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A B S T R A C T

Within the current post-operative rehabilitation practice of anterior cruciate ligament (ACL)
ruptures, the functional movement evaluation for the return to sports (RTS) is performed
through the use of standardised tests and interpreted based on the expertise of the physio-
therapist. Central to this key evaluation is the frequently-used horizontal single-leg jump, in
which jumping performance is considered based on ill-defined qualitative aspects as well as
the limb symmetry index (LSI) that quantifies leg performance based on a jumping distance
comparison. This method of evaluation does not adequately identify risk factors in the move-
ment functionality nor does it provide an objective insight into the performance of a patient,
leading to high re-injury and discrepancies between physiotherapist clinics. To improve the
current decision-making during the RTS evaluation of ACL patients, this work proposes a
combination of sensor technology for objective movement evaluation within a rich perceptual-
cognitive virtual environment. Within the design, IMU sensors (Xsens MVN) were integrated
into a Virtual Reality (VR) setup that triggered study participants to make single-leg jumps
at pre-determined intervals of 20, 40, 60, and 80% of their maximum single-leg jumping
distance (as measured within the VR condition). In addition, perceptual-cognitive pressure
was increased by including an unpredictable dual-task for the jump, sensory stimulation and
motivating external focus in the jump task. The system was evaluated with a user study of
n = 18 healthy participants who were externally perturbed on their non-dominant leg to sim-
ulate the ACL-affected jumping movement behaviours. Based on this proof-of-concept eval-
uation, we were able to show the effectiveness of using VR as a more ecologically valid and
high-potential method for increasing sport-specificity in ACL-affected functional movement
tests. The use of such a gamified system was found to be engaging and challenging while
participants were still able to safely and comfortably perform all movements required of
them. With the current methodology, the kinematic data allowed for identifying discrimina-
tory features between the perturbed and non-perturbed leg, which gives hope for exploring
similar features that can evaluate the functional movement performance of the ACL-affected
leg at the RTS decision. In addition, as differences in jumping performance were also iden-
tified for the smaller-distance jumps, this study motivates the use of more single-leg jumps
at targeted shorter distances using sensor measurement rather than relying on maximum
single-leg jumps for LSI evaluation, to provide a deeper and more reliable consideration of
knee functionality.

Keywords
Anterior cruciate ligament — Knee rehabilitation — Return to sports — Diagnostic measure-
ment — Kinematic movement sensing — IMU sensors — Sports interaction technology —
Virtual Reality
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G L O S S A RY

Borg Method of self-estimating one’s exertion, using a modified scale between
0-10.

Compensatory
movement

A movement deployed to achieve or assist a functional motor task when
the normal movement pattern is unavailable, e.g. torso flexion or arm
movements to assist knee and hip flexion in slowing down and maintain-
ing balance during a jump landing.

Cybersickness A feeling of nausea, headache, or discomfort due to (prolonged) VR usage,
often the result of latencies or unsharp visualisations.

Dual-task A practice in motor learning; the addition of a secondary task to a pri-
mary task to increase the perceptual-cognitive pressure of performing the
primary task.

Ecological va-
lidity

Referring to the extent to which a motor-learning task relates in its nature
to the higher goal of sports performance, taking the sport-specific contexts
and task constraints into account.

Fear of move-
ment

The discomfort a rehabilitation patient may have in trusting their affected
body segment during movements out of fear of worsening or re-injuring
it.

Fidelity The degree to which a virtual environment represents a real-world system.

Flight phase Phase between the moment of toe-off of the jumping leg and the initial
contact of landing.

Functional
movement
assessment

Evaluation of the movement performance relating to a specific task.

Immersion Measure of how strong the virtual scenario is able to draw a user into that
world.

Inside-out
tracking

HMD functionality in which sensors are integrated into the HMD to track
the head movement rather than using external sensors.

Jump type Specific distance interval for the single-leg jump of a leg; in this study
differentiating between 20, 40, 60 and 80% of the maximum (based on the
single-leg jump distance in the VR condition of that leg), the single-leg
jump in the real-world condition (SL-RW) and the single-leg jump in the
VR condition (SL-VR).

Kinematic
data parame-
ter

Specific joint parameter evaluated within the kinematic data of this study
(in this study relating to knee, hip and torso).

Landing
phase

Final phase of a jump between the initial contact of the jumping leg and
the completion of the jump.

xii



MVN avatar Virtual avatar animating a user’s movements in the VR environment.

MVN data Kinematic data gathered with the Movella MVN IMU sensors.

Pass-through Functionality of an HMD to allow the user to view the physical world
from within the HMD.

Perturbation External (mechanical) alteration made to the body of a participant to in-
fluence their movement behaviour (in this study relating to Leukotape P
sports tape attached to the non-dominant knee).

Playspace The physical space available for the virtual interaction.

Single-leg
jump

Jumping task in which a person balances, jumps and lands on one leg
(indicated as the jumping leg), while the other moves along in the air
(indicated as the swinging leg).

Starting
phase

First phase of a jump until the moment of toe-off of the jumping leg.

Virtual
guardian

Wall-like demarcation of the playspace shown inside the HMD to safe-
guard the user from interacting with real-world objects.
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A C R O N Y M S

ACL Anterior Cruciate Ligament.

ACLr Anterior Cruciate Ligament reconstruction surgery.

AIC Akaike Information Criterion, method of determining whether the model com-
plexity can be justified by its explained variance.

AR Augmented Reality.

AV Augmented Virtually.

EMG Electromyography.

ER Extended Reality.

FoV Field of View.

GRF Ground Reaction Force.

HMD Head-Mounted Device, also known as VR goggles.

ICF International Classification of Functioning, Disability, and Health.

IMU Inertial Measurement Unit.

KNGF Royal Dutch Physiotherapy Society.

KOOS Knee injury and Osteoarthritis Outcome Score.

LME Linear Mixed Effects model, statistical regression model combining fixed and
random effects for a specified dependent.

LSI Limb Symmetry Index, a measure of single-leg jump performance determined
by dividing the maximum jumping distance of the affected leg by that of the unaf-
fected leg.

MoCap Motion Capture.

MR Mixed Reality.

MRI Magnetic Resonance Imaging.

PCL Posterior Cruciate Ligament.

PROMs Patient-Reported Outcome Measure.

RoF Range of Flexion, determined by the difference in flexion of a body segment
between two specified moments in the jump movement

RoM Range of Motion.

RTS Return To Sports, a moment of evaluating the functional movement performance
during ACL rehabilitation to determine whether a patient can (slowly) return to
playing their sports again; in literature sometimes also referred to as return to
play.

RW Real-World, measurement condition.

SL Single-Leg jump.

VR Virtual Reality.
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1
I N T R O D U C T I O N

Of all sport-related knee injuries, 20% involve the anterior cruciate ligament (ACL) [1]. When
this ligament is ruptured, a reconstruction followed by a lengthy rehabilitation is often
needed. Throughout such a rehabilitation, a patient’s progress is evaluated based on their dy-
namic stability, strength and range of motion (RoM) in the knee. For athletes recovering from
an ACL injury, a key moment in their rehabilitation is the ’return to sports’ (RTS) evaluation,
in which they are approved by their physiotherapist to (gradually) return to perform (com-
petitive) sport once more. Currently, the RTS evaluation of the knee is based on standardised
tests, which do not provide sufficient objective insights into the movement functionality of
the patient and do not consider the complex sports context in which they will return after
RTS. To address these deficits (elaborated further below), we present in this paper a gami-
fied system with integrated sensor measurement for the improvement of the objectiveness
and sport-specificity of the RTS functional movement evaluations during ACL rehabilitation.
Within this proof-of-concept, the combined use of gamified Virtual Reality (VR) and kine-
matic data analysis of targeted jump tasks was shown to trigger more sport-specific and
diagnostically relevant jumping behaviours, of which the gathered data could be used to
quantifiably differentiate between a perturbed and non-perturbed leg and be meaningfully
utilised by physiotherapists within their RTS decision-making.

1.1 study motivation and problem statement

During ACL rehabilitation (further elaborated upon in Chapter 2), the movement perfor-
mance of the ACL-affected leg is monitored at specific intervals by functional movement
tests. One of the most frequently utilised jumping tasks in these evaluations is the single-leg
jump test. Within the current practice of ACL rehabilitation, there is a high risk of re-injury
after RTS. As a functional movement test, the RTS evaluation does not typically result in a
binary diagnostic outcome (either "yes" or "no" to return to field training). Instead, it requires
a higher dimensionality in its interpretation by a sports therapist to accurately evaluate the
risks of letting a patient return to playing their sport and the possible gains that could stem
from continued rehabilitation. The topic of this study was motivated by improving this inter-
pretation of the RTS evaluation by addressing the objectiveness and sport-specificity of the
tests used.

For this first point, the current method of the RTS evaluation utilises standardised jumping
exercises to provide insights into the movement, but objective data regarding the kinematic
movement characteristics of the individual body segments that can indicate risks for ACL
re-injury is often not gathered or considered in the evaluation. The subjectiveness of RTS
evaluations leads to discrepancies in the rehabilitation duration and the accepted movement
performance level at RTS and has been a concern also addressed by the Royal Dutch Phys-
iotherapist Society (KNGF) [2]). The addition of objective data, either as a complement or
(partial) replacement of the current RTS evaluation, has the potential to provide rich insights
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to the physiotherapist on the movement performance of that patient. The second objection
is that the use of standardised training exercises and functional movement tests generalises
the rehabilitation process of patients rather than providing an evaluation based on the sport-
specific context they are rehabilitating to return to. As a patient returns to their pre-injury
sports performance level, they are required to make movements within a more complex con-
text than what was evaluated during standardised tests in a laboratory-type setting. At the
heart of this sport-specific context lies the need for patients to be able to and trust that they
can make movements while paying attention and adapting to the (uncontrolled) elements
within their sport (such as opponents or balls to which the patient must react). To determine
whether RTS is possible, movement performance should, therefore, be evaluated under a
similar perceptual-cognitive load as their sport encompasses.

Taking these two objections together, the current RTS functional movement test does not
encompass an objective movement measurement and lacks a rich sport-specific context. As
a result, athletes may return to their sport too early in their rehabilitation process or be
too unprepared for perceptual-cognitive pressure and can be subjected to re-injury. While
some studies have applied sensing technology or tried to increase a patient’s perceptual-
cognitive load during evaluations, we hypothesise that by combining objective evaluation of
movement performance through sensing with interaction technology to create a meaningful
and controlled evaluation context, we can effectively address these two objections.

1.2 main research question

Given the motivation described above, there seems to be a need for a system that can provide
objective and meaningful insights for the RTS evaluation of an ACL patient. Given this need,
the following research question was identified for this thesis.

Research question

"What is a design for a meaningful functional movement evaluation system based on objective
measurement and utilising a sports-specific context that supports RTS decision-making in
patients during an anterior cruciate ligament rupture rehabilitation?"

This question proposes the design of a system that combines sensor and interaction technol-
ogy to create a meaningful diagnostic setting that provides insights to a physiotherapist for
the RTS evaluation of an ACL patient. Based on this, two main objectives of the research
question are presented below.

Research objectives

• Objective 1: to objectively evaluate the movement performance of a simulated
ACL-affected leg compared to the unaffected leg in a single-leg jumping task to
aid the diagnostics of physiotherapists during the RTS decision.

• Objective 2: to provide a rich evaluation context that allows and triggers an ACL
patient to show more sport-specific behaviours and aids the physiotherapist in
making a more meaningful consideration of the patient’s functional movement
performance during an RTS evaluation.
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These two main objectives are reflected in two main components that are at the centre of
this work. First is the adaptation of the standardised single-leg jump task for maximum
distance to a repeated single-leg jump task at specific target distances to create a dataset for
kinematic analyses. For this, rather than a single-leg jumping task in which a patient must
jump their maximum achievable distance, we provide participants with a jump target at 20,
40, 60 and 80% of their maximum jumping ability to determine whether a repeated jump task
in a non-fatiguing setup can generate more in-depth data than the current practice. Second,
VR is used as a gamified system to create a rich evaluation context for these jumping tasks.
The use of VR within the rehabilitation context is further evaluated for its potential to safely
trigger sport-specific movements that could lead to more meaningful insights during the RTS
evaluation.

1.3 outline of this thesis

This thesis encompasses the key components addressing the research question above, sup-
ported by additional materials in the appendix and the supplementary materials that were
provided alongside this thesis (see an overview in Appendix A). First, within Chapters 2 and
3, an overview of the existing body of knowledge on this topic was gathered to determine
insights from the related field. These chapters serve as the literature backbone on which the
continued design is based. This overview has been previously established for the author’s
Research Topics report, of which parts were adapted to compose these chapters. Once the
literature foundation has been established, the design journey of this system alongside tool-
ing considerations and design criteria is described in Chapter 4. The system design gives
way to the evaluation of the system as described in the methodology provided in Chapter 5.
The results of these evaluations and data analyses are described in Chapter 6. Finally, the
outcomes are discussed in Chapter 7, after which practical implications and future work are
summarised in Chapter 8.
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2
A C L I N J U RY M E C H A N I S M A N D R E H A B I L I TAT I O N

The literature background on this topic has been divided into two parts. This first chapter
covers the anatomical characteristics of the ACL and the injury mechanisms of its rupture. In
Chapter 3, key concepts and related work on biomedical sensing and (sports) interaction tech-
nology are provided. For a full understanding of ACL injury and rehabilitation, literature
was combined with patient interviews as well as observations and sessions held at OCON
Orthopaedic Centre, located in Hengelo, the Netherlands. For the shadowing observations at
OCON, several patient consultations were attended. Where relevant, the observations from
practice are indicated and serve as an insight into the current practice of ACL rehabilitation.
Additional notes on the literature background have been gathered in Appendix B. An exten-
sive overview of the observational sessions at OCON and the patient interviews are provided
in Appendices C and D respectively.

2.1 acl orientation and injury mechanism

The ACL is one of the several ligaments stabilising the knee joint and crosses in front of
the posterior cruciate ligament (an anatomical orientation which provides both ligaments
with their respective names, ACL and PCL), see Figure 1. The ACL is one of the most
often injured body parts during sports, either through contact with opponents (e.g. through
tackling or collision [3]) or in non-contact (in which the injury is the result of the patient’s
own movements).

2.1.1 Anatomical ACL orientation

The knee is a complex joint cavity in which three separate joint compartments work [4],
[5]. These three compartments consist of the femoropatellar joint, which works between the
patella and the femur, and the lateral and medial tibiofemoral joints, which work between
the femoral condyles and the menisci. The tibiofemoral joints are hinge joints that permit
flexion/extension and varus/valgus movements and allow for some rotation when the knee
is partly flexed. The knee is surrounded by capsular and extracapsular ligaments that prevent
hyperextension of the joint. The intracapsular cruciate ligaments of the knee cross each other
and serve as straps that prevent anterior-posterior displacement of the femur and tibia. The
ACL is attached to the anterior area of the tibia and crosses lateral-superiorly to attach to
the medial posterior side of the femur, see also the complete anatomical orientation of the
ACL in Figure 1. The ACL consists of an anteromedial, posterolateral and (as found by
some studies) an intermediate bundle [1]. Due to their attachments, the anteromedial bundle
is primarily responsible for resisting anterior tibial load, while the posterolateral bundle
counteracts rotational load. A rupture in the ACL would, therefore, allow for increased
motion in the anteroposterior translation and tibial rotation, which forms the foundation
of the ACL rupture diagnosis tests that check for increased laxity caused by a tear. The
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(a) Sagittal view of the knee joint, showing the ACL as position relative to its surrounding
structures.

(b) Superior view of the knee joint, showing the crossing of the ACL and PCL.

Figure 1: Anatomical overview of the right knee joint, from [4].
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ACL prevents the tibia from sliding forward with respect to the femur when the knee is
extended. The ACL is often considered to be the most important stabiliser of the knee
by preventing anterior tibial knee translation (specifically at low knee flexion angles) and
limiting internal/external rotation of the knee as well as varus/valgus motions [6]. The
PCL is stronger than the ACL and is attached posterior to the tibia and crosses the knee
capsule laterally to attach to the lateral anterior side of the femur. The PCL prevents the tibia
from being displaced backwards with respect to the femur. The ligaments are composed of
tough, fibrous material [7]. In addition to the ligaments, the knee is reinforced by the muscle
tendons of the quadriceps (anteriorly) and semimembranosus (posteriorly) [4].

When the knee is extended, the strain in the ACL increases [5]. During the final ten degrees
of leg extension, the ACL comes under tension and prevents rotation of more than five de-
grees alongside the leg axis. During flexion, both the ACL and PCL are put under tension,
with a slight rotation allowed by the cruciate ligaments. During bending, the knee allows
for less internal rotation than external rotation because endorotation twists the cruciate liga-
ments around each other (thus effectively locking them), which avoids a far rotation, while
exorotation twists the cruciate ligaments apart. Without the restrictions of the ACL and
other structures around the knee, the joint would theoretically be capable of both rotation
and translation in three body planes (total of six degrees of freedom) between the femur and
tibia [1].

2.1.2 Description of injury mechanism

The knee is responsible for providing balance and transforming body load when performing
a rapid change of speed and direction [1]. When an ACL injury occurs, the primary contribut-
ing force to the rupture is found in the anterior vector of the quadriceps [8]. The quadriceps
muscle is one of the primary producers of anterior knee force when the knee is near or at
full extension and forms, together with the gastrocnemius muscles, the strongest contribu-
tion to the knee abduction moment [9]. The contraction of the quadriceps muscle, alongside
co-contraction of the hamstring muscle, [8], therefore, contributes to the ACL rupture by
increasing the compressive load on the tibiofemoral joint. The excessive joint compressive
loads and an internal torque can lead to a complete ACL rupture, as was first determined in
human cadaver studies. In these studies, peak compression loads of 2900 to 7800 N at knee
extension angles between 30

◦ and 120
◦ resulted in ACL failure. During the rupture, the load

is applied within 100 ms, leading to a tear in the ligament [1]. The compressive forces are the
result of inadequate absorption of ground reaction forces (GRFs) of the lower leg, combined
with the previously mentioned quadriceps and hamstring contraction. The GRF is the force
that is exerted by the ground onto the body during contact. This measure can be used to
identify human movement and different gait patterns and can be an indicator of injuries.
The GRF can be divided into horizontal and vertical components. The GRF, even in straight
running, can be up to three times the body weight. As the knee counteracts this loading
force, it is at risk for injury and osteoarthritis. Generally, the hip, knee, ankle, and foot joints
all help absorb the GRFs during landing and deceleration. The hip muscles absorb reaction
forces generated by the upper body weight, while the knee, ankle, and foot structures absorb
the GRFs. During an ACL injury, this GRF absorption by the lower leg does not happen effec-
tively, primarily due to the calf muscles not having enough time to absorb the GRFs, which
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leads to a high load on the knee. This is especially the case under very high GRFs, such as
for single-leg jump landings, where the experienced GRF can range between 2 to 18 times
the body weight. If a person lands on their forefoot, the landing is unstable and there is less
time for forces to dissipate than if the person had landed with a plantarflexed ankle. The
resulting impulse force is created by a change in velocity and is inversely related to the time
required for that change to take place. The high axial load results in the knee buckling or
’shooting out’ from under the body (see also Figure 24 in Appendix B.1). In this movement,
the tibia has an anterior displacement, while the knee has to reduce the impulsive force in a
short amount of time. A final contribution to the ACL rupture can be a higher hip flexion
angle during landing. This higher angle requires hip flexion and knee extension torque to
stabilise the torso, which can be provided by the rectus femoris. The activation of this muscle
adds to the compressive force on the knee and the anterior force on the tibia, thus adding to
the ACL strain.

Because around 2.5% of the ACL consists of mechanoreceptors [2], this ligament affects the
neuromuscular control of the knee through the arthrokinematic reflex arc. A rupture in the
ACL can, therefore, affect the local, spinal, and supraspinal control of the knee, which, in turn,
can lead to an adapted motor control strategy within the kinetic chain of the lower extremity
[10] (consisting of the hip, knee and ankle joints linked together). Adaptations in this chain
can be highly individual and can affect proprioception, postural control, muscle force during
movement and muscle activation patterns. While an ACL rupture can affect how the knee
is controlled and how movements are executed, the flexibility of the kinetic chain allows a
reshuffling of the neuromotor system to re-adapt itself to its capabilities at any given moment.
The analysis of this flexibility is of interest to understand in what regard adaptations can be
made by the neuromotor system itself and where surgical or rehabilitation interventions may
be needed (and are more thoroughly examined in the works of, for example, [11], [12]).

2.1.3 ACL rupture prevalence and risk factors

The high prevalence of ACL-related injuries (20% of all sport-related knee injuries [1]) results
in 200 000 ACL injuries annually in the United States alone [13]. Other common knee injuries,
aside from the cruciate ligaments, are collateral ligament and cartilage (menisci) ruptures [4].
Of the ACL injuries around 90% of the patients elect to undergo an ACL reconstruction
surgery (ACLr, see also Section 2.2). In ACL injuries, there is usually a complete rupture in
the ligament that leads to instability of the knee and can reduce a patient’s ability to return
to their pre-injury activity level. For partial tears, a patient may have the capacity to heal
through physiotherapy, while complete ruptures more often require a surgical procedure [14].
Around 70-84% of ACL injuries occur in a non-contact sports setting [7], [15], for instance
when quickly changing direction during running, thus twisting a hyperextended knee; when
rapidly decelerating; or during simultaneous landing and pivoting/twisting manoeuvres.
Through observations at the OCON Orthopaedic Centre, it was noted that most ACL injuries
at that clinic occur when athletes make sudden (unexpected) adaptations to their established
movement pattern. This is, for example, the case when they have to respond to a feint from an
opponent or when a movement is suddenly made impossible, both requiring fast responses
to the unexpected scenario midway through a movement. An ACL injury, therefore, has a
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strong prevalence in high-risk and high-intensity sports activities such as (American) football,
skiing, basketball and gymnastics [16].

Once patients complete their surgical reconstruction and rehabilitation, not all return to their
sports. A systematic review by Andriolo et al. (2015) [17] found that around 75% of patients
return to some kind of sport [17], with around 43% being able to return to their previous
sport activity level. For patients playing competitive sports, around 44-55% were able to
return after their rehabilitation [2], [18]. Of this group, half indicated that their ACL and the
risk of re-injuring the ligament was the reason for reducing their physical activeness [2]. The
likelihood of RTS of an athlete was found to decrease with a lower pre-injury activity level
of the patient, as well as their gender (with women having a further decreased likelihood), a
high body mass index, and smoking during the six months prior to surgery [19]. To reduce
the risk of ACL ruptures (and other knee injuries), large sports organisations have set up
dedicated programmes to strengthen muscles and ensure good warm-ups for large groups
of athletes (see for example the FIFA injury prevention programme for football players [20]).

