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Abstract—Anterior cruciate ligament (ACL) injuries are com-
mon in sports such as soccer, often requiring extensive rehabilita-
tion post-surgery. Return-to-sport (RTS) rehabilitation protocols
typically involve clinical and kinematic evaluations to ensure
safety. This study investigates the added value of non-immersive
(Extended Reality XR) and immersive (Virtual Reality VR) on
movement quality during RTS assessment of male soccer players
post ACL reconstruction, compared to healthy control players.
Our XR tests were performed using a projection on a big
screen on 11 male soccer players with a soccer-related ACL
tear. Additionally, our VR tests were performed using a Head
Mounted Display (HMD) on 31 male soccer players, including
14 with ACL reconstruction and 17 healthy control players. We
performed clinical tests and kinematic analyses with statistical
comparisons between testing conditions. The utilization of XR
seems to elicit the mechanism associated with ACL rupture
more significantly, suggesting its potential value in incorporating
XR into RTS screening and rehabilitation protocols. Analysis
of the VR-results revealed greater knee flexion and valgus range
compared to non-VR, demonstrating VR’s potential for enhanced
kinematic sensitivity. As such, VR-based kinematic analysis may
improve sensitivity in detecting movement deviations during RTS
evaluations post-ACLR. Further research is needed across diverse
athletic populations. In conclusion, this study highlights the
potential for both XR and VR applications in identifying ACLR-
related deficits, and motivates their integration with conventional
clinical RTS screening batteries.

Index Terms—Extended reality, virtual reality, return to sport
screening, clinical study

I. INTRODUCTION

The anterior cruciate ligament (ACL) is a knee ligament
crucial for stability. It often suffers non-contact injuries during
pivoting, cutting, or landing, especially in sports like soc-
cer and basketball. ACL injuries lead to prolonged absence
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from sports, substantial healthcare costs, and potential knee
osteoarthritis.

Currently, ACL reconstruction (ACLR) is the standard treat-
ment. However, more than 50% of athletes fail to return to
pre-injury levels [1], indicating a rehabilitation gap. We list
several shortcomings. First, rehabilitation programs focus on
movement quality but lack in automating movement patterns
critical for sports [2]. Second, current functional return-to-
sports (RTS) screening tests that are part of a more comprehen-
sive protocol assessing patient reported outcomes (e.g., IKDC
questionnaire) and knee function (e.g., swelling, strength) do
not adequately simulate sports situations, limiting their effec-
tiveness. For example, since landing after a jump is a common
situational pattern for ACL injury in soccer, a frequently
used and accepted RTS screening test to evaluate movement
quality is the drop vertical jump (DVJ) test [3]. During this
test, patients are instructed to jump from a box, land, and
immediately perform a maximum vertical jump. Since this
standard protocol does not oblige athletes to anticipate or
react to environmental variables, they mainly focus on their
knee joint (internal focus) during the movement, which is not
representative for when they return to sports [4].

This paper investigates whether non-immersive (Extended
Reality XR) and immersive (Virtual Reality VR) can provide
a solution to these shortcomings [5]. By making a game, a
lifelike sport specific experience has been created, namely
an exercise game (exergame) [6]-[8]. In such exergames, the
patient’s attention is directed to the environment instead of
the injured knee, forcing the body to rely on automatic motor
control to maintain joint-to-joint integrity. Consequently, VR
related rehabilitation seems more suited to sufficiently address
the automation of the movement pattern, and hereby inducing
less prefrontal brain activity and more sensory-motor integra-
tion.

For the work in this paper, we designed an exergame frame-
work providing soccer scenarios to perform RTS Screening.
We evaluated this in both a non-immersive (XR) setting using
projection on a big screen, and an immersive (VR) setting
using a Head Mounted Display (HMD). The implemented RTS
screening mimics the procedures as described in the work of



Gokeler et al. [9], Paterno et. al. [10], and Della Villa et.
al. [11].

This paper is organised as follows. First, Section II discusses
related work. Then, the proposed framework is described in
Section III. Afterwards, the results are discussed in Section IV.
Finally, the paper is concluded in Section V.

