenario, this application has the potential to improve the ecological validity of cutting assessment and makes a VR appli-
cation more accessible to researchers and clinicians.

Supporting information

S1 Table.  Existing VR applications to assess cutting. 
(PDF)

S2 Protocol.  Lab protocol 1. 
(PDF)

S3 Protocol.  Lab protocol 2. 
(PDF)

S4 Protocol.  Lab protocol 3. 
(PDF)

S5 Protocol.  Lab protocol 4. 
(PDF)

S6 Table.  System usability scale. 
(PDF)

S7 Table.  Issues raised and solutions taken during system optimisation. 
(PDF)

Acknowledgments

The researchers would like to thank Muhammad Ateeq for his contribution in acquiring project funding and initial project 
management.

Author contributions

Conceptualization: Hannah K. M. Tang, Mark J. Lake, Frederic A. Bezombes.

Data curation: Hannah K. M. Tang.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324941.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324941.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324941.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324941.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324941.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324941.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0324941.s007


PLOS One | https://doi.org/10.1371/journal.pone.0324941 June 24, 2025 20 / 23

Formal analysis: Hannah K. M. Tang.

Funding acquisition: Hannah K. M. Tang, Mark J. Lake, Frederic A. Bezombes.

Investigation: Hannah K. M. Tang.

Methodology: Hannah K. M. Tang, Mark J. Lake, Frederic A. Bezombes.

Project administration: Mark J. Lake, Frederic A. Bezombes.

Resources: Mark J. Lake, Frederic A. Bezombes.

Software: Hannah K. M. Tang, Frederic A. Bezombes.

Supervision: Mark J. Lake, Frederic A. Bezombes.

Validation: Hannah K. M. Tang, Frederic A. Bezombes.

Visualization: Hannah K. M. Tang, Frederic A. Bezombes.

Writing – original draft: Hannah K. M. Tang, Mark J. Lake, Frederic A. Bezombes.

Writing – review & editing: Hannah K. M. Tang, Mark J. Lake, Richard J. Foster, Frederic A. Bezombes.

References
 1. Chia L, De Oliveira Silva D, Whalan M, McKay MJ, Sullivan J, Fuller CW, et al. Non-contact Anterior Cruciate Ligament Injury Epidemiol-

ogy in Team-Ball Sports: A Systematic Review with Meta-analysis by Sex, Age, Sport, Participation Level, and Exposure Type. Sports Med. 
2022;52(10):2447–67. https://doi.org/10.1007/s40279-022-01697-w PMID: 35622227

 2. McBurnie AJ, Dos’Santos T. Multidirectional Speed in Youth Soccer Players: Theoretical Underpinnings. Strength Condition J. 2022;44(1):15–33. 
https://doi.org/10.1519/ssc.0000000000000658

 3. Dos’Santos T, McBurnie A, Thomas C, Jones PA, Harper D. Attacking Agility Actions: Match Play Contextual Applications With Coaching and Tech-
nique Guidelines. Strength Condition J. 2022;44(5):102–18. https://doi.org/10.1519/ssc.0000000000000697

 4. Fox AS. Change-of-Direction Biomechanics: Is What’s Best for Anterior Cruciate Ligament Injury Prevention Also Best for Performance? Sports 
Med. 2018;48(8):1799–807. https://doi.org/10.1007/s40279-018-0931-3 PMID: 29721837

 5. Cassiolas G, Di Paolo S, Marchiori G, Grassi A, Della Villa F, Bragonzoni L, et al. Knee Joint Contact Forces during High-Risk Dynamic Tasks: 90° 
Change of Direction and Deceleration Movements. Bioengineering (Basel). 2023;10(2):179. https://doi.org/10.3390/bioengineering10020179 PMID: 
36829673

 6. Boey D, Lee M. The Association Between Functional Movement Screen Scores and Knee Valgus Moments During Unplanned Sidestep Cutting in 
Netball. Int J Sports Phys Ther. 2023;18(1):113–21. https://doi.org/10.26603/001c.57678 PMID: 36793577

 7. Mohammadi Orangi B, Dehghani M, Jones PA. Manipulation of task constraints is the most effective motor learning method for reducing risk fac-
tors for ACL injury during side-step cutting in both male and female athletes. Res Sports Med. 2024;32(4):631–47. https://doi.org/10.1080/1543862
7.2023.2209248 PMID: 37158705