Of the patients that complete the RTS evaluation, between 6-31% suffer a second ACL injury
in the ipsi- or the contralateral limb [13], [18], making the second ACL injury incidence rate
higher than the ACL injury incidence rate of healthy athletes [21], [22]. Several risk factors
can increase the chance of a second ACL injury after RTS [13]. For the ipsilateral limb, it
has been shown that younger patients are at higher risk for graft failure, with adolescents
showing the highest risk. This may be because younger athletes are more likely to return
to (competitive) sports compared to older ACL patients [19]. In addition to age, the graft
type can affect the failure risk, with allograft tissue being 5,2-5,6 times more likely to fail
than autografts [13]. Other relevant factors that may be related to failure risk are the surgical
technique, the patient’s body mass index and their posterior tibial slope. For the contralateral
limb [13], the risk of a second ACL injury also increases for younger patients but also occurs
for women more frequently than for men [21].

A possible reason for the high incidence of knee re-injury may be the evaluation of the RTS
level after the ACL rehabilitation. Several studies evaluating RTS criteria have found them to
be highly variable and poorly defined [23], with the majority of studies evaluated by Harris
et al. (2014) [23] not having based the RTS allowance on any objective criteria. In the study
of Paterno et al. (2010) [24], however, it was shown that there are meaningful biomechanical
measures that can be used to determine the risk of an ACL re-injury by determining predic-
tors of a repeated injury risk. These measures included the knee RoM in the frontal plane
during jump landing, the asymmetries of knee moment in the sagittal plane during land-
ing contact and the postural stability in general. This set of measures produced a reliable
indication of a second ACL injury.

2.2 current diagnosis and rehabilitation practice

When an ACL injury occurs, a diagnosis of the injury is made and the rehabilitation proce-
dure should be determined. While there is a differentiation between practices [25] (also in
particular for the RTS evaluation, see [23], [26]), there is some consensus on how the diag-
nostics should be done and which phases of rehabilitation should be distinguished. For the
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different phases of the recovery trajectory, the possible treatment and exercises per phase can
differ between practices. In this section, an overview of general trends is provided, while
keeping the understanding that there is not necessarily a coherent procedure that is used be-
tween different practices. Where appropriate, common deviations from the described trends
are indicated.

2.2.1 Methods for initial diagnose

When an ACL injury occurs, patients often indicate hearing a pop and being unable to
continue playing. The knee often swells for several hours, which often indicates to the patient
that a medical evaluation is needed. To diagnose an ACL rupture, a clinical assessment of
the injury is needed. The diagnosis of ACL builds upon the patient’s injury history, the
assessment of the general practitioner and imaging techniques [1]. During the assessment,
the stability of the affected knee is determined to see if there is excessive motion within the
joint as compared to the unaffected knee. Such procedures are often repeated throughout
the rehabilitation of the patient to further monitor knee performance. The following clinical
tests can be utilised to diagnose an ACL rupture (in the acute phase) or to later assess the
performance of the knee as part of the physical examination [1], [27], see also Figure 25 in
Appendix B.1.

• The anterior drawer test: the patient lies in a supine position with the knee and hip
flexed to 45

◦ and 90
◦ respectively. The clinician keeps the foot stable on the examination

table and applies gentle anteroposterior forces on the proximal side of the tibia and
measures the subsequent displacement of the bone in this direction.

• The Lachman test: the patient lies down and flexes the knee at around 30
◦ while the

clinician stabilises the femur and provides an anterior force on the tibia. Knees with an
ACL rupture will show a visible translation of the tibia.

• The pivot shift test: evaluates the internal rotation torque and valgus torque to deter-
mine the knee laxity. The patient will lie down with an extended knee, which is slowly
flexed to a 40-degree bend. The ACL rupture can be diagnosed when there is a sub-
luxation (i.e. a wrong joint movement) of the tibia moving forward during a sudden
change in direction by the clinician.

• The KT-1000 test: the knee is flexed at a 30-degree angle, while a KT-1000 arthrometer
is used to provide an anterior force on the tibia and measure the subsequent joint laxity.
The laxity can also be measured with a manual device.

Evaluations of the anterior drawer, Lachman and pivot shift tests show that all exercises have
a high sensitivity [27], [28], but the test accuracy can decrease significantly under the use
of anaesthesia. In addition to the physical tests, imaging techniques can be used to further
improve the diagnosis of an ACL rupture tear. Imaging techniques can help differentiate
between a partial and a complete rupture, as well as the severity and location of such tears.
For this, Magnetic Resonance Imaging (MRI) can prove to be valuable [14], as it can have
an accuracy of more than 95% of diagnosis of an ACL tear (without distinguishing between
partial and complete ruptures). Other options are Rontgen and keyhole surgeries, the latter
of which can be done during the operation itself.
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Within the Dutch guidelines for physiotherapists [29], the use of patient-reported outcome
measures (PROMs) such as the Knee Injury and Osteoarthritis Outcome Score (KOOS) is also
a recommended tool for the functional knee assessment. The KOOS has also been validated
in Dutch and is useful for comparing the functionality of the affected knee with the healthy
one. In addition, the movement of the knee, hamstring and quadriceps strength, but also
the patient’s pre-injury and expected post-rehabilitation sports level are important in deter-
mining a patient’s rehabilitation procedure. Furthermore, the development of hydrops (i.e.
building up of fluids within the tissue, to be treated through cryotherapy and/or compres-
sions) in the knee should be monitored during the diagnosis and the continued treatment
trajectory. During the diagnosis, physiotherapists may also use an isokinetic measurement
to compare force differences between the two legs [2]. Within such a measurement, the force
of the quadriceps muscles is compared between the legs, with a preoperative difference of
more than 20% indicating a significant force difference in the legs up to two years after the
ACLr.

Based on the methods and exercises described above, a diagnosis regarding the existence
and extent of an ACL injury can be made. While a binary diagnosis (either having an ACL
injury or not), the diagnosis encompasses a functional movement assessment. One method
of outcome reporting is through the International Classification of Functioning, Disability,
and Health (ICF) domains [30], which aims to provide a common language for describing
(changes in) health-related states, outcomes and functioning. The ICF domains have been
previously applied to ACL injuries (see for example Zebis et al. 2019, [31]).

2.2.2 Postoperative rehabilitation care

Once the ACL rupture is diagnosed, the physiotherapeutic treatment of an ACL rupture can
consist of a surgical and a physiotherapeutic component. For partial ruptures, physiotherapy
can be enough to let the patient return to their earlier stability, while a complete rupture is
unable to completely heal without a surgical procedure [14]. During surgical ACL recon-
struction (ACLr) [4], [7], the torn ACL is removed and replaced by a graft. This graft can
either be from the patient themselves (autograft; e.g. from the hamstrings tendon, patellar
ligament or calcaneal tendon) or a cadaver (allograft; e.g. from the ACL or a tendon similar
to the autograft). After the surgery, there is a recommended immediate focus on postopera-
tive rehabilitation, motion and early weight-bearing. During the rehabilitation [32], the knee
RoM and quadriceps strength of the patient is improved. The current ACL rehabilitation
also shows a focus on an earlier RTS and places additional attention on proprioceptive and
neuromuscular control exercises. Within rehabilitation, physiotherapists generally create a
tailored protocol for their patients, based on their needs.

When considering a full rehabilitation, alongside a surgical reconstruction, the following
phases and focus points can be distinguished [2], [32], starting at the diagnosis of the in-
jury. A description of specific characteristics and exercises typically used per phase has been
added in Appendix B.1.1. First, the preoperative phase encompasses the time between diagno-
sis and an ACLr, during which a patient must prepare for their reconstruction. Second is the
Early postoperative phase (first 4 weeks after ACLr), in which a normal gait pattern is slowly
established through physiotherapy. During the Strengthening phase (4 weeks - 6 months after
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ACLr), knee RoM is improved and muscle training takes place, while the Return to activity
phase (3 months after surgery - until RTS) focuses more on sport-specific and jumping exer-
cises to re-learn skills and focus on good form. Finally, a patient returns to sport. While there
is no exact definition of when a patient is considered to have returned to sport [33], this can
often be considered as having returned to play sports at the pre-injury level. This is, for ex-
ample, considered to be the case when an athlete has competed in a game at their pre-injury
level. The integration of on-field training as part of rehabilitation has been considered bene-
ficial for restoring sport-specific skills with the adapted post-surgical neuromuscular control
[34], [35].

2.3 return to sports evaluation

Returning to sports is an important part of the rehabilitation process both for the athlete
and the physiotherapist. The return to their sport can serve as a big motivator to patients
and provide them with optimism in their rehabilitation. Other patients, however, can be
apprehensive due to fear of movement and getting re-injured, which can reduce their RTS
success [36]. When a patient is in their final stages of returning to sports, there is often
more integration of pivoting movements, high-speed change-of-direction tasks and other
tasks that require fast movement adaptations [37]. In addition, sport-specific elements such
as ball-handling tasks may be incorporated. As such movements are often the cause of non-
contact ACL ruptures (see subsection 2.1.3), such exercises can help prevent re-injury and
can strengthen a patient’s confidence in their movement.

To return to sports, patients should first regain their muscular strength and neuromuscular
control in the affected joint while maintaining their static stability [32]. While studies often
find a very low consistency in practice between recommended tests [23], [25], [26], [32], [38],
[39], the consensus does seem to incorporate several parameters (see also a full overview in
Appendix B.1.2), such as the relative performance of the affected knee based on the muscle
strength, physical tests (see subsection 2.2.1) and the performance in jumping tasks. One of
the most commonly used jumping tasks is the single-leg jump for distance. Here, a person
balances on one leg and jumps forward as far as possible and lands in a stable and controlled
manner on the same leg. The distance of the jump is compared between the legs to determine
the limb symmetry index (LSI, determined by dividing the jumped distance of the affected
with that of the unaffected knee, expressed in percentages). If the LSI is higher than 90%,
the bilateral comparison indicates a roughly equal performance between the knees (although
some recommend an LSI of 100% for contact and pivoting sports [39]). Specific test batteries
of jump tasks have been proposed and evaluated by previous literature, which often includes
single-leg jumps alongside vertical or side-ways hops [40], [41]. A typical jump evaluation
method is through the use of the jump landing system or landing error scoring system, in
which the movement of specific body segments is scored based on pre-determined charac-
teristics throughout the jump, although it is not known whether and how the evaluation of
movement quality is adequate for identifying re-injury risks [39].

Aside from these criteria, physiotherapists will often consider the general stability and
function of the knee during clinical examination [42]. Finally, the sport-specific context to
which patients return (and which is sometimes characterised by uncommon jumping tech-
niques, such as in skateboarding), as well as patient-reported outcomes considering their
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psychological readiness and confidence in the stability of their own knees (often considered
the ’fear of movement’ of the patient) should be considered and is becoming more integrated
into rehabilitation evaluations [38], [43].

2.4 patient journey

Central to the rehabilitation progress is how the treatment is perceived by the patient. To
understand the motivation and emotions experienced by patients throughout ACL rehabil-
itation, the patient journey as based on the evaluations by Scott et al. (2018) [44], as well
as two interviews with ACL patients and observations from shadowing ACL rehabilitation
evaluation sessions at the OCON Orthopaedic Centre were evaluated. The interviewed pa-
tients were participant P01, a 24-year-old woman who plays basketball and who was still in
rehabilitation from a complete ACL injury at the time of the interview; and participant P02,
a 23-year-old woman who does ice skating and had completed her rehabilitation for a partial
ACL rupture at the time of the interview.

2.4.1 Outcomes of the patient interviews

For both participant P01 and P02, the ACL injury occurred in a non-contact setting while
doing a non-competitive sporting match. Participant P01 had an unbalanced landing after a
basketball layup and had her leg rotate and shoot out from under her, while participant P02

was decelerating after a sprint in ribbon rugby (i.e. a playful variant of rugby without tack-
ling) and fell onto her bent knee. After the injury occurred, participant P01 was temporarily
unable to stretch her leg, while with participant P02 the knee immediately started to swell
up. Both participants were able to still walk right after the injury, albeit with some difficul-
ties, and decided only days later to first visit a physiotherapist, before going to their general
practitioner where the ruptures were diagnosed. This encompassed an MRI for participant
P01 and a Rontgen and later an MRI for participant P02 to correctly diagnose the partial tear.
For the full tear ACLr surgeries, participant P01 completed muscle training and performed
stretching exercises to allow for easier placement of the autograft. Participant P01 waited two
months until her ACLr, participant P02 had three months between her fall and her keyhole
surgery.

After the ACLr operation, participant P01 performed stretching and bending exercises at
home alongside three sessions per week with her physiotherapist. Participant P02 started
with physiotherapy five days after her surgery for sessions twice a week. She focused on
doing stretching exercises, as she was unable to fully stretch her leg. As her rehabilitation
progressed, she increased the resistance in her stretching exercises and worked on rebuilding
her running and cycling condition under a low impact.

At the physiotherapist, participant P01 rehabilitated back to walking, after which she worked
on strength training and slowly started with running training. After being able to run, she
worked on doing vertical jumps, starting with two-legged jumps and progressing to single-
leg jumps as well as vertical drop-down jumps. During her physiotherapy sessions, partici-
pant P02 focused on skating-specific exercises, which mainly consisted of jumping exercises
that would allow her to regain the explosive muscle force needed in her sport and balancing
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exercises. Participant P02 indicated that this focus on her sport within her rehabilitation was
highly motivating for her.

Both participants indicated that they noticed a different control of their affected compared to
their knee. In addition, both described a fear of movement throughout their rehabilitation by
subconsciously locking the knee to absorb impact and being afraid to hurt their knee again
during certain exercises. As both participants were avid sporters, the main motivation in
their rehabilitation was also their wish to return to sports. This also led both to experience
that they would push themselves too far at times and that they had to sometimes be held
back by their physiotherapists during their exercises.

For her RTS evaluation, participant P02 had to undergo a few standard tests conducted by
her therapist to compare the strength in her affected knee with her unaffected knee and
determine the knee stability of her affected leg. This assessment consisted of jumping left
and right over two lines for 30 seconds and doing a single-leg jump. When returning to
ice-skating five months after her surgery, participant P02 experienced some hesitance in her
movement, especially during moments when she felt some pain in her knee during training,
which also made her return to her physiotherapist. When asked about her future return to
activity, participant P01 indicated that she wanted to slowly get back onto the field and avoid
competitor contact until she felt more secure in her movement.

While participants P01 and P02 were generally optimistic during the interviews, their injuries
did have a large effect on their lives and, logically, their sporting activities. The work of
Scott et al. (2018) [44] provides insights from a more negative recovery journey, with strong
physical, psychological and social experiences occurring either directly or indirectly from
the injury. These effects were especially found during the time between the injury and the
operation. Such a difference in experiences likely stems from the age difference between both
groups, with P01 and P02 having a mean age of 23,5 while the median participant age in the
work of Scott et al. was 31 years, leading to participants in the latter study feeling old and
becoming frustrated at their own physical limitations. For both groups, however, the fear of
movement was found. A review by Feller et al. (2013) [19] showed that a fear of re-injuring
the knee can be a significant factor for patients to decide not to return to their pre-injury
activity level. In addition, patients who complete the RTS phase successfully show less fear
of movement compared to patients who did not. This fear of movement is also affected by the
timing of the ACL surgery, as patients who had surgery more than three moments after they
had the injury show a greater fear of re-injury compared to patients who had their surgery
sooner after injury.

2.4.2 Outcomes of patient shadowing at OCON Orthopaedic Centre

Within the rehabilitation practice at OCON, ACL patients are evaluated before their opera-
tion and six, twelve and twenty-four months after their operation. During each evaluation,
patients perform an isokinetic force evaluation, during which three rounds of exercises are
performed per leg using an IsoForce device. From this test, the performance of both legs
is graphed and compared for extension and flexion. Based on this, the difference in leg
performance is evaluated to ensure that, preoperatively, the difference is less than 20%, and
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decreases further postoperatively. Next to the isokinetic evaluation, a patient is asked to
perform three single-leg jumps and three triple single-leg jumps (further elaborated upon
below, see also Figure 26), where the maximum distance is noted down. Finally, the patient
jumps with one leg sideways over two pieces of tape (with a distance of 30 cm between) as
many times as possible for 30 seconds. Based on these measures, the patient’s performance
is monitored over time and their regular physiotherapy sessions may be adapted. A physical
examination is then performed using the tests described in subsection 2.2.1 to determine the
laxity and stability of the knee. In addition, the therapist may ask the patient about their com-
plaints, progress and physiotherapist exercises. In most cases, the OCON physiotherapist is
also in contact with a patient’s day-to-day physiotherapist to keep track of their progress.
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3
K E Y C O N C E P T S O F B I O M E D I C A L S E N S I N G A N D ( S P O RT S ) I N T E R A C -
T I O N T E C H N O L O G Y

Within this chapter, an overview of key biomedical sensing and interaction technology con-
cepts is given. Where appropriate, general procedures for ACL rehabilitation are provided
alongside the in-practice procedures as they occur at OCON Orthopaedic Centre.

3.1 biomechanical parameters for monitoring acl rehabilitation

As was described in Chapter 2, the knee provides balance and helps to transform body load
when performing a rapid change of speed and direction [1]. When an ACL injury occurs,
the (translational and rotational) stability of the knee is affected. Because of this, (kinematic)
parameters can be found that can provide insights into the performance of the knee during
a (single-leg) jumping task. Within this section, an overview of such relevant parameters
is provided and described in terms of their ability to discriminate between an affected and
unaffected leg.

3.1.1 Phases defining gait cycle and jumping process

An ACL injury affects the kinetics and energetics of the lower extremity during the entire
human gait cycle [45] as well as during specific jump tasks used for evaluating the rehabilita-
tion process. Within this study, the focus is placed on the single-leg jump. To provide a full
overview, adaptations in the gait cycle are described where relevant.

The gait cycle can be characterised through the following phases [46], see also Figure 2 below
and Figure 27 in Appendix B. The gait starts with initial contact of the foot on the ground
during which the GRF starts to apply onto the heel. After the heel strike, there is a loading
response, during which weight is shifted onto the leg as its contralateral removes its contact
with the ground. At the mid-stance phase, the heel and forefoot are in contact with the
ground. The terminal stance indicates the moment where the body’s centre of mass moves
forward and the heel leaves the ground again. At the pre-swing, there is initial contact of
the contralateral leg as the ipsilateral leg prepares for the swing itself. During the swing,
the ipsilateral leg moves forward until the terminal swing phase, during which there is a
renewed initial contact with the ground and the cycle is repeated. These phases form two
main parts of the gait: the time that a leg is in swing (i.e. not in contact with the ground)
and the time that a leg is in its stance phase (i.e. making contact with the ground).

For a single-leg jump, several key moments can be defined [47], see Figure 2. Before the
jump, the person balances on their jumping leg with the swinging leg being pulled from
the ground. The person can bend their jumping leg to help generate power for the jump
propulsion. As the jump starts, the toe-off phase encompasses the time between the person
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starting to extend their jumping leg until the moment of toe-off in which the jumping leg
becomes fully disconnected from the ground. The time in which the jumping leg moves
forward through the air to catch the landing is the flight phase. After the flight phase, the
jumping leg has an initial contact moment with the ground. After this initial contact, the
person decelerates and balances on their jumping leg in the landing phase. During the
landing, the jumping leg has a peak flexion, after which the leg extends again. Once the
person is fully balanced, the jump is complete and the swinging leg can make contact with
the ground again.

3.1.2 Gait and jumping adaptations after ACL injuries

In general, for low-demand gait tasks such as level-ground walking, ACL patients demon-
strate similar tibiofemoral joint kinematics compared to healthy individuals [49]. For high-
demanding tasks, such as movements with rapid deceleration and turning or single-leg
jumps and single-leg vertical drop landings, ACL individuals have a different flexion mo-
tion of their affected knee compared to their unaffected contralateral knee. During single-leg
lunges, ACL-reconstructed knees show more tibial translation and external tibial rotation
[49], [50] compared to unaffected knees. For deceleration (e.g. when running downhill), the
ACL-affected knee shows more adduction and external rotation of the tibia (taken relative to
the femur).

During jumping tasks, a large eccentric quadriceps and hamstrings force is required to con-
trol the flexion of the knee during deceleration of the jump [51]. In general, ACL injury is
considered to be the result of a stiffer landing pattern (with a decreased knee, hip and torso
flexion), combined with knee valgus and knee internal rotation [52]. For single-leg jumps,
the study by Laughlin et al. (2011) [53] showed that ’soft’ drop landings, in which the bend-
ing of the knee is maximised, decrease the load on the ACL. This is because the peak ACL
force occurs between 15 and 40

◦ of the knee flexion, therefore letting an increased flexion
reduce the ACL load. When comparing the kinematics for the single-leg jump between a
healthy and an ACL-affected knee, the work by Kotsifaki et al. (2022) [54] showed that while
the LSI can higher than the 90% benchmark for patients at their RTS evaluation, significant
differences within the kinematics, moments and joint work contributions could still be found
between the two legs. The work of Gokeler et al. (2017) [55] adds to this by showing that
despite achieving an LSI higher than 90% patients can still show differences in performance
for both legs compared to healthy athletes. In the study of Kotsifaki and colleagues, the
ACL-affected knee seemed to generate significantly less work than the healthy knee during
the propulsion of the single-leg jump. Furthermore, more knee and hip flexion was found
for the ACL-affected leg during toe-off, as well as more involvement of the lateral hamstrings
and soleus muscles (but with a decreased contribution from the lower gluteus medius mus-
cle) for the affected leg. During the landing, the ACL-affected knee absorbed less work than
the unaffected knee, with the unaffected knee even absorbing more work than the healthy
control group. The ACL-affected leg’s single-leg jump resulted in more hip flexion and ankle
plantarflexion at the moment of initial contact, as well as a higher peak hip flexion, peak
pelvis tilt forward and peak torso flexion than the unaffected leg and the control group. The
ACL-affected knee had a lower peak knee flexion than the unaffected limb. For the landing,
the ACL-affected knee has greater contributions from the lateral hamstrings and the medial
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(a) Schematic overview of the stance and swing phases over the duration of a gait
cycle, based on [48].

(b) Schematic overview of the jumping and swinging leg phases over the duration of
a single-leg jump.

Figure 2: The phases of the gait and single-leg jumping cycle.

17



gastrocnemius. The study by Kotsifaki et al. (2022) concluded that the use of LSI for distance
relies mostly on the performance of the hip and ankle, making it a poor measure of knee
function.

The work of Kotsifaki et al. (2022) [54] is supported by the review of Johnston et al. (2018)
[56]. In this work, a decrease was found in the peak knee flexion angle and the peak knee
internal extensor moment during the landing of a single-leg jump with an ACL-affected leg
as compared to the unaffected leg and a healthy control group. The reduced knee flexion
during landing was further connected to a possible increased risk of further injury, as the
stiffer landing technique increases the forces on the knee joint. However, contrary to the
work of Kotsifaki et al. (2022), Johnston and colleagues did not find significant differences in
the peak hip flexion angle between the affected and unaffected leg. The review by Kotsifaki
(2020) [57] further shows that the ACL-affected limb has a stiffer landing, with less knee
flexion and internal rotation compared to the unaffected leg and healthy subjects, as well as
lower knee and hip flexion moments.