II. STATE OF THE ART

Since the start of the mainstream VR technology wave,
research saw potential in analyzing sports performance using
virtual reality [12]. This technology has the benefit of bringing
the athletes’ test experience closer to real scenarios while still
allowing for precise control over the experiment’s parameters
and a controlled environment suitable for measuring perfor-
mance. An overview offering the different uses of XR and
VR for musculoskeletal rehabilitation and injury prevention
can be found in the work of Schuermans et. al. [13]. The
work of Punt et. al. investigates the non-immersive use case by
assessing the efficacy of Wii Fit exercise therapy on temporal-
spatial and kinematic gait parameters in individuals with ankle
sprains. [14].

Initial research has been performed in validating the use
of sport-specific VR technology as a tool to assess injury
risk during simulated real-world athletic performance [15].
Using a restricted sample size, these findings suggest notable
enhancements in ACL injury risk factors after six weeks
of focused injury prevention training, observed during the
execution of a sport-specific unanticipated cutting task in VR.

Other work investigated that after undergoing ACLR, pa-
tients immersed in a VR environment exhibited knee joint
biomechanics similar to those of the control group. These
findings suggest that a lifelike VR setting could divert patients
post-ACLR from conscious motor control [16]. The work of
DiCesare et al. compared a standard DVJ test to a VR guided
DVIJ performed as part of a simulated corner-kick [4]. In
contrast to the standard DVJ, the VR-guided test provoked
an aberrant landing pattern, which was associated with a
higher force impact on the ACL and subsequently, a higher
risk of ACL-injury [4]. In conclusion, the biomechanical risk
profile for (re)injury was more provoked during VR screening,
probably due to the external focus of attention through immer-
sion. All things considered, although still in its infancy, VR
seems to be promising for both rehabilitation and screening
purposes compared to conventional rehabilitation and clinical
assessment procedures.

III. PROPOSED FRAMEWORK

The goal of the proposed study is to let participants perform
(1) cutting maneuvers, and (2) vertical jumping or heading
maneuvers. We aim to investigate whether we can observe dif-
ferences between the reference clinical (non-XR and non-VR)
conditions compared to the proposed VR and XR conditions.

A. Reference Clinical Trials

In the non-XR and non-VR settings, participants were
simply instructed to perform cutting and jumping maneuvers

without any visual sport-specific context. During these trials,
participants start at a certain starting position in the back of
the room, approximately four meters from the point where
a cutting or jumping maneuver takes place. They are then
prompted by a start signal and run to the front of the
room. After one second, one of three Lummic reaction lights
illuminates, which indicates the maneuver that needs to be
performed. That is, the light on the left or the right indicates
a left or right cutting maneuver, respectively. The light in the
middle represents a vertical jump. As such, we are able to
study the participant’s performance in the maneuvers.

B. Proposed XR & VR Trials

In both the XR and VR setting, participants are presented
with a simulated soccer scene. This scene was modelled and
animated within the Unity game engine. Players from the same
team are blue and players from the opposite team are red.

1) Vertical Jump: For the scenario to trigger a vertical jump
or heading, the player starts facing the corner flag where
a teammate is ready to take the corner kick. After a few
seconds, the referee’s whistle blows, and the teammate kicks
the ball towards the region above the user’s head. Fig. la
and Fig. 2a give an example on how the users perform a
vertical jump when the ball is on its way towards the region
above their heads. In order to make the exercise less repetitive,
we implemented several variations. There are three possible
behaviors for the non-playable characters (NPCs) receiving
the corner kick: following the ball, waiting at the edge of the
penalty area, or jumping with the ball. Additionally, for this
scenario, we implemented five variations involving the starting
positions of the player and the side from which the ball is
kicked. As such, the user may be more motivated to perform
a vertical jump exercise.

2) Cutting Maneuver: To trigger the cutting maneuver, a
passer and an interception is simulated.