 8. Bagehorn T, Bill K, Mai P, Krosshaug T, Kersting UG. A biomechanical report of an acute lateral ankle sprain during a handball-specific cutting 
movement. Sports Biomech. 2024:1–17. https://doi.org/10.1080/14763141.2024.2319134 PMID: 38451183

 9. Bonnette S, Riley MA, Riehm C, DiCesare CA, Christy M, Wilson J, et al. Differences in Lower Extremity Coordination Patterns as a Function of 
Sports Specialization. J Mot Behav. 2023;55(3):245–55. https://doi.org/10.1080/00222895.2023.2166453 PMID: 36642425

 10. Needham C, Herrington L. Cutting Movement Assessment Scores during Anticipated and Unanticipated 90-Degree Sidestep Cutting Manoeuvres 
within Female Professional Footballers. Sports (Basel). 2022;10(9):128. https://doi.org/10.3390/sports10090128 PMID: 36136383

 11. Butler LS, Martinez AR, Sugimoto D, Wyatt CW, Milian EK, Ulman S, et al. Reliability of the Expanded Cutting Alignment Scoring Tool 
(E-CAST) to Assess Trunk and Limb Alignment During a 45-Degree Side-Step Cut. Int J Sports Phys Ther. 2022;17(3):456–65. https://doi.
org/10.26603/001c.33045 PMID: 35391867

 12. Shi H, Ren S, Huang H, Liu H, Liang Z, Yu Y, et al. Bilateral Alterations in Isokinetic Strength and Knee Biomechanics During Side-Cutting 
1 Year After Unilateral ACL Reconstruction. Am J Sports Med. 2022;50(11):2961–71. https://doi.org/10.1177/03635465221112940 PMID: 
35914270

 13. Pollard CD, Norcross MF, Johnson ST, Stone AE, Chang E, Hoffman MA. A biomechanical comparison of dominant and non-dominant limbs during 
a side-step cutting task. Sports Biomech. 2020;19(2):271–9. https://doi.org/10.1080/14763141.2018.1461236 PMID: 29671697

 14. Dos’Santos T, Thomas C, Comfort P, Jones PA. Biomechanical Effects of a 6-Week Change-of-Direction Technique Modification Intervention 
on Anterior Cruciate Ligament Injury Risk. J Strength Cond Res. 2021;35(8):2133–44. https://doi.org/10.1519/JSC.0000000000004075 PMID: 
34127609

https://doi.org/10.1007/s40279-022-01697-w
http://www.ncbi.nlm.nih.gov/pubmed/35622227
https://doi.org/10.1519/ssc.0000000000000658
https://doi.org/10.1519/ssc.0000000000000697
https://doi.org/10.1007/s40279-018-0931-3
http://www.ncbi.nlm.nih.gov/pubmed/29721837
https://doi.org/10.3390/bioengineering10020179
http://www.ncbi.nlm.nih.gov/pubmed/36829673
https://doi.org/10.26603/001c.57678
http://www.ncbi.nlm.nih.gov/pubmed/36793577
https://doi.org/10.1080/15438627.2023.2209248
https://doi.org/10.1080/15438627.2023.2209248
http://www.ncbi.nlm.nih.gov/pubmed/37158705
https://doi.org/10.1080/14763141.2024.2319134
http://www.ncbi.nlm.nih.gov/pubmed/38451183
https://doi.org/10.1080/00222895.2023.2166453
http://www.ncbi.nlm.nih.gov/pubmed/36642425
https://doi.org/10.3390/sports10090128
http://www.ncbi.nlm.nih.gov/pubmed/36136383
https://doi.org/10.26603/001c.33045
https://doi.org/10.26603/001c.33045
http://www.ncbi.nlm.nih.gov/pubmed/35391867
https://doi.org/10.1177/03635465221112940
http://www.ncbi.nlm.nih.gov/pubmed/35914270
https://doi.org/10.1080/14763141.2018.1461236
http://www.ncbi.nlm.nih.gov/pubmed/29671697
https://doi.org/10.1519/JSC.0000000000004075
http://www.ncbi.nlm.nih.gov/pubmed/34127609