The study by Orishimo et al. (2010) [58] also showed a lower knee RoM during the toe-off
for a single-leg jump of an ACL-affected leg compared to the unaffected leg. During landing,
the knee RoM was also found to be smaller for the affected compared to the unaffected leg,
albeit with a smaller margin. The reduced power in the knee was compensated for by higher
moments and power of the hip during the toe-off and a greater power absorption of the ankle
during landing.

In addition to these measures, the KNGF [2] recommends the use of the dynamic knee valgus
and reduced neuromuscular control of the torso at landing as predictors of ACL injury in
women and the dynamic knee valgus and a decreased knee flexion angle on jump landing
as predictors for re-injury after an ACL. Furthermore, studies [49], [50] have shown that the
tibia of an ACL-affected leg has a more extended, externally rotated and anteriorly displaced
position (relative to the femur) during jump landing compared to the unaffected contralateral
leg. During hopping exercises, an ACL-affected knee is also more extended compared to a
healthy knee. This may be a strategy for providing greater knee stabilisation to compensate
for the increased anteroposterior laxity caused by the ACL rupture.

During focus groups at the OCON Orthopaedic Centre, the physiotherapists indicated that
the stiffer landing profile of a single-leg jump with an ACL-affected leg (also described by
[54], [56], [58]) was often accompanied with compensatory movements, such as strong torso
flexion and arm waving to regain balance and slow the landing down. These compensatory
movements were also often considered in practice as qualitative aspects of a single-leg jump
performance to accompany the LSI outcomes.

3.1.2.1 Kinematical adaptations for jumping tasks within VR

When performing jumping tasks within a VR environment, the biomechanics may be altered
[59]. In the study by Brazalovich et al. (2022) [59], vertical drop tasks were performed
by healthy participants under the conditions of eyes open, eyes closed and in VR. The VR
condition resulted in less knee flexion and more knee abduction at the moment of initial
contact compared to the other two conditions as well as an increased knee abduction during
maximum flexion. However, no adaptations in peak knee flexion were found between the
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three conditions despite previous literature showing changes between the eyes open and
eyes closed conditions. Nonetheless, given the kinematic adaptations for this vertical landing
task, Brazalovich and colleagues concluded that by using VR, the manipulation of the virtual
environment had an impact on the neuromuscular control of their participants.

Main literature findings for ACL-affected kinematic adaptations

An ACL injury affects the execution and landing of single-leg jumps. During the toe-
off phase of a single-leg jump, an ACL-affected leg shows more hip and knee flexion,
while during landing the knee peak flexion and RoM are decreased compared to the
unaffected leg. The stiffer landing shown for the ACL-affected leg can be compensated
for with additional hip and torso movements as well as arm movements to regain
balance. In addition, muscle activation patterns are adapted for the affected knee.

3.1.3 Neuromuscular causes for ACl-affected gait and jumping adaptations

As described above, the gait and jumping compensation techniques after ACL reconstruction
may be due to weaknesses in neuromuscular activation in the lower extremity, hip and gluteal
muscles [47], [51], [58], [60]. Especially the coordinated activation of the quadriceps and the
hamstrings can be considered essential to providing dynamic knee stabilisation [60]. Aside
from the tendons and ligaments, muscle strength is important for the stability of the knee.
When a rupture of the ACL occurs, the muscle strength of the quadriceps is one of the main
predictors of re-injury after rehabilitation [18]. In addition to the quadriceps, hip muscle
strength has also been linked to a reduction of lower extremity injuries. In the study by
Gokeler et al. (2010) [47], the electromyographic (EMG) activity during the hopping task was
analysed. Specifically, the muscle activity before landing was considered to determine the
stiffness of the joints. The study recorded EMG data of the gluteus maximus, biceps femoris,
semitendinosus and semimembranosus, vastus medialis and lateralis, rectus femoris, medial
and lateral gastrocnemius and the soleus muscles. The affected leg showed reduced knee
flexion and knee RoM during the take-off of the jump and more plantar flexion in the ankle
at initial landing contact. During the landing, a decreased RoM for the hip and knee joint of
the affected leg was found, but an increase in the ankle joint. For the EMG data, an earlier
onset of all muscles (except for the vastus medialis) was found for the affected leg. For the
healthy subjects, differences in onset times were also found between the dominant and non-
dominant legs. The study showed that the earlier muscle onset times might be the result of
(conscious or unconscious) pre-tension in the affected limb before and during the single-leg
jump landing to enhance joint stability.

With regards to the hip muscles, the work of Tate et al. (2017) [61] showed an indirect rela-
tionship between hip extensors and the hip abduction/adduction angle in single-leg jumps.
It was considered that ACL patients with relatively strong hip extensors show less dynamic
knee valgus compared to patients with relatively weak hip extensors. The strength of these
muscles may, therefore, be a cause for varus/valgus adaptations in ACL patients.
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Table 1: Overview of the modified Borg scale interpretation. For scores without interpretation, the
perceived fatigueness lies between the surrounding interpretations. The Borg scores for which
fatiguing effects are expected to (significantly) affect the movement behaviour of a person is
indicated by an asterisk (*).

Borg score Interpretation

0 At rest

1 Very easy

2 Somewhat easy

3 Moderate

4 Somewhat hard

5 Hard

6 -

7 * Very hard

8 * -

9 * -

10 * Very, very hard

3.1.4 Effects of fatiguing on biomechanics and determining perceived exertion

In previous research (see for example [22], [34], [62], [63]), it was shown that fatigue alters
the movement quality and knee kinematics during the jumping tasks of an ACL-affected
leg. This can affect knee flexion and abduction [64]. In addition, it has been found that
experimentally induced fatigue may increase the risk of ACL injury during sport-specific
movements [34], [64], [65].

While fatigue can be determined through biomechanical parameters (see for example [66]),
the perceived exertion of a participant can also be utilised to estimate the effects of their
fatigue using the Borg scale. This scale ranges the difficulty of a person to perform a task
between 6 and 20 [67]. This scaling was used as a multiplication of the given score by 10

would give an estimation of the person’s heart rate. In practice, this scale is commonly
modified to range between 0 and 10 for easier interpretation. In Table 1, an overview of the
interpretation of the modified Borg score scale is given. Based on this scale, a person can
indicate how hard they find a specific task to complete. While the Borg scale is a subjective
measurement of perceived fatigueness, it can be used to estimate when fatiguing effects
are expected to be considerable for a person’s movement behaviour, with the tipping point
usually being taken at a Borg score of 7.

3.2 technology for functional movement measurement of the knee

The biomechanical parameters described in Section 3.1 above can be measured with various
sensor systems. Such systems include, for instance, inertial measurement units (IMUs), mo-
tion capture (MoCap) systems, pressure-sensitive floors (which have been previously applied
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for studying gait symmetry analysis both in an interactive setting [68] and in combination
with other sensors [69]); force sensing insoles (used for determining knee asymmetries in
jump landings after an ACLr [70]); force and motion measuring shoes (such as the Xsens
ForceShoe) and biophysical sensors (see for example an on-skin sensor used for knee reha-
bilitation by Xu et al., 2021 [71]). Within the continuation of this section, a focus is placed
on further elaborating the possibilities for knee performance measurement through inertial
measurement systems. The main alternative for sensors in this study was a MoCap setup,
for which an overview is provided in Appendix B.3.1.

3.2.1 Inertial measurement units

IMUs provide a non-invasive method of human movement tracking in which sensors are di-
rectly attached to the body. While MoCap systems (see Appendix B.3.1) require a fixed setup
with cameras and ground force sensors, IMU measurements only require the on-body place-
ment of the sensors, thus allowing for ’in the wild’ studies. IMUs can even be integrated into
clothing for comfortable ’on the job’ measurements (see for example the BIONIC shirt [72]).
Within an IMU (which is a type of micro-electromechanical system [73]), a gyroscope and
accelerometer are combined to exploit the principle of inertia in providing angular velocities
and accelerations in two dimensions, while a magnetic sensor can be applied to provide 3D
orientation within the sensor itself [74]. By combining IMUs in different orientations, a 6D
overview of the body motion can be gathered (with 3D acceleration and 3D angular rates).
The data of the two or three sensors within the unit is fused (e.g. by applying an extended
Kalman filter [73]) to provide more accurate estimations. For kinematic estimation, the ori-
entation of a body segment relative to another joint is needed, as well as linear accelerations.
Through joint kinematics, the relative orientation between body segments can be estimated
with a multibody kinematic model. This model should be based on an anatomical model
and be adapted to the subject wearing the sensors. The angular velocity of the sensors is
measured through the gyroscopes, angular acceleration can then also be obtained through
differentiation of the velocity.

In general, a benefit of IMUs over motion capture is that the setup is simpler and has
a lower time investment. A downside of IMUs is that the resulting data relevant for knee
stability evaluation consists of accelerations. To go from this data to the relative sensor
positions, it needs to be integrated twice. This leads to integration drift, which can affect the
measurements and needs data filtering.

IMUs have been previously applied to measure movement behaviours and characteristics in
a variety of sports contexts, see for example [66], [74]–[78]. Previous work has also been
able to use IMU data to perform classifying tasks in sports, see for example the work of
Beenhakker et al. (2020) [79] on classifying volleyball movements through machine learning
modelling.

Within rehabilitation settings, IMUs have also been previously applied, such as within the
study by Yin et al. (2018) [80] where a wearable sensor was developed to recognise patients’
upper limb movement and to use the sensor input within a rehabilitation game. This setup
measured body and arm angles to calculate posture and control the game. The setup was
made to be used at the patient’s homes and to encourage continued rehabilitation exercises
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by providing immediate assessment and adapting levels of difficulty. Aside from their own
methodology, Yin and colleagues provide an overview of state-of-the-art IMU applications
within rehabilitation. Based on this overview, Yin et al. concluded that the IMU had an angle
measurement and body position estimation of acceptable accuracy (sometimes even better
than commercial motion recognition systems). The study by Zhao et al. (2017) [81] developed
an IMU-based gait analysis system. This system was able to assess the gait rehabilitation
process of a patient during straight-level walking. The study showed that gait disorders
could be accurately determined with IMUs. For applying IMUs within ACL rehabilitation
to compute body joint kinematics, two challenges can be identified [82], namely determining
the sensor orientation and the sensor position relative to the body. Solving these issues can
be done through sensor fusing combined with the careful manual alignment of the sensors
on anatomical landmarks or through performing calibration motions.

3.3 related sports interaction technology concepts

Interaction technology can be used within sports settings to improve the learning and en-
gagement of training and competition. Sports interaction technology is a part of the human-
computer interaction field that uses digital-physical exercise systems to boost the perfor-
mance, engagement and motor learning of the athlete [83]. In addition, numerous appli-
cations from the interaction technology field have found their way to sports rehabilitation,
injury prevention and diagnosis. Given that the relative movements and the underlying
biomechanical parameters of different body segments can be measured, interaction technol-
ogy can be applied to create diagnostically rich interactions in which specific movements are
triggered under controlled perceptual-cognitive pressure such that rehabilitation evaluations
can take place in a more sport-specific context [84]. Here, a rehabilitation patient should be
triggered and motivated to perform movements, based on which the sensor technology can
provide insights into the movement characteristics that are of interest.

An example of creating such a diagnostically relevant situation is in the study by Weichen-
berger et al. (2015) [85], which developed a fencing robot that triggered athletes to perform
specific movements that could be used to evaluate their fencing performance. The use of
interaction technology was applied to make the athletes in the study focus on the outcomes
of the movements (external focus) and not on whether they were performing each movement
correctly (internal focus), such that the performance was more relevant to the eventual sports
context in which it should occur rather than isolated movements to be analysed. Having an
external focus of attention has been previously shown to increase the performance of an
athlete and to help in their skill learning compared to internal learning [86], [87].

An interesting study that also focused on improving the transfer of neuromuscular train-
ing interventions to reduce the risk of ACL injuries is by Bonnette et al. (2019) [88]. Here,
the research team focused on creating a system that manipulates the visual feedback during
a squatting exercise to increase the retention and transfer of the intervention to a basket-
ball context. The study utilised external perceptual control, which engages automatic and
implicit motor strategies rather than deliberate and conscious movement control. Bonnette
and colleagues further hypothesised that this would increase the retention and transfer of
the training to the sport-specific context. Participants in the study received a visual stimulus
that mapped onto a range of biomechanical variables (including the knee, hip and torso). On
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a screen in front of the participants, a two-dimensional rectangle defined by six points was
presented, see Figure 30 in Appendix B.4. The biomechanical variables were mapped onto
the abstract geometrical shape on the screen and were adapted dynamically through the par-
ticipants’ movements. During a squatting movement, participants were instructed to move
in such a way that the abstract stimulus shape would remain as close as possible to a perfect,
symmetrical rectangle. The shape would remain a perfect rectangle if the participants would
move in such a way that their biomechanical variables would have values associated with a
low ACL injury risk. This setup allowed participants to effectively train on good execution of
the squatting movement, without having to understand exactly which variables would result
in the lowest ACL injury risk. The accurate mapping from the kinematics of the participant
to the feedback showed an improved performance in the squatting movement.

3.3.1 Extended Reality as a gamified system

An interesting method to adapt the world around us for the purpose of motor learning,
communicating with others or experiencing something that cannot (or is not wanted to)
be experienced in reality, is the use of Extended Reality (EX). EX is used as an umbrella
term containing the real world, Augmented Reality (AR), Augmented Virtually (AV), Virtual
Reality and virtuality [89], [90]. Within AR, a computer-generated image is superimposed
onto the real world to enhance the real world, while AV enhances the virtual world with real-
world objects. VR is a 3D (interactive) simulation of a virtual environment that replaces the
real world. The final step of the reality-virtuality continuum encompasses that everything is
virtual (a state that cannot be perceived). A final distinction is made for Mixed Reality (MR),
which merges the real and a virtual world and encompasses AR, AV and VR. Within the
MR systems, the visual experience can be provided through a head-mounted device (HMD,
also commonly known as AR or VR goggles). Within this subsection, the key elements of
applying VR to a rehabilitation context are discussed. See for an overview of additional
methods of applying gamified systems Appendix B.4.4.

An important benefit of VR is the immersion [89] it can provide. This term indicates how
strongly the computer-generated visuals provided to the user mimic real-life sensory inputs
and how well these visuals substitute the sensory input provided by the real world. In
other words, immersion expresses how well the user is ’drawn in’ the virtual environment
and disconnects the senses from the real world. The immersion is dependent on the visuals
and interactions presented to them but may also be improved by a higher pixel density
and field of view (FoV) of the HMD used. In addition to the immersion, the fidelity of
the system is used to determine the degree to which the virtual environment represents a
real-world system. Both immersion and fidelity can contribute to the feeling of presence
the user has, which relates to their feeling of actually being in the virtual environment as
if it were the real world. This feeling also requires the VR rendering to have very little
latency. Finally, the engagement of the virtual simulation indicates how well the user can
stay focused on the provided visual stimuli. This is also sometimes described as how well
the user remains interested in the simulation. Drawbacks to VR, especially when applied
to a rehabilitation context, are the limited integration of real-world objects into the virtual
world that could otherwise be utilised in (rehabilitation-related) exercises and the possibility
of cybersickness that users may experience from (prolonged) VR usage. The latter term refers
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to the uncomfortable feeling a user may have when they are in the VR environment, resulting
in nausea and headache [89]. This occurs when there is a mismatch between the visual input
from the HMD and the user’s vestibular sensation. Cybersickness can be the result of a low
refresh rate or unsharp images in the HMD. Especially in a rehabilitation setting in which a
user may suffer from imbalance, such a drawback should be considered in development.

To add to the VR experience, VR simulations can also be integrated with other forms
of technology, [89], such as treadmills and cycles for transportation or sensors to visualise
information or animate movement. This requires the data from the external technology to
be linked through the VR stream into the HMD and thus has limited options at present. In
addition, researchers and VR development companies are currently making the first steps to
integrate avatar legs within virtual environments through the use of predictive algorithms
using the HMD and controller movement as input [91], [92].

VR has been previously applied as a method of triggering and motivating movement within
rehabilitation (see for example [59], [93]–[97]). It has also been previously explored as a
method of training in jumping tasks (e.g. [98], [99]). By being immersed in the virtual
environment, an ecologically valid task can be created while utilising the positive transfer
of task learning in VR to real-world task performance [100]. However, VR has also been
shown to increase instability during balance tasks [101], which has led VR immersion to
also be successfully applied in balance and gait improvement training [59]. When applied to
ACL rehabilitation by Gokeler et al. (2016) [96], VR was used within a stepping-down task to
distract users from their conscious motor control and provide standardised delivery of visual
(and/or auditory) feedback while having movement kinetics similar to those when acting in
real-world conditions remain. The distracting effect of VR within a stepping-down task
led patients, fully rehabilitated after an ACL rupture, to change their movement patterns
approximating those of healthy subjects, which differed from the non-VR group of ACLr-
recovered patients.

For integrating VR within rehabilitation, there should be patient willingness to make move-
ments without being able to see the real world around them. VR has been previously applied
in the rehabilitation of patients who had a fear of movement and for which positive expe-
riences were found with this method [102] (see also Appendix B.5 regarding physiological
effects related to VR). During observations and sessions at OCON, physiotherapists as well
as patients themselves indicated that there is likely a strong willingness of patients to use VR
as part of a rehabilitation evaluation.

For selecting the HMD to run a VR simulation on [89], important considerations are the
FoV, the resolution for each eye, the refresh rate and whether the HMD allows for dynamic
movement (e.g. walking around in the physical space; using six degrees of freedom) rather
than stationary movement (only head rotations; using three degrees of movement). When
building the VR environment from a computer-run game engine, the ability of the HMD to
be cableless may be a consideration, as it provides a greater freedom of movement in the
play space, see Figure 3. Similarly, the use of external tracking units such as base stations
that need to be positioned around the playing area or whether the sensors are integrated
into the HMD to track the head movement (referred to as inside-out tracking) may affect the
VR experience. Further considerations may be the ability to include audio in the interaction,
the weight of the HMD and its price. The final features to consider are the ability to allow
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Figure 3: HMD components and playspace, adapted from [103], showing (A) an untethered HMD; (B)
hand-held controllers; (C) a VR-capable computer setup and (D) the VR playspace as it is
located in the real world.

the user to view the outside world from within the HMD (called pass-through), how it can
keep users safe from accidentally interacting with real-world obstacles and whether it can
purposefully bring in real-world objects into the virtual world to be interacted with.

3.3.2 Perceptual-cognitive factors in applying sports interaction technology

During a sports performance, an athlete does not only need to use their physical capabilities
but also their ability to withstand the perceptual-cognitive pressures related to successfully
completing the movements. Both physical and perceptual-cognitive factors are therefore
needed to make correct movements for the sports task at hand [104]. When an athlete moves,
their performance context is shaped by the individual, environmental and task constraints
that apply to that movement [105]. Individual constraints relate to the body characteristics of
the athlete (such as their height, weight or limb length), as well as temporary characteristics
(such as their energy level at the moment of performance) and psychological factors (such as
fears or anxiety they feel). Environmental constraints consider the environment in which the
movement is conducted and which can be affected, for instance, by the size of the available
space, the type of terrain and temporary restrictions such as weather conditions. Finally, task
constraints include any limitations to the execution of the task, which can, for instance, be the
goal that should be achieved and the rules of the task or how objects and other players behave
during a game. All constraints of the movement may be subject to change both between and
during task execution, which can affect how the person performs the movement each time
that the execution is needed.

Within ACL rehabilitation studies, movement tasks are often evaluated in isolation and in
a laboratory setting, thus removing or simplifying the environmental and task constraints.
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However, adding a rich rehabilitation environment that provides sensory and perceptual-
cognitive stimulation to the patient has been considered valuable for a successful recovery
after ACL reconstruction [106]. During a sports task, the more stimuli are provided to the
athlete, the more difficult they are to anticipate and the more it may negatively affect the
athlete’s performance [104]. Within the sports context, this can include the unpredictable
actions of other players and game artefacts (e.g. a ball or baseball bat) which can also lead
to scenarios in which non-contact ACL ruptures occur. The creation of a rich rehabilitation
setting with an increased perceptual-cognitive pressure can, therefore, trigger more realistic
movements of a patient that can provide more meaningful insights into potential risks when
returning to sport. The addition of stimuli during RTS evaluations could therefore assess the
knee stability in a more ecologically valid context (see also Appendix B.4.2 for an overview
of the use of ecological validity in sports interaction technology).

The way that a movement task is perceived by an athlete further affects their sports perfor-
mance [59], [104], [107]. Deficits in reaction time and processing speed (also considered to be
the ability to reconcile proprioceptive, visual, auditory or other cues for motor correction dur-
ing tasks) may decrease their performance and show a higher risk of ACL injuries. For this
reason, some rehabilitation exercises may include decision-making tasks to retrain a higher
processing speed. Here, the athlete can focus on increasing their strategic (i.e. not time-
dependent), tactical (i.e. time-dependent and with increasing uncertainty) and reactive (i.e.
with limited or no time for functional task exploration) control. Especially this third method
of control may result in unsafe movement performance that can lead to ACL (re-)injury and
may warrant additional attention during rehabilitation.

3.3.2.1 Use of dual-tasks

In everyday life, movements are often accompanied by additional tasks, such as walking
and talking or eating while looking something up. Such a combination of tasks is called
dual-tasking [108] and can lead to a decrease in performance in one or both of the tasks
due to a division of attention, especially as the tasks become more complex. In general,
adding cognitive demands such as attending to a specific goal or affecting decision-making
to a jumping task have been shown to affect a person’s biomechanics [109], [110]. To direct
the attention of someone performing a movement away from the execution the use of dual-
tasks can be applied as well. Dual-tasks can further be used as a method to create a more
sport-specific context by adding game-like variables that are inherent to the sport. These
elements can be, for instance, adding a dribbling or ball-catching/ball-passing task within a
change-of-direction movement [105]. The addition of the ball can create a task that is more
related to the actual sport that an athlete can return to (in this case basketball) and ensures
that the patient performing the movement cannot focus on the execution but needs to focus
on dribbling or passing correctly. The use of dual-task has also been proven very efficient in
the impact recovery of functional walking tasks [108].

To apply a dual-task or provide other forms of information or feedback (see Appendix B.4.3
for an overview of the different modalities used in sports interaction technology) that add to
the providing perceptual-cognitive pressure, additional consideration should be made at the
disruptiveness of such additions, especially in a VR environment. In the foundational work
of Zijlstra et al. (1999) [111], the extent to which something (either an informational message,
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feedback or a secondary task to be performed) interrupts a primary task can be evaluated by
the extent to which the primary task can be continued by the person. If the disruption is too
strong, the user cannot continue to perform the primary task and must instead fully focus
and address the disruption. If the disruption is too weak, it barely registers with the user
and they are not motivated to put focus on it. For a dual-task, the primary task remains the
main focus, while the secondary task should only provide a medium disruption that allows
them to complete the primary task while still addressing the secondary task.

3.3.2.2 Use of VR for increasing cognitive lead

When external focus is utilised, athletes may improve their ability to automatically process
the movement and reduce their needed cognitive effort. This method has been successfully
applied to various sports and balancing tasks [86]. In the work of Cochran et al. (2021) [86],
the effect of external focus was considered for a single-leg jump within a VR environment. In
this study, the external focus improved the VR performance, but it did not improve retention
of the task or transfer to the real-world performance.