In the passer scenario (used in both XR and VR scenario),
the user is part of the attack. The ball starts at the user’s
feet and is automatically passed straight to a teammate. The
teammate, with an opponent on their back, passes the ball
back to the user. By ensuring that the pass is hard enough, the
user must move explosively to reach the ball. To add realism
and dynamism, the defender slides towards the blue player,
prompting the user to anticipate the quick return pass.

For the interception maneuver (only used in the VR sce-
nario), the user begins facing an opponent who is dribbling
towards them with the ball at their feet. After a few seconds,
the opponent passes to a teammate, and the user must move
out to intercept the ball. This scenario is suitable because it
immediately immerses the user in the action, clearly showing
the opponents attacking and the user’s need to prevent it.

In both cutting scenarios, the ball can be played to the left
or right, and the user does not know beforehand. Therefore,
they must make a sudden and powerful movement. Fig. 1b
and Fig. 2b depict the cutting maneuver at the moment the
ball is played for the XR and VR case, respectively. In these



figures, the user must respond by moving to the left and right,
respectively.

C. Experimental Setup

1) Non-immersive (XR) Conditions: In the XR setting, the
vertical jumping task involved the participant’s response to
a virtually simulated corner-kick situation, aiming to head
the ball towards the goal. A cutting maneuver is executed in
response to a ball passed by a team player, directed randomly
and explosively to either the participant’s left or right side.
These two maneuvers in the XR environment are shown in
Fig. 1a and Fig. 1b, respectively.

The visualizations were displayed on a 7m x 4m projection
screen originating from a 12.000 lumen 4K projector. The
projection took place at the Arts and Sound Interaction Lab
(ASIL) located in ‘De Krook’, Ghent, which is a research
facility affiliated with Ghent University. This is a 10m x 10m
room and spans the height of two floors (6m). Participants
were located between seven and three meters in front of the
screen and the camera perspective, focal length and lens shift
were modified to match the perspective of the participant from
a fixed four meter distance from the screen.

2) Immersive (VR) Conditions: In the VR setting, partici-
pants wore an HMD showing various soccer match scenarios.
As such, the participants were required to react with vertical
jumps (in corner situations) or cutting maneuvers. These two
maneuvers in the VR environment are shown in Fig. 2a and
Fig. 2b, respectively.

For the type of headset, we opted for a Meta Quest 2
because it provided the lowest weight on the participant’s head.
Combined with the untethered setup, this device provided
enough freedom and flexibility to perform the tests.

IV. EXPERIMENTAL RESULTS
A. Overall Test Setup

Motion capture data from each trial were saved and pro-
cessed using Qualisys Track Management (QTM) post hoc
analysis. The analysis focused on the push-off moment. For
the cutting trials, this was from the leg of interest contacting
the floor to the other leg’s contact. For jumping maneuvers, it
focused on the initial ground contact to full extension of both
knee joints. Subsequently, the data were exported to Visual3D
in C3D format, for participant model creation and calculation
of segment and joint angles during cutting and jumping.

Three-dimensional (3D) kinematics of the lower limbs and
trunk were measured and analyzed during cutting and jumping
maneuvers using QTM for optical motion tracking, in all
settings. To capture trunk and lower limb motion, participants
were fitted with 44 infrared reflective markers on specific
anatomical structures (anatomical markers) and lower limb
segments (tracking markers) to collect kinematic data and
generate a 3D model for subsequent analysis (see Fig. 3). A
setup of 14 infrared cameras captured participants’ movement
quality during VR and non-VR guided cutting and header
maneuvers.

Initially, a static measurement was taken with participants
in the anatomical position. Subsequently, four functional mea-
surements were taken, two for each knee (flexion-extension)
and hip (flexion-extension, abduction-adduction, circumduc-
tion). These functional trials were essential for constructing
a 3D model for each participant, enabling quantification of
kinematic curves during cutting and header trials. Participants
were randomly assigned to either start with the VR or control
(non-VR) condition. Before kinematic measurements began,
eight markers were removed, and two inertial measurement
units (IMUs) were affixed to both feet to define contact phases
for kinematic analysis.