PLOS One | https://doi.org/10.1371/journal.pone.0324941 June 24, 2025 21 / 23

 15. Zebis MK, Aagaard P, Andersen LL, Hölmich P, Clausen MB, Brandt M, et al. First‐time anterior cruciate ligament injury in adolescent female elite 
athletes: a prospective cohort study to identify modifiable risk factors. Knee Surg Sports Traumatol Arthrosc. 2022;30(4):1341–51. https://doi.
org/10.1007/s00167-021-06595-8

 16. Marques JB, Paul DJ, Graham-Smith P, Read PJ. Change of Direction Assessment Following Anterior Cruciate Ligament Reconstruction: A Review 
of Current Practice and Considerations to Enhance Practical Application. Sports Med. 2020;50(1):55–72. https://doi.org/10.1007/s40279-019-
01189-4 PMID: 31531768

 17. Di Paolo S, Nijmeijer E, Bragonzoni L, Dingshoff E, Gokeler A, Benjaminse A. Comparing lab and field agility kinematics in young talented female 
football players: Implications for ACL injury prevention. Eur J Sport Sci. 2023;23(5):859–68. https://doi.org/10.1080/17461391.2022.2064771 PMID: 
35400311

 18. Spörri J, Schiefermüller C, Müller E. Collecting Kinematic Data on a Ski Track with Optoelectronic Stereophotogrammetry: A Methodological 
Study Assessing the Feasibility of Bringing the Biomechanics Lab to the Field. PLoS One. 2016;11(8):e0161757. https://doi.org/10.1371/journal.
pone.0161757 PMID: 27560498

 19. Seiberl W, Jensen E, Merker J, Leitel M, Schwirtz A. Accuracy and precision of loadsol® insole force-sensors for the quantification of ground reac-
tion force-based biomechanical running parameters. Eur J Sport Sci. 2018;18(8):1100–9. https://doi.org/10.1080/17461391.2018.1477993 PMID: 
29842825

 20. Riendeau C, Parent-Houle V, Lebel-Gabriel ME, Gauvin P, Liu LY, Pearson I, et al. An investigation of how university sports team athletic therapists 
and physical therapists experience ethical issues. J Orthop Sports Phys Ther. 2015;45(3):198–206. https://doi.org/10.2519/jospt.2015.5390 PMID: 
25627154

 21. Kothgassner OD, Felnhofer A. Does virtual reality help to cut the Gordian knot between ecological validity and experimental control? Ann Int Com-
mun Assoc. 2020;44(3):210–8. https://doi.org/10.1080/23808985.2020.1792790

 22. Rizzo A “Skip”, Kim GJ. A SWOT Analysis of the Field of Virtual Reality Rehabilitation and Therapy. Presence Tele Virtual Environ. 2005;14(2):119–
46. https://doi.org/10.1162/1054746053967094

 23. Soltanabadi S, Minoonejad H, Bayattork M, Seyedahmadi M. Effect of Virtual Reality and Augmented Reality Training for Injury Prevention and 
Accelerating Rehabilitation of Anterior Cruciate Ligament Injury in Athletes: A Scoping Review. Asian J Sports Med. 2023;14(4). https://doi.
org/10.5812/asjsm-139704

 24. Bonnette S, Anand M, Barber K, DiCesare C, Diekfuss J, Grooms D, et al. The future of ACL prevention and rehabilitation: Integrating technology 
to optimize personalized medicine. Aspetar Sports Med J. 2020;9:72–7.

 25. Cortes N, Blount E, Ringleb S, Onate JA. Soccer-specific video simulation for improving movement assessment. Sports Biomech. 2011;10(1):22–
34. https://doi.org/10.1080/14763141.2010.547591 PMID: 21560749

 26. Kiefer AW, DiCesare C, Bonnette S, Kitchen K, Gadd B, Thomas S, et al. Sport-specific virtual reality to identify profiles of anterior cruciate liga-
ment injury risk during unanticipated cutting. In: 2017 International Conference on Virtual Rehabilitation (ICVR). IEEE; 2017. p. 1–8.

 27. Grooms DR, Kiefer AW, Riley MA, Ellis JD, Thomas S, Kitchen K, et al. Brain-Behavior Mechanisms for the Transfer of Neuromuscular Training 
Adaptions to Simulated Sport: Initial Findings From the Train the Brain Project. J Sport Rehabil. 2018;27(5):1–5. https://doi.org/10.1123/jsr.2017-
0241 PMID: 29584523

 28. Van Wallendael G, Artois J, Mareen H, Capelleman R, Schuermans J, Wezenbeek E, et al., editors. Extended Reality & Virtual Reality for Return-
to-Sports Screening. 2024 IEEE Gaming, Entertainment, and Media Conference (GEM). IEEE: 2024.