In general, VR can increase the cognitive load on its user [112]. By immersing the user within
the virtual simulation, a perceptually rich environment is presented to the user which can
adapt the additional cognitive load as required for the given task. However, the presence of
additional cognitive load itself is not necessarily an obstacle for a user but should, similar to
the use of a dual-task, be considered in terms of how it affects the execution and performance
of the primary task.
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4
D E S I G N A N D D E V E L O P M E N T O F T H E I N T E R A C T I V E V R - A C L E VA L -
U AT I O N S Y S T E M

Based on the literature and expert input provided in Chapters 2 and 3, the designing journey
is described in this Chapter. For the final interaction, a sensor and VR system work together
to trigger participants to make single-leg jumps at 20, 40, 60 and 80% of their maximum
jumping ability with each leg within the virtual environment. To create a diagnostically rich
environment, increased perceptual-cognitive pressure is applied with a dual-task, as well as
virtual distractions and competitive elements. The jumping task itself is presented utilises
external focus.

Within this chapter, the full journey of the development of the interactive VR-ACL evaluation
system is provided. This contains first the description of various tooling considerations
as they flow from the literature background provided in earlier chapters, followed by the
concept creation and selection, and finally a full description of the interactive system itself.
Additional notes to the design and development have been added in Appendix F.

4.1 tooling and platform considerations

For the development of the study, several tooling and platform considerations were made to
create a system that can combine sensor technology with an interactive environment. These
considerations were partly based on the literature review provided in Chapter 3 as well as
evaluations made throughout the development phase itself and expert input.

4.1.1 Selecting the sensor system

With both the IMU sensors and motion capture (see subsection 3.2.1 and Appendix B.3.1
respectively), the movement characteristics of various segments, including knee stability, can
be analysed. While the motion capture systems are better integrated within the existing
body of literature, the IMU sensors are more wearable, portable, cheaper, require less time
for setting up and can be implemented outside the laboratory setting. As this study has
a strong focus on practice, the final system should be able to be integrated within practice
without difficult transitions. The easier-to-use IMU systems are, therefore, more suitable to
implement within the already packed schedules of physiotherapists. In addition, because
the IMU system does not require a fixed laboratory setup with cameras, it allows for more
flexibility for implementation into a physiotherapist’s office or outside environment. Based
on the possibilities of both systems, the IMU system is considered the most suitable for this
research project.

Based on the availability of the hardware and software, the MVN sensors by Xsens (part of
Movella) were selected for this study (see Figure 36 in Appendix F). These IMUs has been
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applied and evaluated previously for ACL rehabilitation (see for example [52], [113], [114])
and gait performance studies (e.g. [115], [116]), and have been validated in previous studies
(e.g. by [115], [117], [118]). The MVN setup consists of a maximum of 17 sensors, which can
be used as loose IMUs attached to the body with straps (MVN Awinda, sampling at 60 Hz)
or within a suit as a wired configuration (MVN Link, sampling at 240 Hz) [115]. While the
Link system provides a lower latency (20 ms compared to the 30 ms of the Awinda system),
the Awinda allows for a minimum sensor setup with a subject smaller preparation time, thus
being the more suitable option. IMU systems do not directly gather knee positions and knee
flexion angles but do so through the integration of acceleration data. The required double
integration to find the positions of relative IMUs causes drift, which requires adaptive algo-
rithms to correct for. For the MVN systems by Movella, an MVN Analyse software tool was
developed for extracting and processing the raw data, while simple recording and stream-
ing of the data can be completed with MVN Record. Based on the data, Movella uses its
own biomechanical model to provide joint angles and segment positions. For this study, it
was decided to focus on the data analysis as it can be presented to and utilised by physio-
therapists in practice. These initial preprocessing and filtering steps completed by the MVN
Analyse software were, therefore, considered outside of the scope of this work. Aside from
the kinematic analysis, the MVN data allows for streaming into Unity, thus enabling anima-
tion of the MVN sensors (displayed as a lifesize avatar) in the virtual environment. For this,
the interaction with the floor is removed, which fixes the pelvis in space but does not allow
for evaluations in which the ground contacts are ill-defined (e.g. if the foot-ground contact
would be altered) [115]. Finally, to maintain a fast setup and quick use for future practice,
a minimum sensor setup was chosen which only includes lower body sensor configuration.
For individual purchases of the MVN sensors and suit, the price for the whole setup is 3490

Euro [119].

4.1.2 HMD and game engine selection

While a great number of HMDs are on the market and more are being added each year
(leading to a projected annual market growth until at least 2030 [120]), only several HMDs
were considered for this study based on their availability for the development and execution
of the study. These three models were a Meta Oculus Quest 2, an HTC Vive Pro and Vive
Pro 2. Based on the characteristics and overall availability of the HMD for the study, the
Oculus Quest 2 was selected (see Figure 36 in Appendix F). This HMD [121] has an FoV of
100 degrees, a resolution of 1832 x 1920 and a refresh rate of 90/120 Hz, making it better
performing than the Vive Pro but worse than the Vive Pro 2. The weight of the HMD is 503

grams, making it the lightest out of the three options. The major advantage of the Quest 2

over the Vive HMDs is its ability to run simulations standalone whereas both Vive HMDs
are tethered and thus limit the mobility of the user. For its standalone feature, the Oculus
streams the virtual simulation from the computer over WiFi using its AirLink functionality,
which was still in its experimental phase at the time of development and testing but has since
been made a mainstream functionality of the Quest 2. To prevent users from interacting with
real-world objects around them, the Quest 2 uses a virtual Guardian to demarcate the playing
area. When a user moves towards the Guardian, it appears in front of the user as a virtual
grid wall. If a user moves through this Guardian wall, the Oculus view shifts from the
virtual environment to its pass-through view that projects the real world into the HMD. As
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of February 2023, the Quest 2 also includes a ’Space Sense’ option, that allows users to bring
real-world objects (such as walls, furniture or pets) into their virtual environment for mixed
reality purposes. This HMD operates unthreatened with inside-out tracking and allows for
pass-through, albeit in black and white and at a low resolution (with plans made by Meta
to create a Quest Pro with high-resolution and full-colour pass-through functionalities). The
price of the Quest 2 is around 350 Euro [122].

To run the virtual environment of the VR-ACL evaluation system, a game engine was needed
that would allow for VR development, as well as integration of the sensor system. Unity 3D
is one such game engine that can be used for the development of 2D and 3D games as well as
AR and VR environments [123]. It works well with the Meta Oculus Quest 2 and has exten-
sive documentation available for its integration. Programming within Unity 3D is done in C#
and JavaScript, while much of the worldbuilding can be done with self-made or pre-existing
3D assets. Unity uses a component system that allows for assets to be built up as a collection
of individual components rather than the less flexible object-oriented programming. This is
particularly beneficial for implementing a variety of separate (but similar) tasks for which in-
dividual adaptations are needed, as for a component system specific adaptations for a user or
other features only need to be defined once rather than individually for each type of task. The
downside of this platform is that everything within the interaction is manually programmed
and the platform has a high learning curve. In addition, the platform does not allow for
quick adaptations when used in practice by physiotherapists, as in-depth knowledge of the
world-building and coding structure would be needed for specific alterations.

Similar to Unity 3D is the Unreal Engine 5 platform, which can provide 2D and 3D inter-
active experiences. It uses graphic programming as well as C++. As is the case for Unity, the
Unreal platform has extensive documentation for the Oculus Quest integration. The same
drawback for Unity 3D on adaptation complexity applies to Unreal.

One platform that was designed for easy world-building is the Aryzon World platform,
which has a low-code built that can be adapted within the VR environment itself. The main
objective of this platform is to provide professionals with an easy and accessible method to
create virtual environments in which they can collaborate from a distance. The platform is
compatible with the Oculus Quest 2 but was, at the time of development, still in its bèta phase,
although available for demonstrations for select users. An initial try-out of the platform
showed possible use for a future version of the software.

Due to its intuitive method of world-building and extensive documentation, Unity 3D was
chosen for the VR development of this study. Within the development and final design of the
VR environment (see Sections 4.2 and 4.3 respectively), the asset library of Unity was utilised
to create the main environment on which the rest of the interaction with its game elements
was built.

4.2 vr interaction development

Central to the system development is the interaction in which patients are triggered to make
the specific movement behaviours that have the potential to generate rich sensor data. As was
described above, this interaction consists of a VR setup that was designed within Unity to
be streamed onto the Oculus Quest 2 VR headset. Within this section, an overview is given
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of the design journey that led to the development of the VR environment and the overall
interaction.

4.2.1 Design restrictions and success criteria

For the design of the VR interaction, several restrictions were considered in the development.
For these restrictions, the use case of implementing the final system at a physiotherapist clinic
was considered, while taking into account the proof-of-concept nature of the development
stage.

• ACL simulation constraint: to avoid injury risks with ACL patients, healthy partici-
pants will be used within the study. These participants should be perturbed on one leg
such that their jumping behaviour simulates that of an ACL-affected leg on one side
and a healthy leg on the other.

• Time constraint: to allow for optimal availability of testing participants within this
study as well as providing a fast and feasible rehabilitation evaluation in practice, a
maximum of 1,5 hours should be considered for the entire session, including participant
preparation. To avoid cybersickness, the maximum time spent consecutively within the
virtual environment should be one hour, with frequent opportunities for a participant
to conclude the session.

• Room constraint: the testing location should allow participants to move and jump freely
within the virtual space and should thus be of adequate space, with no fixed objects
and an adequate ceiling height.

• Fatiguing constraint: to avoid interference fatiguing in the kinematic data collection, the
perceived fatigueness of participants should be monitored throughout the interaction
such that kinematic data from a fatigued state (i.e. a self-indicated Borg value of higher
than 7) can be excluded from the dataset.

• Sound constraint: to make sure that the researcher and participant can be in continuous
contact throughout the measurement session, no sounds can be used in the interaction.
Only visual stimulations may be provided.

Aside from adhering to the restrictions provided above, the interaction should successfully
achieve the following goals.

• Trigger single-leg jumps for both the perturbed and non-perturbed leg during the in-
teraction at the specified distances of 20, 40, 60 and 80% of their maximum single-leg
jump distance of that leg in random order.

• Provide the interaction within specific rounds of gameplay in which jumps are provided
with adequate rest in between consecutive jumps (10 seconds minimum) and between
rounds (30 seconds minimum).

• Make jump triggers appear straight in front of the participant such that they can be
executed completely without the movement interference of turns or additional jumping
behaviours.
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• Provide (visual) distractions to the patient between consecutive jumps.

• Provide an increased perceptual-cognitive pressure on the participant throughout the
interaction using a dual-task.

• Provide a time-based competitive element to participants throughout their gameplay.

• Allow for kinematic data gathering and analysis that provides insights into the move-
ment performance of participants to physiotherapists.

• Make the system as much plug-and-play as possible with a minimal sensor setup and
system adaptations needed between participants.

4.2.2 Concept development and iterations

To comply with the design restrictions and success criteria, three concepts were designed
for the VR interaction. These concepts were based on the initial research study, expert and
patient discussions as well as iterative designing. Each concept was designed with a unique
setting and game elements to support the diagnostic purpose of the system. After the con-
cept design, a user evaluation study was held to determine the best concept for development.
Within this section, the final concepts are provided alongside the imagined scenery for each
concept (created by the Midjourney AI art generator), see Figure 4. For the concept descrip-
tion, the terminology of ’player’ rather than ’(ACL) patient’ was used to let participants of
the evaluation study feel more engaged with the proposed concepts. For consistency, this
terminology was kept in this subsection.

In the box below, the description of the first concept is provided. This concept describes an
immersive setting in the form of an unknown extraterrestrial planet. This allows for creating
colourful and unique visual distractions for the player (e.g. flying items, far away planets,
coloured night sky) and can give a storyline in letting the native inhabitants of the planet
set up rules for a player to follow (thus motivating them to perform single-leg jumps). The
concept additionally incorporates a competitive element by letting players gather points for
correctly executed jumps (which could be based on accuracy in reaching the target of the
jump or a kinematic measure of jump performance similar to the approach of Bonnette et al.,
2019 [88]).
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(a) Imagined scenery of Concept 1 - Exploring an ex-
traterrestrial planet. AI input: "Make an extraterrestrial
planet with a rocky desert ground and a purple coloured
sky. Make a big moon and planets in the background".

(b) Imagined scenery of Concept 2 - Sport-specific
athletics setting. AI input: "Make, in realistic anima-
tion style, an athletic running track with public stands far
away” and "Make, in realistic animation style, a full-body
coach looking happy".

(c) Imagined scenery of Concept 3 - Playing an adven-
ture game. AI input: "Make an adventure game environ-
ment with crocodiles and water streams. Make open grass
fields and forests in the distance. Make a backdrop of moun-
tains and volcanoes".

Figure 4: Virtual scenery of the three concepts generated by the Midjourney AI art generator, along-
side the provided input to generate the images in italics.
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Concept 1 - Exploring an extraterrestrial planet

Scenario description: In an extraterrestrial planet, the player walks around on a rocky ground
with a purple-coloured sky above. While walking around, the player suddenly comes across the
alien inhabitants of the planet they are visiting. These native inhabitants require the player to
make a single-leg jump over a puddle of dangerous alien goo that is lying on the ground, using
the specified leg and making sure they safely get across each distance.

Player motivation in the interaction: As a reward for each jump, the aliens will provide the
player with traveller coins, but they will take coins from the player if the jump is incorrect.
Between different rounds of playing, players can see how many coins they gathered to compare
how well they are doing over time.

Additional distractions in the interaction: Within the virtual environment, different dis-
tractions can be provided by having spaceships fly over or rockets take off in the distance.

In the second concept, players find themselves on an athletics track with stands on the side
where they follow a course of single-leg jump exercises at the specified distances. Close by, a
virtual coach is placed who encourages the player and provides instructions where needed.
When a jump is successfully executed, a cheering audience is visualised from the stands. This
concept focuses specifically on providing positive feedback to the player to make their jumps
correctly, as well as adding (individually targeted) instructions that the physiotherapist can
use to help their patient improve throughout the interaction.

Concept 2 - Sport-specific athletics setting

Scenario description: The player walks around on an athletic run track. Right next to them,
a coaching persona motivates the player to make single-leg jumps of specific distances.

Player motivation in the interaction: When a jump is correctly executed, a cheering audience
will show their approval. In addition, the coach provides positive feedback to the player.

Additional distractions in the interaction: A player in this scenario can have interactive
game objects relating to sports (e.g. a basketball or football) lying around in the interaction that
can be virtually picked up and played with in between sessions.

The final concept that was used consists of an arcade-like adventure-like game where players
must complete an obstacle-like jumping course to safely reach the end of the game. As with
Concept 1, this concept uses a storyline in which players must reach the end of the round that
motivates the interaction and puts the focus on the gameplay. The game motivates intuitive
movement by providing the player with elements that they should not walk through (but
instead jump over), such as lava streams or open crocodile mouths. Additional pressure is
given to the player by providing them with a time constraint in which they must complete
the level, thus forcing them to jump without (significant) preparation time.
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Concept 3 - Playing an adventure game

Scenario description: Within the adventure game, the player has to jump over dangerous
crocodiles and lava streams to safely reach the next level. The player’s goal is to reach the end
of the road while avoiding the dangerous elements around them before their time runs out.

Player motivation in the interaction: Players must move quickly before their time runs out
and try to reach their fastest round. Throughout the interaction, they have to avoid the danger
around them, as it leads to deductions in time.

Additional distractions in the interaction: The virtual world around the player comes to
life with different dangerous creatures and elements they must stay away from to avoid time
deductions. They might not always see where the danger is coming from, so they will have to
pay attention to their environment to make sure they can respond in time.

An overview comparing the different key elements of the three concepts as well as possible
drawbacks to be considered is provided in Table 2. Based on the existing concepts, the
user evaluation was held to create a final design encompassing the initial designs’ strongest
points.
The three interaction concepts described above were evaluated through a dedicated focus
group session with the physiotherapists of the OCON Orthopaedic Centre as well as with a
survey that was sent out to gather insights into the rehabilitation process and the established
concepts (of which all insights are gathered in Appendix G). In total, two physiotherapists
and one sports doctor participated in the evaluation session at OCON, while n = 35 people
filled in the survey (response rate of 85%).

Based on the evaluation of the three concepts with the physiotherapists at OCON, it was
noted that the first concept seems to be the most immersive. The ability to fully take the
patient from the physical testing location into an immersive environment would benefit the
evaluation by potentially providing a similar cognitive load as is given to a patient during
sporting events. For Concept 2, it was noted that this seemed to be the most effective en-
vironment if the sports setting could be adapted to the individual patient (e.g. having a
basketball court for a patient rehabilitating to return to playing basketball) but might not
be stimulating if the patient or participant would play a different sport. The final concept
was seen as immersive with a lot of opportunities to trigger specific movement behaviours
within a game setting. The use of a competitive element was also seen as motivational, as
the physiotherapists often observe patients wanting to compete against themselves or others
during their rehabilitation.

While the physiotherapists focused mostly on the immersion of the concept, the survey that
was sent out provided insights that were more focused on the game elements of the in-
teraction (see Appendix G). For all three elements of general preference, enjoyment of the
motivational elements and the engagement of the additional distractions, Concept 3 was
preferred by most participants. Subsequent comments also provided insights into possible
combinations of the different elements. Specifically, participants enjoyed the game elements
of Concept 3, where a player has to complete individual levels to see their performance over
time. For the first concept, participants indicated that they would enjoy the immersion, es-
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Table 2: Summative comparison between the three interaction concepts.

Scenario de-
scription

Player motiva-
tion

Additional dis-
tractions

Potential draw-
backs

Concept 1
Exploring an
extraterrestrial
planet

Strongest focus
on immersive-
ness through
unique setting.
Uses a clear
storyline in
the interaction.
Easiest to design
and develop in
VR by using
unconventional
and abstract
concepts.

Motivation
based on sto-
ryline and
intuitive visuali-
sations.

Objects flying
overhead and
use of vibrant
colours.

Because of indi-
vidual jumping
styles, deter-
mining critical
elements that
make a correct
execution of
the single-leg
jump outside
of distance and
measured in
real-time is diffi-
cult.

Concept 2
Sport-specific
athletics set-
ting

Use of athletics
track settings
and sports ob-
jects to create
a direct and
strong relation
to the rehabilita-
tion.

Use of external
motivators (au-
dience and vir-
tual coach).

Use of interac-
tive sports ob-
jects.

For optimal
evaluation
of the sport-
specificity of
this concept, the
player should
also be engaged
in (track) athlet-
ics.

Concept 3
Playing an ad-
venture game

Strongest use
of gamification
and entails a
clear storyline.

Motivation
through clear
storyline-related
visuals.

Distractions
by adding the
element of sus-
pense within the
virtual environ-
ment.

The setting
could restrict
players’ move-
ment by having
virtual objects
in their near
surroundings
(e.g. trees and
mountains) to
ensure that they
jump over the
obstacles.
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pecially through the use of flying distractions that add to the VR experience. The use of
competition in this concept by gathering coins was found to be motivational, although this
did raise the question of whether the collected coins could be used somewhere in the game,
which would affect their motivational use. Within Concept 2, some participants found the
explicit lack of timing in the interaction to be less stressful compared to having a timer, while
others did seem to want to have this as a competitive element as was included in Concept
3. For Concept 2, the sporting element was found very fitting with the rehabilitation context,
and the cheering audience and having a virtual coach were found motivational by some. In
general, the use of a storyline was considered important, as well as making full use of the
VR immersion by having visuals all around the player or having interactive objects present
in the game.

Combining the feedback from the physiotherapist focus session and the survey, the third con-
cept was considered to be the most promising for development. The use of a storyline-like
rationale for having players complete the jumping exercises and adapting the game elements
and visuals to fit with that narrative without overpowering the overall interaction seems to
be the most immersive. To keep a competitive element but avoid high pressure in moving,
a timer counting up rather than down was used, which would let players compare their
time over different rounds of gameplay. This was considered to lead to more sport-specific
behaviour, as in gameplay a long preparation time for a movement may not be directly
punished but can negatively influence a player’s performance. In addition, the required
adaptability to unexpected elements in a game environment was considered by increasing
the perceptual-cognitive pressure during the interaction. For this, a dual-task was used by
having the player shoot down virtual objects appearing and approaching mid-jump using
their controllers. Adding to the competitive element was that time bonuses (in this case
reducing the time of the round) were awarded for objects correctly shot down, and time pun-
ishments (adding time to the round) when the objects would hit the player. A full overview
of the final interaction is provided in Section 4.3.

4.3 description of the complete interaction with the vr-acl evaluation

system

As part of the final interaction with the developed system, the participant wears the Movella
MVN sensor setup with the configuration of the lower body plus sternum. The sensor move-
ment is streamed and recorded from the Movella MVN Record software (2018 license) to
Unity to animate the recorded movement of the player within the virtual environment in
real time. Additionally, participants wear the Oculus Quest 2, which receives input from the
virtual environment from Unity through SteamVR and allows them, in turn, to interact with
the virtual environment and game elements through the HMD movement and controllers.
See for an overview of the interworking of the different components Figure 8.

4.3.1 The VR environment

When entering the VR environment, the participant was placed within the centre of a volcanic
landscape. While a large open space was provided to give a sense of physical safety, several
key virtual elements were used to draw the participant’s attention, see Figure 5. Central in
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(a) Right side view of the virtual environment, showing the volcanic explosions and wildfires.

(b) Right-back side angle of the virtual environment, showing the text used for welcoming
participants, game instructions and round timers displayed in the sky.

(c) Left side view of the virtual environment, showing the fireflies.

Figure 5: Overview of the virtual environment at three angles, shown from the developer’s perspec-
tive. At the centre, the Movella MVN avatar is shown (only the legs and feet made visible)
alongside the camera viewpoint of the HMD (indicated with a camera icon). For each angle,
the key elements visible are indicated.
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the interaction is the integration of the MVN avatar into the virtual environment, allowing
the participant’s lower body movement (as recorded with the MVN IMUs) to be shown in
the virtual environment. The full avatar can be seen in Figure 7 to give a sense of the relative
dimensions used in the virtual setting. During the interaction, participants were only able to
see the avatar’s legs and feet moving from a first-person perspective based on their own leg
movements.

To keep the first-person perspective, the MVN avatar was coded to follow the HMD move-
ment in its horizontal position and rotation. For this, the root locus (as placed on the pelvis)
within MVN Record was kept fixed and, within the virtual environment, the game object
origin of the avatar’s pelvis (as projected onto the ground) was matched to the origin of
the HMD (projected to the ground). For the vertical position of the avatar, the pelvis was
positioned below the HMD at a calibrated distance. This vertical calibration of the avatar, sep-
arate from the standard sensor calibrations completed for the IMUs, was needed to prevent
the feet from sinking into or floating above the virtual floor upon starting the data stream of
MVN Record (when the MVN avatar’s dimensions would be synced with the participant’s
height). After the initial calibration of the vertical location of the avatar root locus, the pelvis
was kept steady within a bandwidth of this vertical location to keep the legs from sinking
into the ground when a user would bend forward.