The relevant measurements we made were knee flexion,
knee valgus, and knee internal rotation. Knee flexion refers to
the bending of the knee joint, typically measured in degrees,
indicating the angle between the thigh and the lower leg. Knee
valgus describes the inward angling of the knee towards the
midline of the body, often observed during activities such
as squatting or jumping. Knee internal rotation refers to the
rotational movement of the tibia (shinbone) in relation to
the femur (thighbone) within the knee joint. It involves the
inward twisting or rotation of the lower leg bone around its
longitudinal axis.

B. XR Results

In the XR study, 11 male soccer athletes were enlisted, with
mean * standard deviation values for age of 24.3 + 3.6 years,
a height of 180.6 £ 5.6 cm, weight of 77.4 + 5.8 kg; 6.7 +
2.7 hours engaging in sports per week, and 14 + 4 months
duration of RTS. These individuals had experienced an ACL
tear associated with soccer within the preceding three years
and had completely resumed sports activities at the time of
assessment. The effect of condition (clinical non-XR and non-
VR compared to the VR and XR conditions) on the lower
limb kinematics during cutting and header maneuvers was
investigated with linear mixed models. Analyses were executed
with participants as a random factor and conditions as fixed
predictors. Post hoc analyses were performed with Bonferroni
corrections. The effect of possible covariates was investigated
(age, sex, BMI, and sports level) but did not have an effect and
are therefore not included as covariates in the analyses. The
residuals of the linear mixed model were checked for normal
distribution and homoscedasticity. The level of significance
was set at (a = 0.05).

Table I presents the XR (vs. non-XR) Visual 3D (V3D)!
measurements, for the involved leg of all participants. This
table displays group averages and standard deviations (SD) per
variable, with statistically significant differences (p < 0.050)
between the two conditions highlighted in bold.

As can be observed in Table I, the heading maneuver
resulted in insignificant increases in knee flexion and knee
valgus. More interesting is that during the push-off phase
of a side cutting maneuver, there was notably more knee

Thttps://bassettbiomechanics.com/visual3d/



(a) Vertical jumping
Fig. 1.

(b) Cutting (to the left)

The maneuvers performed within the XR environment.

(a) Vertical jumping

(b) Cutting (to the right)

Fig. 2. The maneuvers performed within the VR environment. In each figure, the left top inset is the view as seen from within the HMD, and the left bottom

inset is the motion captured data.

bending observed in the XR condition compared to the non-
XR condition (p = 0.044). Specifically, participants exhibited
an average knee flexion of 47.59° (£ 5.33) in the virtual
environment and 44.96° (£ 6.88) in the real environment,
indicating a mean difference of 2.62 [95% CI, 0.09-5.15].

In addition, significant differences were observed in both
average (p = 0.029) and maximum (p = 0.012) frontal plane
knee ranges during the respective phases. In the XR condition,
an average valgus (knee moving inward) of 17.38° (+ 4.73)
was recorded, compared to 15.78° (+ 4.70) in the non-XR
condition, resulting in a mean difference of 1.59 [95% CI,
0.20-2.99]. Furthermore, maximal valgus angles were mea-
sured at 22.46° (£ 4.50) in the virtual environment and 19.78°
(£ 5.01) in the real environment, showing a mean difference of
2.67 [95% CI, 0.73-4.61]. In other words, comparing the XR
condition with the non-XR condition, significantly increased
knee flexion and knee valgus can be observed for the cutting

TABLE I
V3D MEASUREMENTS (MEAN = SD) FOR XR AND NON-XR CONDITIONS.