 29. Mills K, Idris A, Pham T-A, Porte J, Wiggins M, Kavakli M. Validity and Reliability of a Virtual Reality Game in Evaluating the Projected Frontal 
Plane Knee Angle When Landing From a Drop Vertical Jump. J Sport Rehabil. 2018;27(4):10.1123/jsr.2017-0264. https://doi.org/10.1123/jsr.2017-
0264 PMID: 29252092

 30. Fuss FK. Principles and mechanisms of automatic rotation during terminal extension in the human knee joint. J Anat. 1992;180(Pt 2):297–304. 
PMID: 1506284

 31. Stojanovic MD, Ostojic SM. Preventing ACL injuries in team-sport athletes: a systematic review of training interventions. Res Sports Med. 
2012;20(3–4):223–38. https://doi.org/10.1080/15438627.2012.680988 PMID: 22742077

 32. Smith HC, Vacek P, Johnson RJ, Slauterbeck JR, Hashemi J, Shultz S, et al. Risk factors for anterior cruciate ligament injury: a review of 
the literature - part 1: neuromuscular and anatomic risk. Sports Health. 2012;4(1):69–78. https://doi.org/10.1177/1941738111428281 PMID: 
23016072

 33. Pfeifer CE, Beattie PF, Sacko RS, Hand A. Risk factors associated with non-contact anterior cruciate ligament injury: a systematic review. Int J 
Sports Phys Ther. 2018;13(4):575–87. https://doi.org/10.26603/ijspt20180575

 34. Viswanathan VK, Vaishya R, Iyengar KP, Jain VK, Vaish A. Strategies for preventing anterior cruciate ligament injuries in athletes: Insights from a 
scoping review. J Orthop. 2025;67:101–10. https://doi.org/10.1016/j.jor.2025.01.001 PMID: 39911228

 35. Christino MA, Fantry AJ, Vopat BG. Psychological Aspects of Recovery Following Anterior Cruciate Ligament Reconstruction. J Am Acad Orthop 
Surg. 2015;23(8):501–9. https://doi.org/10.5435/JAAOS-D-14-00173 PMID: 26209145

 36. Padua DA, DiStefano LJ, Hewett TE, Garrett WE, Marshall SW, Golden GM, et al. National Athletic Trainers’ Association Position State-
ment: Prevention of Anterior Cruciate Ligament Injury. J Athl Train. 2018;53(1):5–19. https://doi.org/10.4085/1062-6050-99-16 PMID: 
29314903

https://doi.org/10.1007/s00167-021-06595-8
https://doi.org/10.1007/s00167-021-06595-8
https://doi.org/10.1007/s40279-019-01189-4
https://doi.org/10.1007/s40279-019-01189-4
http://www.ncbi.nlm.nih.gov/pubmed/31531768
https://doi.org/10.1080/17461391.2022.2064771
http://www.ncbi.nlm.nih.gov/pubmed/35400311
https://doi.org/10.1371/journal.pone.0161757
https://doi.org/10.1371/journal.pone.0161757
http://www.ncbi.nlm.nih.gov/pubmed/27560498
https://doi.org/10.1080/17461391.2018.1477993
http://www.ncbi.nlm.nih.gov/pubmed/29842825
https://doi.org/10.2519/jospt.2015.5390
http://www.ncbi.nlm.nih.gov/pubmed/25627154
https://doi.org/10.1080/23808985.2020.1792790
https://doi.org/10.1162/1054746053967094
https://doi.org/10.5812/asjsm-139704
https://doi.org/10.5812/asjsm-139704
https://doi.org/10.1080/14763141.2010.547591
http://www.ncbi.nlm.nih.gov/pubmed/21560749
https://doi.org/10.1123/jsr.2017-0241
https://doi.org/10.1123/jsr.2017-0241
http://www.ncbi.nlm.nih.gov/pubmed/29584523
https://doi.org/10.1123/jsr.2017-0264
https://doi.org/10.1123/jsr.2017-0264
http://www.ncbi.nlm.nih.gov/pubmed/29252092
http://www.ncbi.nlm.nih.gov/pubmed/1506284
https://doi.org/10.1080/15438627.2012.680988
http://www.ncbi.nlm.nih.gov/pubmed/22742077
https://doi.org/10.1177/1941738111428281
http://www.ncbi.nlm.nih.gov/pubmed/23016072
https://doi.org/10.26603/ijspt20180575
https://doi.org/10.1016/j.jor.2025.01.001
http://www.ncbi.nlm.nih.gov/pubmed/39911228
https://doi.org/10.5435/JAAOS-D-14-00173
http://www.ncbi.nlm.nih.gov/pubmed/26209145
https://doi.org/10.4085/1062-6050-99-16
http://www.ncbi.nlm.nih.gov/pubmed/29314903