As the pelvis position of the avatar would move alongside the HMD’s horizontal move-
ment, strong bending forward movements (e.g. when a participant would look at their
virtual legs) would result in the MVN avatar’s legs moving forward to remain positioned
below the HMD, see Figure 6. Such bending movements were expected to occur frequently
with participants checking their position before and after jumps. To avoid the incorrect
positioning of the avatar’s legs, its forward movement was restricted whenever the HMD
would deviation outside a vertical bandwidth of the calibrated position, see Figure 6(b). As
a result of this restriction, forward bending movements kept the MVN avatar’s hips at the
pre-bending location (thus matching where the participant’s real-world legs would also be
at the bending moment). To resume the avatar’s following of the HMD horizontal position,
a participant would have to return to stand up straight (moving the HMD back within its
vertical bandwidth). With these corrections, participants would be able to experience natural
walking, jumping and bending movements, but would not be able to move in a crouched or
hunched-over position without the avatar’s legs staying behind. With regards to rotations
around all axes of the MVN avatar, no restrictions were provided to keep the natural move-
ment of the individual body segments. Finally, any deviations in axis orientations between
the MVN Record stream and the Oculus HMD-based configurations that slowly occurred
over the course of the interaction could not be automatically corrected for (as they were in-
herent in the axis orientation of either sensor system) and were instead manually re-aligned
between playing rounds of the interaction.

Because the MVN avatar was programmed to follow the HMD’s horizontal position when-
ever the participant was standing up straight, several elements were used within the virtual
environment that would motivate the participant to keep their line of sight higher. These
elements are also highlighted in Figure 5. First, a text canvas was displayed in the sky above
the participant, displaying messages and instructions before the start of the interaction and,
throughout the rounds, showing the time elapsed (see also Figure 7). For each round, the
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(a) Movements of the HMD (A.) within the hori-
zontal plane and no deviations larger than the cal-
ibrated vertical bandwidth (B.) result in the MVN
avatar legs moving along the HMD position.

(b) Movements of the HMD with a vertical com-
ponent outside the permitted calibrated band-
width (such as bending) would move the MVN
legs as if they were still below the HMD location
and have to be corrected (C.) back to their previ-
ous location to match the position of the partici-
pant’s legs.

Figure 6: MVN avatar legs following the HMD movements. The MVN upper body and arms were not
visualised in the interaction but are shown here with a higher transparency for completion.
Shown is the MVN avatar behaviour during HMD movements without and with a (signifi-
cant) vertical component.
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timer would start over and count up until the round was completed. At the end of each
round, the time of that round was shown, as well as a list of the times of all previous rounds,
with the fastest being shown in green for comparison. Second was the volcano which shaped
the virtual landscape. On top of this volcano, fiery explosions were visible and smoke ap-
peared. At the participant’s line of sight, wildfires were placed at the edge of the playing
field to the left, while at the right a small waterfall was added on top of large rocks. Finally,
to the participant’s right, a swarm of fireflies in multiple colours made a fluttering movement
upwards. The rest of the environment was completed by trees, boulders, plants and grasses
placed at the edges of the field.

The playing field itself was based on an even rocky underground. Because participants
would have to make jumps within a virtual environment, it was important to match the
proprioceptive feeling of the physical ground with the visual stimuli of the VR environment
to ensure jump safety and increase VR fidelity. Because of this, the ground was visualised
with a hard material with a repetitive, even pattern. In the middle of the open playing
space, a circle was added to the playing ground. This was used to help participants orientate
within the environment and to encourage them to stay and return to the middle, where game
elements could not spawn under the virtual objects placed at the edge of the field. This
was especially important when the teleportation functionality was enabled. While this was
initially designed to be restricted in the interaction, the teleportation was enabled during the
testing sessions to accommodate all virtual movement in the relatively small testing space
(see Section 5.2). With teleportation, participants were able to jump to traverse the entire
virtual environment by means of ray casting. This method was used as it is considered less
prone to causing cybersickness as opposed to other methods of virtual teleportation.

To protect the participant from the real-world obstacles that might be in place, a virtual
guardian was placed around the playspace. This was shown to the participant as a blue line
continuously in sight and a virtual wall that would appear as the participant would near the
edge of the playspace. When the participant would walk through the virtual guardian, the
virtual environment vanished in exchange for the passthrough view of the real world.

4.3.2 Game elements and jumping task

Separate from the stationary assets mostly incorporated from pre-existing Unity assets (and
adapted in components as needed), were the elements used for the jumping task. These
elements spawned and disappeared as needed for the gamification of the interaction. The
main element triggering each jump was the jumping plane, see Figure 7. To trigger single-leg
jumps of specific distances, these jumping planes were spawned as a lava-coloured plane on
which two starting circles and one landing circle were placed. The plane always spawned
with the two starting circles placed towards the participant’s side, with one green and one
white. The green circle indicated which jump was the jumping leg, which matched a green
landing circle on the same side at the edge of the plane (e.g. in Figure 7 the avatar is standing
ready to jump with its left leg from one end of the plane to the other). The sides of the plane
showed steam rising to motivate participants to land safely on the landing circle and avoid
the lava. The distances between the starting and landing circle were based on the single-leg
jump distances made before the interaction (see 5.3). Based on the jumping distance of each
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Figure 7: Full MVN avatar standing at a jumping plane, while a lavaball is approaching from the sky.
In the background, wildfires part of the volcanic environment are visible, as well as the time
counter in the sky. Participants within the virtual environment experienced the MVN avatar
from a first-person view, with only the legs and feet being shown. To show the scale within
the virtual environment, the full MVN avatar is visualised. In the interaction, participants
were only able to see the lower half of the avatar (i.e. up to the upper legs).

leg in the VR condition, the jumping targets in the interaction were adapted to be at 20, 40,
60 or 80% of the maximum.

As part of the jumping task, a dual-task was incorporated to increase the perceptual-cognitive
pressure during the movement. The chosen task was to shoot down an appearing and ap-
proaching lavaball while preparing, performing or landing during the jump task. This dual-
task was chosen to represent a common dual-task strategy of ball handling as well as fitting
with the chosen VR setting and to increase immersion in the virtual volcanic environment.
The dual-task was applied to the jumping task as follows. At the start of the jump, the partic-
ipant would have to stand ready on the starting circles of the jumping plane. To make sure
that the system recognises the start of the jump, trackers were added on the avatar’s feet
and on the starting circle. If a foot was correctly positioned on a starting circle, a green edge
would appear around it to indicate to the participant it was ready for the jump. Participants
were instructed to only start their jump once both starting circles were green. After triggering
the start of the jump, a lavaball (shown in Figure 7) could suddenly appear as a solid ball
with a diameter of 20 centimetres and immediately start to approach the participant (aiming
for and continuously adapting to be headed directly at the HMD location). The lavaball is
spawned in front of the participant’s line of sight, at 2,5 Unity units of distance (roughly
equivalent to 2,5 meters within the perception of the real world), with a slight deviation ei-
ther to the right or the left to not obstruct the participant’s view of the landing location. The
vertical height of the lavaball was based on the vertical position and rotation of the HMD
(e.g. if a participant was looking down, the lavaball would appear as if coming from the
ground) to always appear in the line of sight. The ball approached the participant with a
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speed deviating between 1 and 2,5 Unity units per second (equivalent to 1-2,5 meters per
second) and was spawned with a delay between 1,5 and 5 seconds after triggering the start
of the jump. In addition, it had a 75% chance of appearing (thus trying to wait them out
after triggering a jump would be a time-costly decision). By randomising the location, speed,
delay, and chance of appearing, the lavaball remained an unpredictable game element for
the participant during the jump. The variables of the dual-task could be adapted from the
master script (see Table 13 in Appendix H.4) if needed.

As the lavaball approached the participant, they were told to shoot it down using their
right controller before they were hit. Pressing a button on their controller spawned a red
shooting ball that was shot in the direction they were pointing. For each lavaball, they had
two tries to shoot it down. The shooting balls had a diameter of 10 centimetres and were
modelled to move under an impulse away from the controller (e.g. as if shot like an arrow
from the controller). This meant that it would move away from the controller in a curved
trajectory and return (and bounce) on the ground after being shot. Participants would, there-
fore, have to aim carefully to hit the target (similarly to as they would when in a sporting
environment) and could not approach the hitting of the lavaball as they might do in a first-
person shooting game (where the shooting element would often be modelled as guns or
lasers that would move straight from the barrel to the target without any deviation). Partici-
pants, therefore, had to aim carefully and engage in motor learning to correctly complete the
shooting task, while completing the jumping task. This allowed for a diagnostically richer en-
vironment. Similar to a sports scenario, the participant had a competing focus in completing
the movement.

Once a lavaball is correctly shot down, it explodes (see Figure 37 in Appendix F), thus
giving an engaging completion of the dual-task. If the lavaball was destroyed by the partic-
ipant, the round timer displayed in the sky would be green for a few seconds and show a
10-second deduction (thus making the participant faster in that round). If the participant was
not successful in destroying the lavaball before it ’hit’ them, the timer would show red and
10 seconds would be added (making the participant slower). During the introduction of the
interaction, participants were allowed to practice shooting down the lavaballs before starting
the playing rounds.

Once a participant completed the jumping task by landing with their correct leg onto the land-
ing circle (determined by the tracker on the avatar’s jumping leg being in relative horizontal
proximity and the exact vertical location of a tracker at the landing location), the jumping
plane would disappear again and a new jumping task would appear after a 10-second break.
For the landing, the moment of ’hitting’ the landing circle was made less sensitive than the
hitting of the jump starting circles. In other words, the participant had to stand exactly right
on the starting circles (to make sure that the jumping target would be at the right distance
from the participant), but when landing near the landing circle, the landing was immediately
registered to make sure that the correct jumping distance relative to the target position was
recorded. Because the task required participants to jump and land onto the target circle, an
external focus was implemented into the jumping task.

After all jumps in a round were completed, explosions moving upward were used to draw
the attention of the participant to the final round time presented in the sky. Once a new
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Figure 8: Overview of the interworking between the components running the interaction system, with
the components directly relating to the participant (shown in blue), software components
(red) and hardware components (green).

round started, the participant’s view faded and they respawned at the centre of the virtual
open playing space again (see Figure 37 in Appendix F).

4.3.3 Overview of the back-end components

To control the entire interaction, different components work together within four main groups,
see Figure 8. Within the sensor system, movements made by the participant are recorded
through the lower body MVN sensor setup. The IMUs stream the data to be recorded with
the MVN Record. This software additionally streams the data to its Unity Avatar model,
which is placed alongside the other 3D assets and animations in the VR environment. Unity
combines all renderings and programmed features to be streamed to the HMD based on the
virtual camera rig position. The participant sees the feed through the Oculus, where its move-
ments and behaviours are used to control what is shown and how specific game elements
behave (e.g. what is shown by the VR camera rig, how the MVN avatar moves and which
game elements and animations are spawned).
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5
M E T H O D O L O G Y O F S Y S T E M E VA L U AT I O N

The ACL VR evaluation system as it was developed and described in Chapter 4 was evaluated
through a series of testing sessions in which participants interacted with the system in three
different interaction conditions: the real-world condition (without VR), the VR condition
(without game elements, such as the timer and the lavaball dual-task) and the VR gaming
condition, see also Figure 11. The full flow of the entire evaluation is shown in Figure 9 and
describes the main elements of the test sessions.

1. The welcoming and preparation of the participant, including adding a perturbation
on the non-dominant leg of the participant to simulate an ACL-affected leg and MVN
sensors in a lower body configuration to record movements.

2. Completing single-leg jumps in the real-world scenario (denoted SL-RW) as shown in
Figure 10.

3. Completing single-leg jumps in the VR scenario (denoted SL-VR).

4. The rounds of the VR game interaction in which the participant is triggered to make
jumps at 20, 40, 60 and 80% of the maximum SL-VR distance of each leg.

5. Closing survey and interview.

Before the evaluation sessions, the system included pilot tests and a selection of a perturba-
tion that could simulate the ACL-affected jumping behaviour. Furthermore, two additional
measurements were included to compare the effect of the VR game element condition with
that of the real world and VR condition and to determine the influence of leg dominance as
a co-founding variable on the leg perturbation effect.

5.1 participant demographics and characteristics

For this study, eighteen participants (n = 18) were recruited through convenience and snow-
balling and scheduled to partake in the evaluation sessions, each being provided with a 1.5-
hour timeslot at the testing location. Additionally, the two patient participants interviewed in
Section 2.4 were asked to join a walk-through of the system. The testing population (exclud-
ing the patient participants) consisted of n = 9 male and n = 9 female participants, of which
n = 4 were aged 18-21, n = 14 were aged 22-26 and n = 1 was aged 27-30. The mean length
was 175,5 cm (standard deviation of 8,9). Participants joined the study voluntarily and did
not receive monetary compensation for their participation. For each participant, the domi-
nant leg was determined by asking the participant to stand up straight and lean forward,
letting one of the legs catch them (with that leg being denoted the dominant leg). Based on
this method, n = 14 participants were found to have a right dominant leg. Additional in-
sights regarding the participants’ experiences with physiotherapy and VR interactions were
gathered through a post-test survey (see subsection 5.3.5). From this survey, it was found that
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Figure 9: Flow of the measurement protocol. Shown in green are the measurements completed in the
real-world condition; in blue are the measurements in the VR condition and in purple are
the measurements completed in the VR game condition. Filled boxes indicate elements in
which quantitative data was collected, and boxes with zig-zag lines indicate qualitative mea-
surements (i.e., no continuous quantitative data). Boxes with dashes (and dashed arrows)
indicated additional measurements outside the standard measurement protocol. For each
step, the data gathered is indicated to the right with dotted arrows.
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Figure 10: Sideways view of non-dominant single-leg jump movement of participant P21 during the
perturbation selection study (subsection 5.2.1), serving as the zero-measurement to deter-
mine how each perturbation affected the jumping movement.

the participants were generally not experienced with gait-related physiotherapy. Several had
used physiotherapy for unrelated complaints (such as back issues, n = 2, or other unrelated
issues, n = 3), but only n = 2 had experienced (non-ACL) related knee injuries, which were
either not surgical or had been over a decade prior to testing. Participants were divided on
their use of videogames, with n = 7 never playing videogames, while n = 11 played at least
once per week. In terms of physical activeness, n = 2 were active for less than one hour per
week; n = 5 were active for one hour per week; n = 9 were active for 2-3 hours per week
and n = 2 was active for more than 3 hours per week. Participants participated in fitness
or running (combined n = 6), football (n = 3), racket sports (n = 3) and a variety of other
sports (including bouldering, triathlon, cycling and dancing).

Before starting the full evaluation, the setup at the testing location was user-tested with
a pilot study with participants P03 and P06. Both participants also returned for a second
measurement session of the system as well as joining in one of the additional measurements
(P06 returning for the measurement of VR influence and P03 returning for the measurement
of dominance influence).

Participants were screened on the following inclusion and exclusion criteria. These criteria
were communicated to each potential participant through an informational brochure and
were confirmed once more at the start of the experiment.

• Participants were only eligible to participate if they were between the ages of 18-35.

• Participants were only eligible to participate if their English level allowed them to fol-
low the English written and oral instructions.
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• Participants were not eligible to participate if they were currently rehabilitating for any
knee- or gait-related injuries.

• Participants were not eligible to participate if they had any lower limb disabilities or
any other serious injuries within 12 months before the start of the experiment.

• Participants were not eligible to participate if they suffered from any neurological dis-
orders.

• Participants were not eligible to participate if they often experienced (moderate or se-
vere) disorientation.

Before the experiment, participants received the following documents (also added as supple-
mentary materials to this thesis, see Appendix A):

• Informational brochure, outlining the important information and possible risks of the
experiment. This brochure also included information about the inclusion and exclusion
criteria, which were confirmed with the participant during the scheduling of the testing
appointment and at the start of the experiment.

• Informed consent of the experiment, to be signed before the session commenced.

• Information about the VR controls of the experiment and the single-leg jump.

5.2 measurement setup

All evaluation tests were held in a room of roughly 9,9 by 10,7 meters shown in Figure 11,
except for the dominance influence measurement described in subsection 5.6, for which an
empty room of size 5,1 by 6,4 meters was used). The evaluation room contained seven large
pillars were present (see also in Figure 38(a) in Appendix H.1), as well as two glass offices
which were used for storage and as a control room to overlook the experiment. To prevent
participants from hitting any of the real-world obstacles, soft grey dividers were placed 20

cm in front of the pillars and interconnected with drapes. This cordoned part of the room
off and ensured that participants would have a soft tactile warning as they reached the end
of their real-world playing space. Only the entrance to the control room was kept without
a soft boundary to allow quick access to the playing space from the control room. The
resulting space for the interaction was roughly 7,3 by 8,0 meters. This was smaller than what
was anticipated during development, therefore the teleportation option of the system, which
was previously disabled to only allow physical movement in the virtual space, was enabled.
This ensured that participants would be able to navigate to any location in the virtual space,
even if this was virtually located outside the real-world boundaries. For the evaluations,
the materials shown in Table 11 (see Appendix H.1) were used. This included the Oculus
Quest 2, the MVN sensors and setup, a computer and gaming router for data streaming, the
perturbation tape as well as other necessities for the test session. In Figure 11(b), a participant
is seen rigged up with the hardware getting ready to start the VR interaction. The setup of
materials within the control room is provided in Figure 38(b) in Appendix H.1.
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(a) Setup of the additional VR influence measurement
in the real-world condition for a participant, including a
webcam setup to the front and the side of the participant;
the distances of 20, 40, 60 and 80% of the maximum that
the participant should jump taped on the ground and
the participant standing ready to jump, with his non-
dominant leg perturbed with sports tape.

(b) Participant getting ready to play the VR-ACL sys-
tem game. Visible is the participant in the testing en-
vironment, wearing the Oculus headset (with a cable
connected to a portable charger) and holding the Ocu-
lus controllers. The MVN sensors are placed and at-
tached (out of view are two MVN sensors that were
placed within the participant’s shoes and the sensor at-
tached posteriorly to the pelvis). The participant’s non-
dominant leg (left) is perturbed with Leukotape P sports
tape.

(c) Screenshot of the in-game VR interaction of participant P18 getting ready to jump. Shown is the stream from
MVN Record (top left), a cropped view of the virtual environment shown through the HMD (lower left) and two
webcam streams set up in the room (right).

Figure 11: Overview of the setup for the three interaction conditions in the VR-ACL system evaluation:
jumps made in the real-world (shown here, the interval jumps described in subsection 5.5);
setup of jumps made in the VR and jumps made with the VR game elements.
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5.2.1 Selecting knee perturbation for evaluation

As an initial proof of concept, this study was conducted with only healthy participants (i.e.
screened for not having any gait or knee movement deficits within 12 months prior to test-
ing). To simulate the adapted jumping behaviour that an ACL-affected patient would show,
a perturbation to one of the participants’ legs was applied. Here, the simulated movement
was targeted to resemble that of an ACL-affected patient roughly halfway through their re-
habilitation progress. The perturbation was selected based on an evaluation session at the
OCON Orthopaedic Centre. For this, a 25-year-old male physiotherapist (P21) was asked
to make single-leg jumps to try out a set of pre-selected perturbations. Participant P21 was
familiar with the single-leg jump and its (correct) execution (through 1.5 years of experience)
and was an active ice skater and cyclist. With each perturbation, the participant was asked to
make a single-leg jump alternately on his dominant and non-dominant leg, which was video-
taped in slow-motion from the front and side (see also the side view of P21’s single-leg jump
without any perturbations in Figure 10). The recording of these was immediately reviewed
and discussed with a second physiotherapist and participant P21 to evaluate how well the
perturbation affected P21’s jumping behaviour and the likeliness of the behaviour to that of
an ACL-affected leg seen in rehabilitation patients. Based on the zero-measurement jumps
(without any perturbations) of both legs, each subsequent jump with a perturbation was
evaluated based on the knee flexion angle at initial contact and the maximum flexion during
landing, the wobble of the knee at initial contact and the amount of compensatory torso, arm
and swinging leg behaviour during landing stabilisation. The jumping distance (and LSI)
were ignored due to the focus on qualitative simulation of the ACL-affected knee. Within
his natural jumping behaviour, P21 displayed a deep torso flexion, which was attributed to
his active ice-skating and cycling training. Generally, deep torso flexion is considered a com-
pensatory behaviour relating to ACL rehabilitation, as patients would have less quadriceps
strength and are less able to catch their landing with knee flexion, and was considered in the
preparation of this perturbation study to be one of the indicators for an effective perturba-
tion. While such deviant natural jumping behaviours can be hard to quantify in individual
patients, it was dismissed as a significant indicator in this perturbation study based on P21’s
individual jumping behaviour. After the zero-measurement, seven perturbation categories
were tested in different configurations, of which the outcomes are presented in Table 12 in
Appendix H.2. Based on these measurements, a subsequent discussion session was held with
the consulting physiotherapist and participant P21 about the most optimal perturbation and
its location.

The main perturbations, of which the most abstract have been shown in Figure 39 in Ap-
pendix H.2, resulted in different adaptations of participant P21’s jumping behaviours. To
best simulate an ACL-rehabilitated leg, sports tape was considered most effective as an ACL-
affected simulation by generating additional stiffness in moving while taking a participant
out of their regular movement patterns By being directly attached to the skin, the tape would
also provide a safer landing mechanism while making jumps in the visually restricted VR
setting as opposed to adding weights on the knee or shoe that could alter the momentum of
the jump after the initial landing or elements inside the shoe which could result in landing
adaptations after initial contact. The taping was considered most effective when applied in
extension, with strokes centrally, laterally and medially on the leg, to restrict flexion of more
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than 20 degrees. For this purpose, Leukotape P was considered optimal for taping the knees
non-elastically and providing rigidness to the knee flexion movement. This tape is also more
adhesive than the tape used during the perturbation tests. The perturbed leg was decided to
be the non-dominant leg, as this seemed to give the strongest difference between the landing
strategies of both legs. An example of the final sports taping technique that was used during
the VR-ACL system evaluation tests can be seen in Figure 12.

(a) Central view. (b) Medial view.

Figure 12: Example of knee taping of a participant during the VR-ACL system evaluation. One central
stroke and at least one stroke lateral and medial were placed, with additional strokes being
used if needed to provide the same stiffness to all participants and horizontal strokes to
improve the attachment of tape to the skin.

5.3 measurement protocol of vr-acl evaluation system study

The overall evaluation of the VR-ACL system addresses the usability and reliability of the
overall system, as well as the richness of the gathered kinetic and behavioural data. The
overall test session is shown in Figure 9 and is described below. For each participant, the test
session included at least two correct single-leg jumps in the real-world condition and two
in the VR condition per leg, as well as at least two jumps at 20%, 40%, 60% and 80% of the
maximum SL-VR distance of that leg per round of interaction, with a minimum of at least
three rounds.