V3D measurements (°) Non-XR cond. XR condition
Head knee flexion average 53.43 £+ 10.97 55.06 + 8.94
Head knee flexion maximum 68.35 + 11.87 68.77 £ 10.74
Head knee valgus average 11.42 £+ 6.15 11.86 £ 7.04
Head knee valgus maximum 16.74 £ 6.10 17.48 £ 7.85
Head knee internal rot. avg. 9.13 £+ 8.64 4.85 £ 11.95
Head knee internal rot. max. 12.42 + 10.85 9.74 £+ 11.22
Cutting knee flexion average 4496 + 6.88 47.59 + 533
Cutting knee flexion maximum 55.44 £+ 8.17 56.06 + 6.83
Cutting knee valgus average 15.78 + 4.70 17.38 + 4.73
Cutting knee valgus maximum 19.78 + 5.01 22.46 + 4.50
Cutting knee internal rot. avg. 13.05 £ 5.78 13.68 £ 6.16
Cutting knee internal rot. max. 17.14 £ 4.68 16.56 £ 9.03

mancuver.

Based on these elevated flexion and valgus amplitudes



Fig. 3. Motion capture setup using reflective markers.

during the push-off phase of a cutting maneuver we con-
clude that participants in the virtual environment appeared to
replicate movements more aligned with the mechanism of an
ACL rupture, characterized by increased flexion, valgus, and
external rotation from the tibia towards the femur, with the
first two components proving statistically significant. Conse-
quently, XR integration in screening processes introduces more
provocative movements in the affected leg within a virtual
soccer simulation, emphasizing the added value of XR. Such
testing, particularly in an XR setting, directs less attention to
movement mechanics and more towards gameplay, potentially
increasing the risk of ACL re-tear due to amplified knee flexion
and valgus, as confirmed by Alentorn-Geili et al.’s study [17]
examining ACL tear risk factors. XR’s ability to elicit such
risky positions, akin to real-world change of direction move-
ments on the soccer field, underscores its enhanced value in
traditional RTS screening methodologies.

C. VR Results

In the VR study, 31 male soccer athletes were enlisted, with
mean + standard deviation values for age of 21.68 + 3.17 years,
a height of 182.42 + 6.78 cm, weight of 77.13 + 10.31 kg, 5.98
+ 2.45 hours engaging in sports per week, and 16.00 = 12.96
months duration of RTS. Among them, 14 had a history of
ACL reconstruction (ACLR), while 17 were matched controls.
Initially, there were a total of 39 participants; however, 8
withdrew from the study due to various reasons.

Table II presents the VR (vs. non-VR) V3D measurements,
for the involved leg of all participants. Just as in Table I,
this table displays group averages and standard deviations per
variable, with statistically significant differences (p < 0.050)
between the two conditions highlighted in bold.

TABLE II
V3D MEASUREMENTS (MEAN + SD) FOR VR AND NON-VR CONDITIONS.

V3D measurements (°)  Non-VR cond. VR condition

Head knee flexion average 54.47 + 8.10 5295 + 7.79
Head knee flexion maximum  75.25 £ 9.72 73.22 £+ 12.48
Head knee valgus average 13.73 + 16.78 14.04 + 7.48
Head knee valgus maximum  17.83 + 12.51 2245 + 9.87
Head knee internal rot. avg.  17.44 £ 33.73 6.23 + 32.60
Head knee internal rot. max. 21.38 + 46.91 10.26 £ 47.52
Cutting knee flexion average  46.63 + 6.38 4947 + 6.44
Cutting knee flexion maximum  58.84 + 8.76 61.32 £+ 8.26
Cutting knee valgus average 11.55 + 7.52 1433 + 7.84
Cutting knee valgus maximum  16.21 + 11.07 19.73 + 10.46
Cutting knee internal rot. avg.  10.69 + 9.65 11.92 £ 9.11
Cutting knee internal rot. max. 16.15 + 12.12 16.52 £+ 13.70

The header maneuver shows a significant decrease in knee
flexion average and a significant increase in knee valgus. No
concluions can be drawn from these measurements.

During the side-cutting maneuver, the non-VR condition
exhibited notably less knee flexion (p = 0.001) and knee
valgus range of motion (ROM) compared to the VR condition.
Both the average (p = 0.010) and maximum (p = 0.025) values
for knee flexion and valgus differed significantly. Specifically,
the average knee bending ROM was 46.63° (£ 6.375) in the
non-VR condition compared to 49.47° (+ 6.44) in the VR
condition, indicating a mean difference of 3.55 [95% CI, 1.53
- 5.56].