PLOS One | https://doi.org/10.1371/journal.pone.0324941 June 24, 2025 22 / 23

 37. Hsu J, Ling DI, Schneider BL, Boyle C, Janosky J, Pearle AD, et al. Independent data collectors decrease bias in the measurement of adher-
ence to anterior cruciate ligament injury prevention programs. J ISAKOS. 2024;9(3):309–13. https://doi.org/10.1016/j.jisako.2024.02.004 PMID: 
38395311

 38. Bien DP. Rationale and implementation of anterior cruciate ligament injury prevention warm-up programs in female athletes. J Strength Cond Res. 
2011;25(1):271–85. https://doi.org/10.1519/JSC.0b013e3181fb4a5a PMID: 21116195

 39. Martín Pérez SE, Pérez Canosa C, Pérez Aguiar I, Medina Rodríguez AM, Martín Pérez IM. Effectiveness of Virtual Reality Exposure Therapy for 
Postoperative Rehabilitation Following Cruciate Ligament Reconstruction: A Systematic Review and Meta-Analysis. Osteology. 2025;5(1):8. https://
doi.org/10.3390/osteology5010008

 40. Lei MK, Cheng KB. Biomechanical fidelity of athletic training using virtual reality head-mounted display: the case of preplanned and unplanned 
sidestepping. Sports Biomech. 2022:1–22. https://doi.org/10.1080/14763141.2022.2146528 PMID: 36412262

 41. Harris DJ, Bird JM, Smart PA, Wilson MR, Vine SJ. A Framework for the Testing and Validation of Simulated Environments in Experimentation and 
Training. Front Psychol. 2020;11:605. https://doi.org/10.3389/fpsyg.2020.00605 PMID: 32296379

 42. Karcher C, Buchheit M. On-court demands of elite handball, with special reference to playing positions. Sports Med. 2014;44(6):797–814. https://
doi.org/10.1007/s40279-014-0164-z PMID: 24682948

 43. Nimphius S, Callaghan SJ, Bezodis NE, Lockie RG. Change of Direction and Agility Tests: Challenging Our Current Measures of Performance. 
Strength Conditio J. 2018;40(1):26–38. https://doi.org/10.1519/ssc.0000000000000309

 44. Schreurs MJ, Benjaminse A, Lemmink KAPM. Sharper angle, higher risk? The effect of cutting angle on knee mechanics in invasion sport athletes. 
J Biomech. 2017;63:144–50. https://doi.org/10.1016/j.jbiomech.2017.08.019 PMID: 28886868

 45. Dos’Santos T, Thomas C, Comfort P, Jones PA. The Effect of Angle and Velocity on Change of Direction Biomechanics: An Angle-Velocity Trade-
Off. Sports Med. 2018;48(10):2235–53. https://doi.org/10.1007/s40279-018-0968-3 PMID: 30094799

 46. Dos’Santos T, Thomas C, McBurnie A, Comfort P, Jones PA. Biomechanical Determinants of Performance and Injury Risk During Cutting: A 
Performance- Injury Conflict? Sports Med. 2021;51(9):1983–98. https://doi.org/10.1007/s40279-021-01448-3 PMID: 33811615

 47. Armitage M, McErlain-Naylor SA, Devereux G, Beato M, Iga J, McRobert A, et al. On-field rehabilitation in football: current practice and percep-
tions. A survey of the English Premier League and Football League. Sci Med Footb. 2025;9(2):130–9. https://doi.org/10.1080/24733938.2024.2313
529 PMID: 38456365