5.3.1 Pilot testing

With the given VR system and game tasks (see Section 4.3), the testing environment was
set up and pilot tests were held with two participants. Due to planning constraints with
the testing environment, these sessions were held right before the real testing. Based on
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the pilot tests, it was determined that the testing environment was mostly large enough for
the game as planned, but that the transportation feature was needed to accommodate the
real-world restrictions. After the pilot tests (P03 and P06) as well as the first initial tests (P07,
P08 and P16), the virtual guardian was made permanently visible in the VR environment
This was, at the time of testing, an experimental feature of the Oculus Quest 2, which has
since been made a standard feature (alongside an extended Presence Platform [124], in which
users can bring their real-world objects into their virtual environment). During the pilot tests,
issues were found with the MVN movement recording, which led to additional checks in the
measurement protocol. Finally, based on the experiences of the initial tests, an additional
measurement was planned to determine the effect of VR on the jumping movement of the
interval jumps (see Section 5.5).

5.3.2 Preparation beforehand

During the preparation before the experiment, all materials were prepared and charged and
the datastream between the sensors, HMD and the computer was established. During testing,
the MVN Record version of 2018 was made available. For each participant, relevant data
(such as participant ID, length, shoe size and dominant/non-perturbed leg) was noted down
and provided to the relevant systems. Where needed, the variables of the master script of
the VR interaction were adapted (see also the overview of main variables in Appendix H.4).
During the preparation of each session, the COVID-19 safeguard measures (e.g. the VR
cleaning box and the disposable hygienic covering for inside the HMD) were prepared and
the virtual guardian was checked as a security measure.

When the participants arrived for the test session, they were briefed and given an oppor-
tunity to ask any final questions about the experiment. After signing the informed consent,
participants were prepared for the session by having the perturbation with Leukotape P
applied to their non-dominant leg. After the perturbation, the MVN sensors were placed
within the lower leg configuration including the sternum (thus placing a sensor on the upper
and lower legs, on each foot inside the shoe, posteriorly on the pelvis and anteriorly on the
sternum) and were calibrated.

5.3.3 Single-leg jumps in the real-world and VR condition

As an initial determination of the participant’s jumping ability, they were asked to perform
the standard single-leg jump as shown in Figure 10 with both legs in the real-world condition.
Participants were asked to balance on their jumping leg for roughly two seconds after each
single-leg jump landing. The maximum jumping distance of each leg was used to create a
jumping plane in VR based on that distance (at 1,25 times the jumping distance of that leg).
After the real-world single-leg jumps, participants were given the Oculus 2 Quest HMD and
controllers and were given instructions on how to navigate using teleportation and interact
with the elements of the virtual environment through the controllers. Participants were also
shown how to see the virtual guardian around them and how this marked their real-world
playing space. Once they were familiar with the VR, participants were asked to perform
single-leg jumps within the VR condition for each leg. Once the VR single-leg jumps were
completed, participants were taken into an instructional introduction to familiarise them-
selves with the environment and its game elements.
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5.3.4 Rounds of VR game interaction

In the VR game, the participants played the full interaction described in Section 4.2. For each
round of the VR game, participants completed jumps of 20, 40, 60 and 80% of the maximum
SL-VR distance of each leg, presented to the user in random order. The participants were
asked to balance after landing on their jumping leg before putting the swing leg down.
Once the round was completed, the participant was asked to indicate their perceived level of
fatigue on the Borg scale (see Table 1), which was noted down. This indication of perceived
fatigueness was used to remove data in the data analysis if the Borg score of that round
would be higher than 7 (which was considered the tipping point to introducing fatiguing
effects into the kinematic data). After noting the Borg score down, the MVN recording
was stopped and saved after each round and the MVN avatar axes orientation was reset to
match the SteamVR orientation. Between rounds, the placement of the MVN sensors was
checked and, if needed adjustments and recalibrations were completed. After three rounds,
participants were asked per round whether they wanted to continue or stop the interaction.
For each jump in the interaction, the landing distance to the centre of the landing circle,
as well as the time elapsed between triggering the start of the jump and the landing, was
recorded.

5.3.5 Closing survey and interview

Once all interaction game rounds were completed, participants were given a moment to re-
adjust to the real-world environment and remove all sensors and sports tape. Afterwards,
participants were asked to fill in a survey that gathers their previous experiences with reha-
bilitation, sports and virtual reality, as well as their experiences with the interaction (partly
based on the ITC-Sense of Presence Inventory survey [125]). The Likert scale questions
on VR experience were rated by participants between 1 (strongly disagree) to 5 (strongly
agree). After the survey, an interview was held with open-ended questions to dive deeper
into their experiences. Participants were furthermore asked about their focus on the jumping
task throughout the session. The full list of survey and interview questions is included in
Appendix I.

5.4 patient participants walkthrough of vr-acl system

The patient participants (P01 and P02) did a non-jumping walk-through of the virtual envi-
ronment and gaming setup. The patient participants were given the same information and
setup as the other participants but were not MVN recorded and were given the option to
walk or move seated through the virtual environment. The participants were asked to think
aloud throughout the session and consider how they would behave in the interaction as a
patient. Once they had familiarised themselves with the interaction and the game, the partic-
ipants were interviewed about the interaction and how the interaction would relate to their
own rehabilitation experiences.
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5.5 additional measurement : influence of vr

To determine the effect of the interaction condition on the jumping kinematics, six partic-
ipants were asked to perform an additional jumping measurement alongside the standard
session. The participants were asked to make jumps at the intervals of 20, 40, 60 and 80%
of their maximum distance in the real-world condition and in the VR condition without
the inclusion of gaming elements. In the real world and the VR condition without gaming
elements, the interval distances were marked on the ground (either with tape in the real-
world condition, see Figure 11(a), or shown virtually in the VR condition). This additional
measurement was completed by participants P03, P04, P06, P10, P12 and P20.

5.6 additional measurement : influence of leg dominance

To determine the influence of leg dominance on the perturbation effect, an additional mea-
surement was held as a manipulation check during which the perturbation was alternatively
applied to either leg of a participant. For this, six participants were invited back to perform
single-leg jumps in the real-world condition under the following three perturbation condi-
tions.

1. No perturbation tape attached to either leg.

2. Perturbation attached to the dominant leg.

3. Perturbation attached to the non-dominant leg.

For each measurement, participants were asked to perform three single-leg jumps with their
right and left legs, with the same sensor setup as within the VR-ACL system evaluation.
Between measurements, participants had a moment to rest while the new perturbation was
applied. This additional measurement was completed by participants P03, P05, P10, P12, P16

and P19.

5.7 data analysis methodology

The full dataset was analysed to determine the outcome of the research question presented
in Chapter 1. During the evaluation, the following forms of data were gathered for the
data analysis. First, the MVN sensor data was recorded through the MVN Record software.
Second, the single-leg distances were recorded through measurements during the interaction.
Third, the jumping accuracy, lavaball hit accuracy and timing data were recorded per jump
through the distances between the landing of the participant and the target; the number of
lavaballs destroyed out of all fired per round, and the time between the triggering of the
jump start and the landing, and the overall time per round was noted, respectively. Fourth,
the remarks on the interaction both from the participant and the researcher were noted down
alongside observations on movement behaviours throughout the entire experiment (where
needed supported through analysis of the video recordings of the sessions). Finally, the
participant experience was recorded through a post-test survey and interview questions after
the interaction. An overview of the data distribution for the two objectives of this study is
shown in Figure 13.
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Figure 13: Schematic overview of the data gathered per objective, quantitative and qualitative data
provided in red and yellow boxes respectively.
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5.7.1 Quantitative data analysis

For the quantitative data, the MVN data and the jumping accuracy and timing were included
for all jump types: SL-RW, SL-VR and 20%, 40%, 60% and 80% of the maximum SL-VR dis-
tance. The MVN data from the MVN recordings was analysed together with video data and
data logs showing the quality and indicating the sequence of the jumps. For the data anal-
ysis of the MVN data, MVN Analyse Pro was used with a 2021 license. Due to issues that
occurred during testing with the MVN setup (described as part of the results in subsection
7.3), however, all recordings first had to be HD reprocessed with a reinitialise MoCap engine
to remove the magnetic influence that was, based on expert input, likely the cause of some
of the MVN issues. This was completed in MVN Analyse Pro (2021 license). The HD repro-
cessing removes all previous filters and optimises the data based on a large time window
(one minute before and after each timeframe) to correct for issues with magnetic influence
or buffering and give a more consistent estimation of the position and orientation of each
body segment [115]. The HD processing resulted in a shift of the segments as compared to
the original file, of which the effect can be seen in Figure 40 in Appendix H.3. Because of the
HD reprocessing, no additional smoothening processes were used in the data analysis. As
the purpose of this study was to determine the effectiveness of the data from the interaction,
the focus was put on data interpretation and analysis from the HD reprocessing rather than
adding raw data manipulations.

Using the HD reprocessed data recordings, the individual jumps were extracted and labelled
first as belonging to either the non-perturbed dominant leg or the perturbed non-dominant
leg and second as being either an SL-RW, SL-VR or one of the interval jumps of either the
real-world or VR condition. Because especially the smaller jumps had similar movement
characteristics as walking, sprints and unrelated jumps made by the participants throughout
the interaction, the identification and extraction of all jumps had to be completed manually.
In addition to this, the visual analysis and the statistical analysis of the data described below
required each jump to be divided into three main phases (for this work denoted the toe-off,
flight and landing phases, respectively). To this end, for every jump, the corresponding times-
tamps separating these three phases were manually added. Several options were considered
for defining these phases based on the available data, of which the chosen definition was
considered to provide the most consistent jump phases. The start of a jump was considered
at the first well-defined z-peak of the jumping leg position. The toe-off point was taken at
the negative acceleration z-peak of the jumping leg as it corresponded with the toe-off shown
by the MVN avatar. The initial contact point was at the negative acceleration z-peak of the
jumping leg as it corresponded with the initial contact of the jumping leg with the ground
shown by the MVN avatar. The end of the landing was chosen at the moment in which the
participant was balanced and upright again after the maximum knee and torso flexion upon
landing. The landing could not be consistently defined for all participants, as it was depen-
dent on the participant’s behaviour within the interaction (e.g. if they would remember to
balance on their jumping leg after landing, or whether a lavaball would appear and disrupt
their balance). Therefore, based on the estimated landing timeframes, a mean landing time
was defined per jump category based on all jumps in the dataset which was used to define
the landing phase in the visual analysis of the MVN data. See Figure 41 in Appendix J for
an example of the defined phase indicators.
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Throughout the analysis, each jump was also qualitatively analysed on its movement qual-
ity, with jumps being excluded when having a double feet offset (rather than only one-foot
jumping) or opposite foot offset (in which the offset was with the incorrect foot, landing with
the correct foot); double feet landing; an additional hop/step during landing (either through
an imbalance or because the participant was hurrying towards the next jump), touching the
group with one of the hands during landing, severe imbalance (i.e. large torso movement
such that a correctional step is needed to regain stable balance) or any other major discrep-
ancies from a standard jump as based on the background of this work (Chapters 2 and 3).
Jumps were also excluded if there were hardware or sensor issues or if the start or landing
was incorrectly triggered.

Once all correct jumps were extracted from the data with their metadata, different analyses
were applied. Within these analyses, the focus was placed on the knee, hip and torso flexion
data. While the ankle is also related to the injury mechanism (see subsection 2.1.2) and seems
to be adapted in behaviour movement for the ACL-affected gait (see subsection 3.1.2), it was
decided to put focus on the joints found most relevant from the sessions with physiothera-
pists and the literature research. For the analyses, first, the flexion of the knee, hip and torso
during the jump of the non-perturbed dominant and the perturbed non-dominant leg were
considered for statistical analysis and graphical presentation. For the statistical analysis, the
range of flexion (RoF) of the knee, hip and torso was gathered for all jumps, alongside the
metadata of that jump, for further analysis. For the remainder of this work, the term RoF was
chosen instead of RoM to avoid confusion with the hypothetical RoM that the knee would be
able to achieve under the chosen perturbation. Rather, the RoF is used to indicate changes
made in the flexion due to the physical perturbation effect as well as any change in landing
strategy adopted because of the scenario in which their jumping task is presented. In other
words, while the perturbation might affect the RoM of the leg, the RoF is used to indicate
any changes found in the flexion pattern caused by all interventions in this study. The three
chosen segments and the focus on the flexion-extension movement (thus limiting ourselves
to one plane of movement) were motivated through literature (see [24], [52], [54], [56]–[58],
[113], alongside Section 3.1) as well as expert input from the University of Twente, OCON
Orthopaedic Centre and Movella.

The main area of interest for the RoF was between the moment of initial contact of the
jumping leg with the ground and the maximum flexion of that segment during the landing.
In addition to RoF during the landing, a secondary moment in which discriminating trends
may be found for the non-perturbed dominant and perturbed non-dominant leg was the
toe-off phase, for which the RoF was considered between the moment of toe-off and the
maximum flexion of each segment during the flight phase. See also Figure 41 in Appendix
J for an example of the moments making up the toe-off and the landing phase RoF for the
knee segment. Based on the RoF during the landing phase for the knee, hip and torso, the
following statistical comparisons were completed.

• Between the non-perturbed dominant leg and the perturbed non-dominant leg for all
jump types.

• Between the non-perturbed dominant leg and the perturbed non-dominant leg for the
smallest jump types (20%, 40% and 60% of the SL-VR maximum); completed for the
knee segment only.
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• Between the interaction conditions of real-world, VR and VR with game elements (see
the additional VR influence measurement description in Section 5.5).

• Between the dominant and the non-dominant leg when perturbed or non-perturbed
(see the additional dominance influence measurement description in Section 5.6).

For the toe-off phase RoF, the following additional analyses were completed.

• Between the non-perturbed dominant leg and the perturbed non-dominant leg for all
jump types.

• Between the dominant and the non-dominant leg when perturbed or non-perturbed.

The statistical analysis was done through linear mixed effects (LME) regression models, for
which the methodology of [126] was used. An overview of assumption compliance has been
provided in Appendix K. Aside from the range of flexion per segment, the metadata shown
in Table 3 was added per jump to be used as input for the linear mixed effects model.
Within the linear mixed effects model of each segment, the range of flexion values of the
knee, hip and torso respectively were used as dependent values. The model was designed
using a stepwise forward (bottom-up) approach, in which only those effects resulting in a
significant effect were kept. For the systematic part of the model, we further included an
analysis of the interaction between perturbance and jump type to rule out whether the effect
of the perturbation would be dependent on the jumping distance.

The random effects structure was based on theoretical rather than data-based considera-
tions, which were subsequently tested for their effect on the model. The considerations for
random effect inclusion were as follows. Because the effect of each trial ID is measured mul-
tiple times by each participant, the by-trial ID independence was accounted for by adding
it as a random effect. Furthermore, two slope effects were introduced for the participant,
namely with the intercept and perturbance and the intercept and jump type to account for
individual variation of the participant with respect to their perturbation and their ability
to jump the different distances. The latter combination of participant and jump type was
removed during analysis because the added complexity caused the model to not converge
for all three segments. For the other two random effects, their effect on the model improve-
ment was evaluated through the Akaike Information Criterion (AIC) [127], which determines
whether the model complexity can be justified by the explained variance of that model. This
criterion postulates, following Occam’s razor, that if the addition of a random effect does
not provide strong evidence of contributing to the model fit relative to the true model, the
simplest model is favoured and the random effect should be removed. For each random
effect, a positive ∆AIC or a negative ∆AIC of less than two favours the simplest model (as a
negative ∆AIC indicates a decrease in AIC when adding the random effect and thus a more
favourable balance between model complexity and explained variance).

Where needed to comply with the assumptions of the LME models (provided in Appendix
K), data transformations were applied to remove heteroskedasticity. For the dominance effect
measurement, the assumptions indicated categorisation of the knee, hip and torso RoF data,
therefore motivating a simplification of the data by only including data from the furthest
single leg jump per condition per leg for each participant.

The graphical presentation of data (see for example Figure 44 in Appendix J) was considered
as summative graphs per phase. For knee and hip plots, the behaviour of the two legs
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Table 3: Overview of effects used for statistical models.

Effect Description

Perturbance A binary measure indicating whether the jumping leg was non-perturbed
and dominant or perturbed and non-dominant.

Jump type Indicating whether the jumping leg was an SL-RW, SL-VR or of 20%, 40%,
60% or 80% of the maximum SL-VR distance.

Participant ID Indicating the participant number of the person jumping.

Trial number The number of the jump indicating the order of jumps in which they were
presented to the participant (thus increasing in the order in which they
were encountered by the participant). This measure relates itself to fatigu-
ing effects as well as the effectiveness of the perturbation (as the sports
tape was found to stretch over time for participants, thus decreasing its
effectiveness).

Trial ID Indicating the unique combination of perturbance and jump type (or per-
turbance and dominance in the dominance influence analysis).

Interaction condi-
tion

Indicating whether the jump was made in the real world, within the VR
without any gaming elements. For each jump type except the single-leg
jump, data from all three conditions were gathered. For the single-leg
jump, the VR gaming condition was not used as it was considered a higher
risk for participants to perform in this condition.

Gender Indicating the gender of the participant within the categories of male, fe-
male and other.

Age group Indicating what age group the participant belonged to at the moment of
testing, differentiating between the categories of 18-21, 22-26 and 27-30

years of age.

Leg dominance Indicating whether the participant had a dominant right or left leg.

Participant length Indicating the length of the participant in centimetres.

Physical active-
ness

Indicating the physical activeness of the participants within the categories
of no activity/less than once a week; at least one hour per week of activity;
two to three hours per week or more than three hours per week.

Perceived fatigue-
ness

Indicated by the Borg scores that the participant provided as their per-
ceived fatigueness for a set of jumps. This measurement was not given for
all sets of jumps as the Borg score was not asked after single-leg jumps or
for the additional measurements, which led to missing values.

Jumping leg dom-
inance

Used only for the data analysis of the dominance influence and indicates
whether the jumping leg for that particular row of data is dominant or
non-dominant.

Tape condition Used only for the data analysis of the dominance influence and indicates
whether the jump occurred in the no tape, perturbance on the dominant
leg or perturbance on the non-dominant leg condition.

Round number Used only for the analysis of jump accuracy and timing and indicates the
round number of the interaction.
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was plotted both while jumping and swinging. For the dominance influence measurement,
visual analysis was also completed to compare trends between the no-tape condition and the
perturbance of the dominant and non-dominant leg. These plots were analysed to determine
common trends occurring for each phase over the different jump types.

To determine how the outcomes of the MVN data analysis related to the standard LSI eval-
uation of the single-leg jump, the distance measurements were compared between the non-
perturbed dominant and the perturbed non-dominant leg as well as between the conditions
of real-world and VR. To further put the MVN data analysis into context, the jumping accu-
racy and hesitancy data were analysed to provide more insights into the jumping behaviours.
In addition, the average lavaball shooting accuracy was evaluated over the playing rounds.
The jumping accuracy was determined based on the participant’s landing distance from the
target for each of the jumps in the VR game condition. The jump times were evaluated for
each individual jump in the VR game condition. Because not all jump times were correctly
registered, outliers were identified and removed from this dataset.

5.7.2 Qualitative data analysis

The qualitative data includes the notes, video recordings and participant experiences. This
also separately includes interviews done with the two patient participants who performed
a walk-through of the system. Aside from the participant experiences, limitations found
with the hardware and software were gathered. The qualitative data was analysed to report
common trends and insights.

5.7.3 Evaluation of VR-ACL system and data with physiotherapists

As one of the main functions of the VR-ACL system, the data resulting from a patient’s inter-
action should contribute to a meaningful RTS diagnosis or analysis of a patient’s functional
movement behaviours. To this end, the output from the data analysis was discussed with
several physiotherapists from the OCON Orthopaedic Centre during two separate sessions.
The first session discussed the use of the system itself and how it affected the movement
behaviour of the participants. The aim here was to determine whether the VR environment
and gamification affected the validity of the jumping tasks. This was done through a guided
focus group in which selected videos of participants P04 and P06 were discussed. Participant
P06 was selected as a very enthusiastic participant in the study who made the largest single-
leg jumps, while, in contrast, participant P04 was selected for being very stiff in the jumping
movements and only making small jumps. Both participants wore long pants, hiding the
perturbed leg from view in the videos to let the physiotherapist evaluate the movements
without bias. During the second session, the output of the data analysis was discussed to
determine how well the physiotherapists were able to interpret the data and how meaningful
this could be in a diagnostic setting. During this session, data from participants P06 and P16

were presented, alongside summative graphs of all participants. P16 was included in the
presentation as the most experienced jumper among the participant population. Both anal-
ysis sessions were held on-site at the OCON Orthopaedic Centre. During each session, the
attending physiotherapists were first introduced to the topic before the data was presented.
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6
R E S U LT S

Within this chapter, the results and initial interpretations of the VR-ACL study described in
Chapter 5 are presented. Due to the complexity and dimensionality of the data, as well as the
objectives to utilise the data for the interpretation by physiotherapists, the data is analysed,
summarised and (partly) interpreted as it builds towards understanding other parts of this re-
sults chapter. In Chapter 7, a full discussion of the outcomes links the components presented
in this current chapter. The rest of this chapter is organised as follows. For the quantitative
data, first an overview of the dimensionality of the jump dataset (Section 6.1) is presented.
This is followed by a statistical analysis (Section 6.2), including analyses to determine the
significance of the smaller jumps in differentiating between the legs (6.2.1) and the effect
of the VR influence (subsection 6.2.2) are added. Continuing, a graphic presentation of the
MVN data (Section 6.3) is provided to give an overview of the movement behaviour. After
this, the visual and statistical analysis of the dominance influence measurement is presented
(Section 6.4). Completing the quantitative analysis part are the analyses of the single-leg
jump distances (Section 6.5) and the analyses of jump accuracy and timing (Section 6.6). Af-
terwards, the qualitative outcomes of the measurements are presented (Section 6.7) to show
the participant experience. Finally, the outcomes of the two data interpretation sessions with
the OCON Orthopaedic Centre physiotherapists are provided (Section 6.8). For Sections 6.2
to 6.6 an overview of the main findings is provided at the end for quick review. Furthermore,
additional materials for the analyses in these sections (such as formulaic model descriptions
of the LME models, tables and figures) have been added in Appendix J.1 and assumptions for
the LME models have been added in Appendix K.1. Within Sections 6.7 and 6.8, participant
and physiotherapist quotes have been edited for clarity and consistency in terminology.

6.1 quantitative data dimensionality

Out of the total dataset of 1482 performed jumps, the analysis resulted in a total of 1116

included jumps (75, 3% inclusion rate) of which 567 were made with the perturbed non-
dominant leg, containing 87 single-leg jumps in the real-world condition; 68 single-leg jumps
in the VR condition; 244 jumps in the VR interaction of 20% of the maximum distance; 247
of 40% of maximum distance; 244 of 60% of maximum distance and 226 of 80% of maximum
distance. A full overview of the number of included jumps per jump category and for each
jumping leg per participant can be found in Table 14 in Appendix J. Within this overview,
participants who included an additional measurement (to determine the VR influence and
dominance effect) are indicated as well.
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6.2 statistical analysis of mvn data

An overview of the significant effects of the LME models of the RoF in the landing phase of
the evaluation data set is presented in Table 4, with a visual overview being shown in Figure
14.