Similarly, the average knee valgus ROM was 11.55° (+ 7.52)
in the non-VR condition compared to 14.33° (+ 7.84) in the
VR condition, with a mean difference of 3.01 [95% CI, 0.81
- 5.21]. In terms of maximum knee valgus, it was 16.21° (+
11.07) in the non-VR condition and 19.73° (£ 10.46) in the
VR condition, showing a mean difference of 4.30 [0.60 - 8.01].

The findings of this VR study indicate a notable increase
in average flexion and valgus range of motion (ROM) in
the VR testing condition compared to the non-VR condition.
Currently, there exists only limited literature discussing the
potential benefits of VR in RTS screening protocols. Athletes
often face lower-limb injury risks due to biomechanical short-
comings, which VR-based assessments can address within
a sport-specific context. This approach holds promise for
improving the evaluation of skill transfer to the sport, thereby
aiding future injury prevention strategies.

Specifically, our study highlights higher average flexion and
valgus ROM in the matched leg during the push-off phase
of side-cutting maneuvers in the VR condition. These results
suggest that subjects in the VR condition replicate movements
resembling those involved in ACL rupture mechanisms. These
significant findings indicate that sport-specific testing prompts
greater motion amplitudes. When soccer players undergo VR
testing, their focus shifts from movement patterns to simulated
game scenarios, potentially resulting in increased knee flexion
and valgus, associated with heightened ACL tear risks.

V. DISCUSSION & CONCLUSION

The outcomes of our study illustrated significantly greater
average flexion and valgus range of motion in both the non-



immersive (XR-guided) and immersive (VR-guided) testing
conditions compared to the non-XR and non-VR conditions,
respectively. Moreover, there was a significant increase in
maximal valgus ROM in the XR and VR conditions.

We hypothesize that using the sports context, participants
exhibited less focus on their movement patterns and were
more engaged in the simulated game scenario. This external
focus contributed to increased knee flexion and valgus, which
heightens the risk of ACL tears.

Our findings are consistent with Ghaderi et al.’s [18] re-
search on the impacts of neuromuscular training with external
focus cues in male athletes post-ACLR, showcasing enhanced
landing biomechanics. Initial studies validate the benefits of
external focus, supporting our findings. Notably, biomechan-
ical differences were evident between testing conditions but
not between injured and matched control groups, indicating
that VR testing is more discerning than clinical assessments,
even detecting anomalies in healthy individuals.

Several limitations are pertinent to acknowledge in this
study. Firstly, the participation of only 11 individuals in the XR
test renders the sample size insufficient for deriving definitive
conclusions. Secondly, for all experiments, the experimental
protocol exclusively involved men aged between 17 and 30
years. Notably, the highest incidence of ACL ruptures occurs
with females between 14 and 18 years, while males typically
experience less incidents with a peak between 19 and 25 years.
Given the substantial biomechanical differences between sexes
and age groups, the findings of our study cannot be extrap-
olated to female athletes or youth athletes. At this point, it
is impossible for us to prove that variations stem from the
sporting environment rather than the method utilized to convey
the actions required. We noticed that some participants would
react with a movement making a sharper angle using the VR
setting as compared to the clinical setting. This will be further
investigated in our followup work. Moreover, it is important
to note that this study focuses specifically on soccer players,
analyzing sport-specific movements. Therefore, conclusions
drawn from this research cannot be extended to athletes in
other sports. In the future, we plan to explore factors that may
influence participants’ movement patterns, such as the design
of the virtual scenario or feedback mechanisms. Finally, future
work should consider a longitudinal study design to track
participants’ progress over time, especially those who have
undergone ACL reconstruction surgery. This would provide
insights into the long-term effects of XR and VR interventions
on rehabilitation outcomes and injury prevention.

Despite these limitations, this observational study already
thoroughly assesses the additional benefits of incorporating a
non-immersive (XR) and immersive (VR) exergame into RTS
screening post-ACLR.
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