 48. Bloomfield J, Polman R, O’Donoghue P. Physical Demands of Different Positions in FA Premier League Soccer. J Sports Sci Med. 2007;6(1):63–
70. PMID: 24149226

 49. Reichenberger J, Pfaller M, Forster D, Gerczuk J, Shiban Y, Mühlberger A. Men Scare Me More: Gender Differences in Social Fear Conditioning in 
Virtual Reality. Front Psychol. 2019;10:1617. https://doi.org/10.3389/fpsyg.2019.01617 PMID: 31417443

 50. van der Veen SM, Bordeleau M, Pidcoe PE, France CR, Thomas JS. Agreement Analysis between Vive and Vicon Systems to Monitor Lumbar 
Postural Changes. Sensors (Basel). 2019;19(17):3632. https://doi.org/10.3390/s19173632 PMID: 31438520

 51. Niehaus KH, Fiebrink R. Making Up 3D Bodies: Artistic and Serendipitous Modeling of Digital Human Figures. Proc ACM Comput Graph Interact 
Tech. 2021;4(2):1–9. https://doi.org/10.1145/3468779

 52. Brault S, Bideau B, Kulpa R, Craig CM. Detecting deception in movement: the case of the side-step in rugby. PLoS One. 2012;7(6):e37494. https://
doi.org/10.1371/journal.pone.0037494 PMID: 22701569

 53. Mai P, Willwacher S. Effects of low-pass filter combinations on lower extremity joint moments in distance running. J Biomech. 2019;95:109311. 
https://doi.org/10.1016/j.jbiomech.2019.08.005 PMID: 31451201

 54. Kristianslund E, Faul O, Bahr R, Myklebust G, Krosshaug T. Sidestep cutting technique and knee abduction loading: implications for ACL preven-
tion exercises. Br J Sports Med. 2014;48(9):779–83. https://doi.org/10.1136/bjsports-2012-091370 PMID: 23258848

 55. Miles HC, Pop SR, Watt SJ, Lawrence GP, John NW. A review of virtual environments for training in ball sports. Comput Graphics. 2012;36(6):714–
26. https://doi.org/10.1016/j.cag.2012.04.007

 56. Donelon TA, Dos’ Santos T, Pitchers G, Brown M, Jones PA. Biomechanical determinants of knee joint loads associated with increased anterior 
cruciate ligament loading during cutting: a systematic review and technical framework. Sports Medicine Open. 2020;6:1–21. https://doi.org/10.1186/
s40798-020-00276-5

 57. Schroeder LE, Peel SA, Leverenz BH, Weinhandl JT. Type of unanticipated stimulus affects lower extremity kinematics and kinetics during side-
stepping. J Sports Sci. 2021;39(6):618–28. https://doi.org/10.1080/02640414.2020.1837481 PMID: 33161872

 58. Lee MJC, Lloyd DG, Lay BS, Bourke PD, Alderson JA. Different visual stimuli affect body reorientation strategies during sidestepping. Scand J Med 
Sci Sports. 2017;27(5):492–500. https://doi.org/10.1111/sms.12668 PMID: 26926713

 59. Ferris DP, Liang K, Farley CT. Runners adjust leg stiffness for their first step on a new running surface. J Biomech. 1999;32(8):787–94. https://doi.
org/10.1016/s0021-9290(99)00078-0 PMID: 10433420

 60. Brazier J, Bishop C, Simons C, Antrobus M, Read PJ, Turner AN. Lower extremity stiffness: Effects on performance and injury and implications for 
training. Strength Condition J. 2014;36(5):103–12. https://doi.org/10.1519/SSC.0000000000000094

 61. Sigurðsson HB, Karlsson J, Snyder-Mackler L, Briem K. Kinematics observed during ACL injury are associated with large early peak knee abduc-
tion moments during a change of direction task in healthy adolescents. J Orthop Res. 2021;39(10):2281–90. https://doi.org/10.1002/jor.24942 
PMID: 33280158