For the knee range of flexion (Figure 14 top row), the perturbance decreased the flexion
(t(24) = −4, 38,p < 0, 001), while the jump type (increasing by distance) and perceived fa-
tigueness increased flexion (t(13) = 5, 71,p < 0, 001 and t(956) = 2, 54,p < 0, 05 respectively).
No significant effect was found for the interaction between the perturbance and jump type
(see for example also the boxplot of this interaction in Figure 42, where a similar deviation
for perturbance can be found in all jump types). Given the strong significance of the fixed
effects of the knee range of flexion, the additional analysis of the effect of the smaller jumps
(of 20, 40 and 60% distance) described in subsection 5.7.1 was considered only for the knee
range of flexion dataset, and is provided in subsection 6.2.1. In addition, while the VR fixed
effect did not give any statistically significant results for this segment, a highlight of the VR
effect was added in subsection 6.2.2 that shows the trend the VR condition provides for the
knee range of flexion.

For the hip range of flexion (Figure 14 middle row), the jump type was found to in-
crease the flexion (t(1057) = 10, 03,p < 0, 001), while the VR condition decreased the flexion
(t(1064) = −2, 09,p < 0, 05). The perturbance did not significantly affect the hip flexion.

The torso range of flexion (Figure 14 bottom row) was found to increase significantly for
the jump type (t(1036) = 9, 14,p < 0, 001) and decrease for the participant length (t(15) =

−2, 81,p < 0, 05). No effect for perturbance was found.

Table 4: Fixed and random effects structure of linear mixed effects models for predicting knee, hip and
torso range of flexion. Note, the estimate consists of log odds; standard errors are denoted by
SE; confidence intervals are denoted by CI; standard deviation is denoted by std. dev.

Knee range of flexion

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 20,74 2,01 10,34 <0,001 17,33 24,04

Perturbance -5,77 1,32 -4,38 <0,001 -7,94 -3,71

Jump type 0,08 0,01 5,71 <0,001 0,06 0,11

Perceived fatigue-
ness

0,85 0,34 2,54 <0,05 0,31 1,38

Random effects Variance Std. dev. ∆AIC

1 | Trial ID 2,06 1,44 -14,66

1 + Perturbance |
Participant
Perturbance

18,18 4,26 -451,45

1 + Perturbance |
Participant
Full slope

33,92 5,82 -67,68
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Table 4 - Continued from previous page.

Hip range of flexion (log transform)

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 1,29 0,17 7,71 <0,001 1,01 1,57

Jump type 0,01 0,00 10,03 <0,001 0,01 0,01

Interaction condi-
tion

-0,06 0,03 -2,09 <0,05 -0,12 -0,02

Random effects Variance Std. dev. ∆AIC

1 + Perturbance |
Participant
Perturbance

0,08 0,29 -30,04

1 + Perturbance |
Participant
Full slope

0,42 0,65 -499,11

Torso range of flexion (log transform)

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 4,40 1,82 2,42 <0,05 1,10 7,48

Jump type 0,01 0,00 9,14 <0,001 0,01 0,01

Participant length -0,03 0,01 -2,81 <0,05 -0,05 -0,01

Random effects Variance Std. dev. ∆AIC

1 + Perturbance |
Participant
Perturbance

0,15 0,39 -38,18

1 + Perturbance |
Participant
Full slope

0,25 0,50 -190,43
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Figure 14: Predicted value plots of the significant predictors of the linear mixed effects model on knee
(top row), hip (middle row) and torso (bottom row) range of flexion.

6.2.1 Knee landing RoF analysis for 20, 40 and 60% jumps

Within the linear mixed effects model for the knee RoF during landing described in this
section, a strong significance was found for both the perturbance and the jump type, although
no interaction effect was found. Therefore, because it seems that the type of jump did not
affect the influence of perturbance, it is interesting to consider whether the linear mixed
model can still find a significant effect of perturbance with only the jump types of the shortest
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distances present in the dataset. With this reduced dataset and considering the knee RoF
during landing, significant effects were again found for perturbance (t(14) = −3, 91,p < 0, 01)
and the jump type (t(696) = 11, 42,p < 0, 001), see also the overview in Table 5.

Table 5: Fixed and random effects structure of LME models for predicting knee range of flexion for
the three smallest jump types (20%, 40% and 60% of the max single-leg jump in the VR condi-
tion). Note, the estimate consists of log odds; standard errors are denoted by SE; confidence
intervals are denoted by CI; standard deviation is denoted by std. dev.

Knee range of flexion

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 21,23 1,56 13,58 <0,001 18,55 23,87

Perturbance -5,25 1,34 -3,91 <0,01 -7,37 -2,89

Jump type 0,15 0,01 11,32 <0,001 0,12 0,17

Random effects Variance Std. dev. ∆AIC

1 + Perturbance |
Participant
Perturbance

28,75 5,36 -62,03

1 + Perturbance |
Participant
Full slope

37,09 6,09 -356,74

6.2.2 Analysis of the VR effect

As was shown in Table 4, the statistical analysis did not provide any significant results for
the interaction condition for the knee and torso, but did show significance for the hip RoF.
Further analysis of the interaction condition effect on the flexion of the three segments does
show trends seen in Figure 15. For the knee flexion (top boxplot), it can be seen that, on aver-
age, the range of flexion between the initial contact and maximum landing flexion decreases
when comparing the real world to the VR environment without game elements (comparing
the white and light grey boxes respectively). However, when adding the game elements in
the VR (shown in the dark grey boxes), the knee range of flexion seems to increase for the
different jump types. For the hip and torso range of flexion (middle and bottom boxplots in
Figure 15), no distinctive pattern emerges from the boxplot analysis.

6.2.3 Analysis of the toe-off RoF

Between the toe-off and maximum flexion during the flight phase, the perturbed non-dominant
leg provided a lower knee RoF compared to the non-perturbed dominant leg (t(12) =

−2, 60,p < 0, 05), while the increasing distance of the jump type increased the knee RoF
(t(8) = 10, 27,p < 0, 001), see Figure 16. Furthermore, the trial number and the partici-
pant length both increased the RoF of this segment (t(1094) = 2, 00,p < 0, 05 and t(16) =

2, 23,p < 0, 05, respectively). For the hip, the jump type increased the toe-off RoF (t(9) =
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Figure 15: Boxplot of the knee (top), hip (middle) and torso (bottom) RoF as a function of interaction
condition and jump type. Shown is the accumulated data for all participants. Note, for the
single-leg jumps, only the data from the real world and the VR condition without gaming
elements were gathered. No data transforms were used for these boxplots.
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9, 67,p < 0, 001), while the interaction condition (going from the real-world to VR to VR
with game elements) decreased the RoF (t(26) = −5, 20,p < 0, 001). For the torso, four
significant fixed effects were found. The perturbance, interaction condition and perceived fa-
tigueness were found to decrease the RoF (t(16) = −2, 12,p < 0, 05, t(43) = −2, 33,p < 0, 05
and t(957) = −3, 38,p < 0, 001, respectively), while the participant length increased the RoF
(t(15) = 2, 13,p < 0, 05).

A full overview of the statistics of the toe-off RoF is provided in Table 15, alongside a boxplot
showing the effect of perturbance and jump type for each segment in Figure 43 (see for both
Appendix J.2).

Quick review - statistical analysis of MVN data from the VR-ACL system evaluation

Between the initial contact and maximum peak flexion in landing, the knee segment
showed significantly less RoF for the perturbed non-dominant leg than for the non-
perturbed dominant leg. In addition, there was an increase of the RoF with an increase
in jump length, which was unaffected by the perturbance of that leg, and an increase
with the increase in perceived fatigueness of participants. For the three smallest jump
distances, similar significant trends of the perturbance and jump type were found. The
effect of the interaction condition did not affect the knee RoF, although a general trend
of decrease between the real-world and VR conditions and an increase between the
real-world and VR with game elements conditions was found.
Between the toe-off and the maximum peak flexion in the flight phase, the perturbed
non-dominant leg showed significantly less knee RoF than the non-perturbed domi-
nant leg, while the jump distance again increased the RoF. In addition, the trial number
and the participant height significantly increased the RoF.

For the hip and torso, an increase in the jumping distance showed an increase in land-
ing RoF, while the interaction condition and the participant length showed to decrease
the hip RoF and the torso RoF respectively. For the toe-off RoF, the perturbance and
interaction condition decreased the hip RoF, while the perceived fatigueness decreased
but the participant height, opposite to the landing RoF, increased the toe-off RoF.

6.3 graphic presentation of mvn data

After data extraction and labelling, the full dataset was used to create a summative plot per
jump type. The summative graphs for the knee angles are presented in Figure 17, where
the focus is placed on comparing the non-perturbed dominant and perturbed non-dominant
legs as jumping legs. The behaviour of the swing legs is included in Figure 45 in Appendix
J. For this section, only an initial description of the presented visuals is given. A further
interpretation of this data by the physiotherapist focus group is presented in Section 6.8.
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Figure 16: Predicted value plots of the significant predictors of the linear mixed effects model of toe-
off data on knee (top two rows), hip (third row) and torso (bottom two rows) range of
flexion.
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(a) Jump type: 20% of maximum.

(b) Jump type: 40% of maximum.

Figure 17: Summary visual plot of knee angles for non-perturbed (dominant, shown in blue) and
perturbed (non-dominant, shown in green) legs as jumping legs for the six jump types with
the full participant dataset included. Phases of the jump (as determined by the indicators
in Figure 41) are separated by vertical lines, with each phase indicated in the text.
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(c) Jump type: 60% of maximum.

(d) Jump type: 80% of maximum.

Figure 17 - Continued from previous page.
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(e) Jump type: single-leg VR.

(f) Jump type: single-leg real-world.

Figure 17 - Continued from previous page.

Within Figure 17, it can be seen that, on average, for all jump types the non-perturbed dom-
inant leg shows more flexion throughout the jump than the perturbed non-dominant leg.
During the initial contact of the leg with the ground (indicated by the vertical line separating
the flight and landing phases), the mean knee flexion of the non-perturbed dominant and the
perturbed non-dominant legs are similar, while the peak flexion during the landing phase
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is higher for the non-perturbed dominant leg, as was also found in the significantly higher
RoF of this leg for the landing phase. Similarly, a higher range of flexion is found for the
non-perturbed dominant leg from the moment of toe-off (indicated by the vertical line sepa-
rating the toe-off and the flight phase) and the peak flexion during the flight phase, which
was again also found within the statistical analysis. This trend was, however, not the case for
each participant, see for example the summative graph of P16 in Figure 44. For the increased
jumping distance of the jump types, the overall flexion of both legs also shows the same
increase found in the previous analyses. Between the single-leg jumps of the real world and
the VR condition, a higher flexion of the non-perturbed dominant leg seems to occur in the
VR condition. No extreme differences seem to appear in the size standard deviation between
both jumping legs for any jump type. When including the knee angles of the swinging legs
as well (see Figure 45), it can be seen that there is also a higher flexion in the non-perturbed
dominant leg than the perturbed non-dominant leg when swinging.

For the hip, shown for both sides when jumping and swinging in Figure 46 in Appendix
J, the flexion at the side of the non-perturbed dominant leg gave a higher peak in the land-
ing phase when jumping as compared to the flexion during jumping at the perturbed non-
dominant side (although the statistical analysis did not find this difference to be significant).
When looking at the hip flexion of each side during the swinging of the corresponding leg,
the maximum peak surrounding the moment of toe-off is shown to be higher for the non-
perturbed dominant leg with an increasing margin for further jump distances. In addition,
the non-perturbed dominant swing leg shows more range in flexion throughout the entire
jump cycle compared to its perturbed counterpart. Between the single-leg jumps in the real
world and the VR condition, more flexion seems to appear on the swinging side in the VR
condition.

For the torso flexion, the summative plot comparing the flexion for jumps made with the
non-perturbed dominant leg and the perturbed non-dominant leg is provided in Figure 47

in Appendix J. The torso flexion does not seem to consistently differ between the two sides
throughout the jump. Similar ranges of flexion appear between the two legs throughout the
jump and the standard deviation in flexion also does not seem to differ between sides. No
further trends were found to occur for the different jump types.

Quick review - graphical presentation of MVN data from the VR-ACL system eval-
uation

For all jump types, the non-perturbed dominant leg shows a higher mean knee flexion
than the perturbed non-dominant leg, both as the jumping and as the swinging leg.
For the hip, a higher flexion peak was found for the non-perturbed dominant leg in
the landing phase during jumping, while this leg also showed a higher range of flexion
throughout the jump as a swinging leg. For the torso flexion, no apparent trends were
found differentiating the two legs.
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6.4 results of leg dominance influence

The leg dominance influence measurement resulted in 98 jumps from the n = 6 participants,
divided between the three conditions of no perturbation (32 jumps), perturbation on the
dominant leg (27 jumps) and perturbation on the non-dominant leg (37 jumps). For both
P03 and P19, files containing parts of the jumps made with the dominant leg perturbation
were corrupted during recording and therefore removed. Based on the data simplification
described in subsection 5.7.1, the dataset used for the LME models consisted of 35 jumps.

Only for the knee were perturbance and dominance found to significantly affect the landing
RoF, see Table 6. The perturbation was found to decrease the knee RoF (t(26) = −2, 35p <

0, 05), while the dominant leg was found to give a higher knee RoF compared to the non-
dominant leg (t(26) = 2, 25p < 0, 05), see also the model plots in Figure 18. The relative
effect of dominance and perturbance can also be found in Figure 50 in Appendix J.4. Here,
it can be seen that for the knee RoF, the biggest difference is found when the dominant leg is
non-perturbed and the non-dominant leg is perturbed, as was also the case for the evaluation
measurements. For the hip RoF, no significant fixed effect was found. For the torso, only the
age group was found to significantly increase the RoF (t(26) = 3, 57p < 0, 05, see Figure 48

in Appendix J.4). For the torso model, Table 6 furthermore shows that the random slope had
a positive ∆AIC, which was kept in the model on a theoretical basis to avoid categorisation
effects of the data to violate the linearity assumptions of the model.

For the RoF around the toe-off, there was only a significant fixed effect found for the torso
segment, as the jumping leg dominance was found to increase the RoF (t(27) = 2, 54p < 0, 05,
see Figure 49 in Appendix J.4). No other discerning patterns were found for the RoF of the
toe-off of any of the segments, see also Figure 51 and an overview of the outcomes of the
RoF toe-off analysis for the dominance measurement in Table 16 (Appendix J.4).

Figure 18: Predicted value of perturbance and dominance interaction for knee RoF during the landing
phase of the dominance measurement.
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Table 6: Fixed and random effects structure of linear fixed effects and linear mixed effects models for
predicting the knee, hip and torso RoF during landing within the dominance measurement.
Note, the estimate consists of log odds; standard errors are denoted by SE; confidence inter-
vals are denoted by CI; standard deviation is denoted by std. dev.

Knee range of flexion

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 27,04 2,07 13,08 <0,001 23,72 30,34

Perturbance -5,37 2,28 -2,35 <0,05 -9,09 1,67

Jumping leg domi-
nance

4,93 2,19 2,25 <0,05 1,36 8,46

Random effects Variance Std. dev. ∆AIC

1 | Participant 5,94 2,44 -8,06

Hip range of flexion

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 7,49 1,15 6,48 <0,01 5,43 9,67

Random effects Variance Std. dev. ∆AIC

1 + Jumping leg
dominance | Par-
ticipant
Jumping leg domi-
nance

16,44 4,05 -3,81

1 + Jumping leg
dominance | Par-
ticipant
Full slope

4,31 2,08 -3,81

Torso range of flexion

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept -0,64 0,59 -1,09 0,32 -1,67 0,38

Age group 1,01 0,28 3,57 <0,05 0,52 1,52

Random effects Variance Std. dev. ∆AIC

1 + Jumping leg
dominance | Par-
ticipant
Jumping leg domi-
nance

0,09 0,30 3,09

1 + Jumping leg
dominance | Par-
ticipant
Full slope

0,20 0,45 7,91
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A graphical comparison between the no tape condition and the perturbed condition for the
dominant/non-dominant is presented in Figure 19 for all three segments, with additional
visuals showing the knee, hip and torso flexion angles of the jumping and swinging legs
during the three taping conditions individually being provided in Figure 52 in Appendix J.4.
In Figure 19, it can be seen that for the knee, the highest peak angle values in the flight and
landing phases, as well as the highest overall flexion can be found for the dominant leg in
the no-tape condition. The perturbed non-dominant leg has the smallest flexion and range
of flexion throughout the entire jump. For the hip, the highest peak flexion during landing is
for the perturbed dominant leg, followed by the no-tape condition of the dominant leg, while
the perturbed non-dominant leg has the lowest peak flexion. For the torso, both perturbation
conditions provide the highest flexion, with the dominant leg giving a higher peak during
landing than the non-dominant leg. Figure 52 shows additionally that for the knee angles,
the biggest differences can be found between the no-tape condition of the dominant leg and
the perturbed condition of the non-dominant leg, both for the RoF in toe-off and during
landing.

Quick review - dominance influence

For the knee, it was found that both perturbance and leg dominance affect the RoF in
landing, with adding a perturbation lowering the RoF and the dominant leg having a
higher RoF compared to the non-dominant leg. The biggest difference in knee RoF is
found when the dominant leg is not perturbed and the non-dominant leg is perturbed,
as was done during the evaluation study.

(a) Knee angles.

Figure 19: Summary visual plot of dominance influence measurement per condition for the knee, hip
and torso segments.
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(b) Hip angles.

(c) Torso angles.

Figure 19 - Continued from previous page.

6.5 analyses of single-leg jumps distances

An overview of the outcomes of the LME of the single-leg jump distances is provided in Table
17 in Appendix J.5. For the single-leg jump distances recorded during the main evaluation
session, only the interaction condition (for the single-leg jumps only comparing the real
world and VR condition as single-leg jumps were not included in the VR game condition) was
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found to significantly decrease the jumping distance (t(17) = −3, 05,p < 0, 01), see Figure
20. No effect on the jumping distance was found for the perturbance of the jumping leg.
With regards to the distances jumped, the average jump distance (with standard deviation)
was 139, 56 (±34, 79) cm for the non-perturbed dominant leg and 136, 54 (±35, 25) cm for
the perturbed non-dominant in the real-world condition; and 128, 66 (±36, 69) for the non-
perturbed dominant leg and 133, 21 (±35, 22) cm for the perturbed non-dominant leg in the
VR condition, see also the boxplot comparison in Figure 53 in Appendix J.5. The average
LSI (comparing the maximum jumping distance of both legs) was at 100, 31% for the real-
world condition, with n = 4 participants having an LSI below 90% (i.e. jumping further with
their non-perturbed dominant leg) and n = 4 participants above 110% (i.e. jumping further
with their perturbed non-dominant leg). For the VR condition, the average LSI was 98, 78%,
with n = 1 participants having an LSI below 90% and n = 3 participants above 110%. A
full overview of the LSI found per participant per condition has been added in Table 18 in
Appendix J.5.

For the single-leg jumps made during the dominance effect measurement, a significant in-
crease in jumping distance was found for the perturbance (t(5) = 3, 99,p < 0, 05) and the
trial number (t(47) = 3, 71,p < 0, 001), see Figure 20. No significant effect was found for the
leg dominance. The mean distance (with standard deviation) jumped in the no-tape condi-
tion was 139, 83 (±28, 74) for the dominant leg and 132, 94 (±25, 37) cm for the non-dominant
leg. When perturbed, the mean distance jumped was 132, 81 (±32, 87) for the dominant leg
and 126, 92 (±29, 00) cm for the non-dominant leg. The average LSI (here determined by di-
viding the non-dominant leg by the dominant leg rather than the affected by the unaffected
leg) was found to be 97, 64% for the no tape condition (with n = 2 participants having an LSI
below 90% and n = 2 with an LSI above 110%); 94, 14 for the dominant leg taped condition
(with n = 2 participants having an LSI below 90%) and 100, 35 for the non-dominant leg
taped condition (with n = 1 participants having an LSI below 90% and n = 2 with an LSI
above 110%). A full overview of the LSI for the dominance influence measurement has been
added in Table 19 in Appendix J.5.

Quick review - single-leg jumping distances

The single-leg jump distances were not significantly affected by the perturbation dur-
ing the VR-ACL system evaluation measurement, but a significant increase in jumping
distance was found for perturbance during the dominance measurement. For the VR-
ACL system evaluation, a decrease was found in the jumping distance for the VR
condition compared to the real-world condition.
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Figure 20: Predicted value of fixed effects for single-leg distance analyses, showing the analysis for the
main evaluation dataset (top plot) and the dominance effect measurement (bottom plots).

6.6 analyses of jump accuracy, lavaball hit accuracy, jump times and per-
ceived fatigueness

Based on the LME for the jumping accuracy (presented in Table 20 in Appendix J.5), the
distance between the landing and the target location significantly increased as the round
number increases (t(931) = 2, 34,p < 0, 05), indicating a decrease in jumping accuracy).
The perturbance and jump type were not found to be significant predictors for the jumping
accuracy, see also Figure 54 in Appendix J.5).

For the lavaball hits (see Table 21 in Appendix J.5), the accuracy increased over the rounds
(t(60) = 2, 63,p < 0, 05).

For the round times (presented in Table 22 in Appendix J.5), it was found that the time
spent on each jump decreases as the round number increases (t(789) = −2, 20,p < 0, 01) and
increases as the jumping distance increases (t(784) = 9, 47,p < 0, 001). The average time per
round was 274 seconds.
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Figure 21: Boxplot of perceived fatigueness (as determined by the Borg score value) over the played
interaction rounds. Scores were based on the following distribution of participants, with
round 1 including n = 18 participants; round 2: n = 18 participants; round 3: n = 16

participants; round 4: n = 10 participants; round 5: n = 6 participants and round 6: n = 2

participants.

The predicted effects of the jumping accuracy, lavaball hit accuracy and jump time have been
added in Figure 22, with additional boxplots having been added in Appendix J.5.

For the perceived fatigueness of participants throughout the rounds, while an increase was
seen in the scores over the rounds, the values remained below 5 (to be interpreted as ’hard’).
This means that according to the perceived fatigueness, the tasks were not fatiguing enough
that this would have interfered with the kinematic data. The Borg score values are added as
boxplots in Figure 22.

Quick review - jump accuracy, lavaball hit accuracy and jump times

The jumping accuracy was found to decrease over the rounds played, while the lavaball
hit accuracy increased over the rounds and the jump time decreased. For the perceived
fatigueness, no values higher than 5 (’hard’) were reported.
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Figure 22: Predicted value plots of the significant predictors of the linear mixed effects models for the
jump accuracy (top row), timing (middle row) and lavaball hit accuracy (bottom row).

6.7 participant experiences of the interaction

Within this section, the findings from the post-session surveys and interviews are included
supported by notes made throughout the sessions and a review of the video recordings to
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Figure 23: Outcome to the closing questionnaire Likert scale questions.

find specific behaviours. In addition, the evaluation done with the two patient participants
is included.

6.7.1 Post-evaluation survey outcomes

The first part of the post-evaluation survey was used to form an understanding of the experi-
ence participants had with physiotherapy and (VR) gaming, as well as their (general) activity
level. The outcomes of this have been presented as part of the participant demographics
and characteristics in Section 5.1. In this section, the second part of the survey outcomes
concerning the participants’ experiences with VR and the interaction is presented.