https://doi.org/10.1016/j.jisako.2024.02.004
http://www.ncbi.nlm.nih.gov/pubmed/38395311
https://doi.org/10.1519/JSC.0b013e3181fb4a5a
http://www.ncbi.nlm.nih.gov/pubmed/21116195
https://doi.org/10.3390/osteology5010008
https://doi.org/10.3390/osteology5010008
https://doi.org/10.1080/14763141.2022.2146528
http://www.ncbi.nlm.nih.gov/pubmed/36412262
https://doi.org/10.3389/fpsyg.2020.00605
http://www.ncbi.nlm.nih.gov/pubmed/32296379
https://doi.org/10.1007/s40279-014-0164-z
https://doi.org/10.1007/s40279-014-0164-z
http://www.ncbi.nlm.nih.gov/pubmed/24682948
https://doi.org/10.1519/ssc.0000000000000309
https://doi.org/10.1016/j.jbiomech.2017.08.019
http://www.ncbi.nlm.nih.gov/pubmed/28886868
https://doi.org/10.1007/s40279-018-0968-3
http://www.ncbi.nlm.nih.gov/pubmed/30094799
https://doi.org/10.1007/s40279-021-01448-3
http://www.ncbi.nlm.nih.gov/pubmed/33811615
https://doi.org/10.1080/24733938.2024.2313529
https://doi.org/10.1080/24733938.2024.2313529
http://www.ncbi.nlm.nih.gov/pubmed/38456365
http://www.ncbi.nlm.nih.gov/pubmed/24149226
https://doi.org/10.3389/fpsyg.2019.01617
http://www.ncbi.nlm.nih.gov/pubmed/31417443
https://doi.org/10.3390/s19173632
http://www.ncbi.nlm.nih.gov/pubmed/31438520
https://doi.org/10.1145/3468779
https://doi.org/10.1371/journal.pone.0037494
https://doi.org/10.1371/journal.pone.0037494
http://www.ncbi.nlm.nih.gov/pubmed/22701569
https://doi.org/10.1016/j.jbiomech.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31451201
https://doi.org/10.1136/bjsports-2012-091370
http://www.ncbi.nlm.nih.gov/pubmed/23258848
https://doi.org/10.1016/j.cag.2012.04.007
https://doi.org/10.1186/s40798-020-00276-5
https://doi.org/10.1186/s40798-020-00276-5
https://doi.org/10.1080/02640414.2020.1837481
http://www.ncbi.nlm.nih.gov/pubmed/33161872
https://doi.org/10.1111/sms.12668
http://www.ncbi.nlm.nih.gov/pubmed/26926713
https://doi.org/10.1016/s0021-9290(99)00078-0
https://doi.org/10.1016/s0021-9290(99)00078-0
http://www.ncbi.nlm.nih.gov/pubmed/10433420
https://doi.org/10.1519/SSC.0000000000000094
https://doi.org/10.1002/jor.24942
http://www.ncbi.nlm.nih.gov/pubmed/33280158


PLOS One | https://doi.org/10.1371/journal.pone.0324941 June 24, 2025 23 / 23

 62. Boden BP, Sheehan FT. Mechanism of non-contact ACL injury: OREF Clinical Research Award 2021. J Orthop Res. 2022;40(3):531–40. https://doi.
org/10.1002/jor.25257 PMID: 34951064

 63. Xu D, Zhou H, Quan W, Ma X, Chon T-E, Fernandez J, et al. New Insights Optimize Landing Strategies to Reduce Lower Limb Injury Risk. Cyborg 
Bionic Syst. 2024;5:0126. https://doi.org/10.34133/cbsystems.0126 PMID: 38778877

 64. Rayner R, Young WB, Talpey SW. The agility demands of Australian football: a notational analysis. Int J Perform Analy Sport. 2022;22(4):621–37. 
https://doi.org/10.1080/24748668.2022.2106112

 65. Zhao C, Kim AS, Beams R, Badano A. Spatiotemporal image quality of virtual reality head mounted displays. Sci Rep. 2022;12(1):20235. https://
doi.org/10.1038/s41598-022-24345-9 PMID: 36424434

https://doi.org/10.1002/jor.25257
https://doi.org/10.1002/jor.25257
http://www.ncbi.nlm.nih.gov/pubmed/34951064
https://doi.org/10.34133/cbsystems.0126
http://www.ncbi.nlm.nih.gov/pubmed/38778877
https://doi.org/10.1080/24748668.2022.2106112
https://doi.org/10.1038/s41598-022-24345-9
https://doi.org/10.1038/s41598-022-24345-9
http://www.ncbi.nlm.nih.gov/pubmed/36424434