The Likert scale question outcomes of these questions are presented in Figure 23. From
these outcomes, it can be seen that questions related to disorientation and mental tiredness
received a mean and standard deviation outcome of 1, 83± 0, 60 and 2, 61± 1, 01 respectively.
The physical tiredness of participants was rated at 2, 33± 0, 82. For the questions on whether
participants would have liked the interaction to have continued and whether they would
recommend it to their friends, mean scores of 3, 94± 0, 70 and 4, 65± 0, 50 were found, while
enjoyment of the overall experience was rated with 4, 78 ± 0, 42. Several questions were
related to the participant’s immersion, which focused on whether the participants felt like
they were drawn into the VR environment (resulting in a score of 4, 61± 0, 49), whether they
paid more attention to the VR environment than their own thoughts (4, 72± 0, 45), whether
they lost track of time (4, 33± 0, 94) and how their focus on jumping related to their focus
on the VR effects (which resulted in a score of 3, 5± 0, 96 on being focused on performing a
good and stable jump; and a score of 3, 00± 1, 00 on being more focused on the VR effects
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than on the jumping). Participants responded to actively trying to beat their previous round
times with a score of 4, 06± 0, 97.

6.7.2 Participant interview and comments on interaction behaviours

Throughout the interaction, several interesting participant behaviours were noted down.
Most notably, participants showed different forms of playful behaviour, as both during the
VR introduction and the interaction itself, participants were very happily keeping themselves
engaged with the interaction. Specific behaviours that were found were laughter, striking
poses, skipping and running away from or trying to physically slap lavaballs away once they
ran out of shots. This behaviour was often accompanied by exclamations or cheers. Par-
ticipants also often cheered or frustratedly called out when they hit or missed a lavaball.
Additional interesting movements that occurred were looking away from where they were
walking or running to, walking and jogging backwards, and making fast spinning move-
ments while in the VR. Several participants also showed competitive behaviours, sprinting
from jumping plane to jumping plane. Throughout rounds, participants often indicated of
their own volition that they were attempting to beat their high score or that they had found a
method to improve their gameplay (e.g. by finding a central place to continuously be on the
lookout for new jumping planes or by waiting until the final moment to shoot the lavaball
to increase their accuracy). In individual cases, participants took time in between rounds to
analyse their own performance and where they had won or lost significant amounts of time.
Participants also generally considered their own performance to improve over time, often re-
lating it to how fast they were completing the rounds or how many lavaballs they hit. After
the interaction was completed, several participants asked whether they had received a high
score in the game based on their time, lavaballs hit or distance covered during the single-leg
jumps.

"In the last round I was eager to beat my previous times and I definitely saw an im-
provement in how fast I was. I think it was because I understood the game dynamics
better." – Participant P18.

Regarding the general game elements and overall performance, participants seemed to grasp
the concept very easily. Some participants indicated that they used the first round to get
familiar with the gaming elements and controls. Because they were able to practice shooting
the lavaballs during the introduction of the game, they indicated to feel confident in perform-
ing this action during the interaction. The yogaball shot with the controllers was modelled
as a standard ball with physics laws applying to it, shooting the ball spawned it with a force
ejecting it directly from the controller and letting it return to the ground with an arc (where
it bounced and rolled away to eventually be removed from the virtual environment). Some
participants had expected the ball to behave more like a laser or bullet, in which they could
directly aim at the target and hit it from far away without it curving back to the ground after
being shot. This meant that participants had to focus more on their aim and shooting than
they had expected to hit the ball correctly. Two participants discovered that they could aim
and wait to shoot until the last second because they were guaranteed to hit the lavaball. The
shooting of lavaballs was further considered to be the focus of the game by participants.
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"From the player’s perspective, it seems as if the lavaballs were the main game element
in this interaction." – Participant P04.

The experience of jumping within the virtual environment was generally positive. Partic-
ipants seemed to estimate the jumping distances well and were happy to have a target to
jump towards, especially because they helped to give a more clear and stable jumping ex-
perience. Participants did generally think that they had jumped further in the real-world
single-leg jump condition than with the VR single-leg jumps, as this was the known and
‘safer’ condition to them, although the fact that they were unable to translate the VR distance
they jumped to the real world did also lead some believe they were able to jump further in
VR.

"I felt like I could take bigger risks when jumping in the real-world condition because
I knew I would be able to catch myself and I did not think I would be able to do that
in the VR. For example, with the longer jumping distances in the interaction, I was
also first checking if it was still within the virtual guardian." – Participant P03.

Participants also seemed to think that jumping became easier in the VR environment over
time. Several participants indicated an initial hesitancy to jump (larger) distances because
they were afraid to hit anything in the real world, but they became more secure in their
moving and working with the virtual guardian over time.

"It was really fun to make jumps in a VR environment! At the start, I didn’t expect
it to be this fun, but it really was! In the first round, I was a little afraid to hit
something but in later rounds, I was able to work better with the virtual guardian,
so I also thought less about the real world around me." – Participant P18.

The gaming elements, specifically the lavaball dual-task, seemed to move the focus of the
participants away from the jump itself. Participants indicated that they were less focused
on executing the jumps once they were doing the interaction as compared to their initial
single-leg jumps in real-world and VR conditions. Participants also seemed less hesitant to
jump, with some participants even running up to the jumping planes and jumping in one go
as a tactic to improve their time and to be ready on time for the lavaballs when they would
appear. Participants also indicated that they enjoyed the lavaballs as a method to stay alert in
the game, especially because different speeds and angles were used and the lavaball would
not always appear.

"In the real world condition I was overthinking the jumps and in the VR I just
jumped without overthinking it at all. I tried to complete jumps as fast as possible so
I could be on the lookout for lavaballs. I wasn’t as focused on the jumps as I otherwise
would be, I had to divide my mental capacity." – Participant P20.

The use of the time bonuses and deductions was very motivating for some participants,
while others were not as focused on this element but rather on the shooting itself. Several
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participants indicated that, especially for their final round, they were very eager to beat
their previous times and were frustrated when they were unable to, which increased their
motivation to be even faster still.

"I really wanted to beat my time in the last round, so the time bonuses got very
important. I think I could have happily kept playing this for the rest of the evening.
It’s really too bad I didn’t beat my time that final round, but that’s the game and that
also makes it fun!" – Participant P06.

The experience of the MVN legs varied between participants, but most indicated that they
got used to working with them and that it helped them to make the jumps and estimate
the target distance correctly. Some participants also experienced issues with the legs in
which they moved or turned relative to the participant and several participants indicated
that resetting them to be below the HMD by looking up took some getting used to, but
they were able to adapt to them well. None of the participants experienced strong delays or
required significant repeats of jumps due to the MVN legs.

"I quite liked it! It was nice that I could just easily reset the position of the MVN
avatar legs by standing up straight. I’m not sure if they were really located where
my actual legs were - they maybe were a little bit off - but otherwise, it was very nice
and they were very responsive to my actual movements." – Participant P10.

An interesting remark that was made by three separate participants at the start of their
session was that they felt that they were bad at keeping balance and would, therefore, not do
well with the single-leg jumps. For these participants, an initial hesitancy was seen in their
jumps, which for all seemed to improve over time. One participant who had indicated a bad
balance noted that, while he was very hesitant in his first jumps in the real-world condition,
he started to be much faster in the interaction itself because he was engaged in the game. For
some of the participants, incorrect jumping behaviour was noted throughout the interaction
(e.g. jumping or landing with two legs rather than one or running and leaping over the
jumping plane rather than making a correct single-leg jump). Where possible, participants
were then reminded of the correct jumping technique in between rounds, but during the
rounds themselves, no corrections were made or indicated to the participant.

At the end of the testing session, participants were also asked whether they encountered any
physical or mental difficulties in completing the interaction. None of the participants actively
noticed a strong increase in their physical fatigue. Some indicated that they got a bit warmer
over time, especially on their head when wearing the HMD, but none of the participants
found the interaction to fatiguing and no participant was unable to complete at least three
rounds of gameplay due to any fatiguing complaint. Two participants did not complete all
rounds due to time constraints and their inclusion in the additional VR effect measurement
(see Table 14 for an overview of the number of correct jumps gathered per participant). The
sports tape that was used to perturb the non-dominant leg was also not considered to be too
restrictive by participants. They did notice the rigidness of the tape especially at the start,
but most indicated that, either due to the tape stretching because of the jumps or due to the
VR immersion, they noticed the tape less as the session went on. Some participants thought
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that the tape had diminished their ability to use it as the jumping leg, while others said that
they were especially affected when it was the swinging leg and that it may have even helped
them to generate a stable jump when the perturbed leg was jumping.

Overall, participants were positive about the VR experience and the game itself. Participants
indicated that they felt very immersed in the game. Many also stated that, even though they
knew at the start that the measurement was related to movement and jumping, they were so
focused on the game that they lost sight of this objective. Participants were very enthusiastic
and were often eager to provide ideas for continued development. All participants indicated
that they found the interaction to have been a positive experience.

"I was positively surprised! I did not expect I would ever be making such jumps with
a VR setup. I honestly thought I would be much more careful, but you just get used
to it. I also liked that I got to be on the lookout for the jumping planes and had to
quickly respond when I spotted them." – Participant P03.

6.7.3 Analysis of VR-ACL system with patient participants

After completing their walk-through of the VR-ACL interaction, both patient participants
were asked to relate the interaction with their experiences with ACL rehabilitation. Both
participants were interested in the VR environment but also considered that making jumps
in this condition, especially when they were still rehabilitating, might require some practice
and gaining confidence in doing the interaction. Participant P01 indicated that this might also
be more trusting in one’s own abilities rather than the VR environment. Both participants
further indicated that the VR environment would likely be very beneficial in keeping the
focus away from the jump and the knee performance and, especially around the end of the
rehabilitation when a patient would have confidence in their own movement ability, the VR
environment might be useful to make a standard jump more interesting.

"It seems like less pressure, you are more doing the game than thinking of your
rehabilitation. You also have a lot of openness in the virtual environment, so that
gives a lot of security. If I would still be injured, I wouldn’t know if I would do
it well though, because maybe wearing the HMD would give some insecurity when
you’d actually have to make these movements, but I wouldn’t know that right now."
– Participant P01.

The participants indicated that knowing what the real-world environment looked like be-
fore entering the VR environment helped provide more security, especially when partici-
pants could still see the real-world boundary shown in the VR environment with the virtual
guardian. Still, making sideways or backwards movements was considered more daunting,
as this would require movements completely out of the (virtual) angle of view. In addition,
because the exact feedback of the feet is missing (even though the MVN avatar is present),
making longer or more difficult jumps was considered more daunting, as it would require
trust in one’s own ability to correct movements if needed.
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Regarding the other gaming elements, the participants indicated that the lavaballs would be
a good way to move the focus away from the jumps. This could also be a risk when applied
earlier in rehabilitation because especially at that stage the focus on the movement is still
needed. The further in the rehabilitation the more the competitive element of time bonuses
may become relevant and interesting. It also depends on where the importance is placed, as
patients would likely be aware that their jumping performance is more important than their
shooting accuracy or round times. Physiotherapists might play a role to help shift the focus
away from the jumping performance and onto other gaming elements.

"When you are doing this interaction as part of evaluating your rehabilitation process,
you know that it really is about the jumps you are making. That might make the
timing element less persuasive because you might already realise that this is not the
actual performance measure." – Participant P01.

Participant P01 put further emphasis on patients not being able to see their own knees while
in the VR, with attention being further moved from the knee to the VR world by the lavaball
dual-task and visual distractions. Because of this, patients cannot check how their (MVN
avatar’s) knee performed in the jump. Patients would have to use their proprioception to
regain their sense of movement quality in their knees, as is also trained during their re-
habilitation. Participant P01 did indicate that, when removing the ability to see the knee
performance, some external method of feedback would be beneficial to help create the pro-
prioceptive sense. For the use of the MVN avatar, both participants saw the benefit of seeing
the movement of the knee, while P02 again added that this might be a good middle way
for still providing some visual feedback without directly showing the real-world knee perfor-
mance.

"When you are visually restricted in seeing your knee move, I think you would start
to jump more based on your proprioception. During my rehabilitation, I tended to
constantly look at my knee during exercises, so my physiotherapist told me to turn
away from the mirror to see if I could also feel whether the knee was making the right
movement or not. The feeling in your knee really changes after the ACL surgery, so
you need to build that feeling back up. I think using VR could have a similar effect,
you start to use your proprioception to feel rather than constantly look at whether
you are moving correctly." – Participant P01.

Overall, both participants could envision the use of VR as part of their rehabilitation. The un-
predictability of the interaction, which forces the patient to make quick decisions and draws
the focus from the jump itself, was noted by both participants as a positive way that relates
to the rapid decisions made within a sports context. However, it was also considered by the
participants that patients might want to have their focus on the jump if they are being eval-
uated since this is a critical moment in their rehabilitation. The empty virtual environment,
coupled with the virtual guardian, gave a sense of security to move around. The participants
indicated that the use of a lava plane to jump over, but also the competitive element was con-
sidered to be very motivating, especially for patients who might not already have a strong
internal motivation to rehabilitate or who might not be rehabilitating to return to sport (and
so might not have a clear goal in their rehabilitation). Because rehabilitation exercises are
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often repetitive, adding such an external motivator was considered to be beneficial. As final
remarks on the interaction, the participants both indicated that some familiarity with the VR
system would be beneficial for a patient’s confidence in their performance during the RTS
evaluation. Both also saw possibilities for adding more varied jumps to the interaction rather
than only the single-leg jumps.

"I thought the VR interaction was very immersive and would draw the focus away
from the jumps. I do wonder if I would have wanted this during my rehabilitation
because you know that your focus is removed from the main measurement metric of
your movement performance evaluation. Especially the RTS evaluation is so critical
for a patient wanting to get back to playing sports, so I definitely would have liked to
practice with the system during my appointments with my physiotherapist, so that if
I had to do it for the RTS evaluation your scores would not be limited by just having
to get used to the VR." – Participant P02.

6.8 analysis of vr-acl system and data with physiotherapists

During the first focus group held with the physiotherapists at OCON, the main focus was
to determine how the VR-ACL evaluation system in its totality (i.e. the VR environment as
well as the physical constrictions of the sensors, HMD and controllers) affected the move-
ment behaviour of the participants. For participant P06, the physiotherapists considered his
natural jumping behaviour, both in the real world and the VR conditions to show significant
compensatory movements during the landing. Specifically, the physiotherapists considered
the arm movements, torso flexion and the participant’s necessity to immediately put his
swing leg down after landing as indicators for his unbalanced jump. When jumping in the
real-world condition with his perturbed non-dominant leg, P06 was considered to show less
peak torso flexion and a more rigid landing compared to the VR single-leg jumps, although
he did seem to increase the flexion in the non-perturbed knee during landing in VR. This
behaviour was later confirmed with a kinematic analysis. The physiotherapists did express
their surprise at the participant’s ability to reach similar jumping distances during the VR
single-leg jumps compared to those made in the real-world condition, as the maximum single-
leg jump distances of P06 were 193, 6 cm for the non-perturbed dominant leg and 189, 1 cm
for the perturbed non-dominant leg in the real-world condition, compared to 190, 6 cm for
the non-perturbed dominant leg and 194, 1 cm for the perturbed non-dominant leg in the VR
condition.

"I am surprised at how little difference I see [between the real world and VR single-
leg jumps of P06]. To be honest, I had expected that just wearing the HMD itself
would give issues for the participants in jumping, not only with the distance but
certainly with the execution of it. What we see [for participant P06] does show that
doing jumping tasks in VR is at least trainable." - Physiotherapist PT01.

For P04, the physiotherapists note the stiffness with which the participant carries their per-
turbed leg. Because the participant did not show a lot of knee flexion before the jump, the
jumping distances were also found to be less than for participant P06 (for P04, the maximum
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single-leg jump distances were 100, 0 cm for the non-perturbed dominant leg and 110, 0 cm
for the perturbed non-dominant leg in the real-world condition, compared to 99, 0 cm for
the non-perturbed dominant leg and 107, 5 cm for the perturbed non-dominant leg in the
VR condition). During the VR game interaction, the participant showed similar behaviours
for the smaller jumps as for the larger jumps. Specifically, the limited flexion in the landing
pattern and in the knee itself, compensatory movements and the immediate placing of the
swing leg on the ground upon landing.

For both participants, different notes were made on their ability to make controlled and sta-
ble jumps within each of the three conditions (real world, VR and VR game interaction). In
general, when analysing the videos, the physiotherapists considered three main factors aside
from the general movement characteristics of the jump. First, compensatory movements
were considered, such as late flexion of the torso or significant arm movements that could
signify an imbalance. Second was the amount of valgisation when landing (i.e. strong valgus
movement of the knee in the frontal plane), which could be considered to be a sign of insta-
bility within the knee. While somewhat debated amongst physiotherapists, the ‘uncertain’
side-to-side movement of the knee in the frontal plane could again signify an inability of
the patient’s knee to correctly catch the landing of the jump. However, if a patient is able
to land stably, even in a valgus orientation, this could still be seen as a stable landing and
possibly inherent to the jumping characteristics of that person. Finally, the knee flexion an-
gle was analysed to determine whether any noticeable discrepancies occurred between the
affected and unaffected leg, although the initial contact flexion could often be too fast to be
considered in practice or with video recordings.

"When viewing the landing, it is over so quickly, so only the major things are notice-
able when visually analysing. When a patient has a lot of arm movements or shows
a deep flexion, those are clear signs that the landing was less stable." - Physiothera-
pist PT01.

"Of course, context is everything for these cases. There is always a preferred leg or the
sport someone plays which can affect their movement. Maybe some things affected
their movement development during childhood that no therapy could ‘correct’. Even
if we now see a good quantitative result with the jumping distance they cover, there
are qualitative notes to make to the jump. However, you should also consider what
is reasonable. If someone lands stably but there is too much valgus compared to
the norm, you might frighten a patient unnecessarily when saying that they are not
jumping correctly. Depending on the sports or context of a patient, it might even be
functionally fine to jump in such a way." - Physiotherapist PT02.

When analysing the movements in the VR game condition, the sudden appearance of the
lavaball showed to unbalance both participants. The physiotherapists related this to a sports
scenario, where even when unexpected scenarios occur (e.g. having to make a jump to
perform a sudden header opportunity in football), the movements should remain controlled
and stable for that specific context. ACL re-ruptures can often occur when an athlete is
attempting to react to an unexpected scenario, so the response to an unexpected interaction
is valuable to analyse. However, physiotherapists can differ on which risk factor in that
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unexpected interaction is most relevant for each patient to prepare for, so a measure of
individuality might be warranted in evaluating their response.

During the second session with the physiotherapists, the main focus was to determine
whether the quantitative data could be meaningfully interpreted by the physiotherapists
within the given context (as well as possibly translated to the ACL rehabilitation context);
whether (relevant) patterns could be found; and to determine what the added value of the
data was compared to the standard RTS evaluation.

For the knee flexion throughout the jump (Figure 45), the physiotherapists indicated that
both the jumping and the swinging legs could provide interesting information about the
movement characteristics of both legs. For instance, when the perturbed non-dominant leg
jumps, the swing leg (i.e. the non-perturbed dominant leg) shows more flexion than when
the jumping is vice versa. The physiotherapists interpreted this as that more swing might
be needed to propel someone forward when the jumping leg is perturbed, thus resulting
in higher swing flexion. Of course, it could also be possible that because the perturbation
stiffens the knee, less flexion is to be expected when the perturbed non-dominant leg is
swinging. For the jumping legs, the flexion at the moment of initial contact seems to be
similar for both legs, with differences in the flexion mostly occurring during the landing
phase. The physiotherapists, therefore, considered the RoF in the landing to be most relevant,
with the RoF in the toe-off to be of secondary interest. For the physiotherapist, the entire
chain of knee, hip and torso data is relevant to determine movement behaviours. For each
patient, the compensation strategy that they may resort to with their affected leg can be
different. Within the current study, it was seen that there was a significant difference between
the knee flexion of the two jumping legs, which may have led to compensation strategies
using hip and torso flexion when the knee flexion was limited. The hip and torso RoF
were not found to differ significantly for the perturbance, however, although it is also not
known whether the perturbation might have limited hip flexion and to what degree the arm
movements may have contributed as a compensation strategy for both legs.

Based on the proof of concept in this study, the physiotherapists saw added value in
evaluating the designed system and setup with ACL-rehabilitating patients. They were, fur-
thermore, interested in tracking the flexion of the three selected segments over the course of
an ACL rehabilitation to determine whether the affected leg can behave more similarly to the
unaffected leg.

"The swing legs can be very interesting, but we would have to test that with ACL
patients. If they would also show these patterns, that would be very interesting." -
Physiotherapist PT03.

"If ACL patients would show strong differences in swing leg behaviour compared to
the normal population and we could track this towards a higher risk of re-injury over
time, then that would be a parameter that has not yet been considered as relevant to
ACL rehabilitation." - Physiotherapist PT01.

Regarding the influence of the VR and VR game compared to the real-world condition (see
the trends of the interaction condition in Figure 15), the physiotherapists hypothesised that
the VR alone might give some hesitance to the participants, which could make their jumping
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movements a little uncertain and stiffer, whereas the addition of the game elements could
shift their attention or remove their fear of movement, thus changing their movement be-
haviour again.

As for additional considerations regarding the system made during the focus groups, the
addition of the controllers was considered by the physiotherapists to possibly give a false
feeling of security, as it can allow for better sideways balancing (similar to a tightrope walker
with a pole). While very light, the tactile sensation of the controller may provide this addi-
tional balance to the participants during the jump.

Furthermore, the effect of the tape perturbation was still considered to give a relevant sim-
ulation of the ACL-affected leg when reviewing the outcomes. While for some participants
the effect of stiffness may have been stronger than what would be seen in a rehabilitation
patient (such as for P04), the perturbation provided a good proof of concept that differences
between the jumping leg kinematics can be identified with this method. An issue that oc-
curred during testing was that the tape got looser throughout the testing, which was decided
to not be re-done or adapted throughout the session to avoid tampering with the perturba-
tion (but rather be corrected for in the statistical analysis by determining whether differences
occurred over the trial number, see subsection 5.7.1). This was also considered to be the right
procedure by the physiotherapists, as continuously changing the tape would continuously
manipulate the perturbation and affect the participant’s focus on their movement.

Interestingly, while the smaller jumps were not considered to be qualitatively valuable by
the physiotherapists based on the video data analysis by appearing too simple, the outcomes
of the data analysis that showed the significant difference between the two legs led the
physiotherapist consider the use of creating specific targets as a unique benefit of the VR
that has not yet been applied in practice.

In general, the physiotherapists indicated that the designed system has a lot of potential
and serves as a proof of concept to continue testing in patients. The physiotherapists were
positive about the ability of participants to walk, run and jump easily in the VR environment
and that participants were positive about the interaction. For the setting itself, especially the
ability to control the exact conditions in which a patient would do a task was considered
valuable and would allow for the specific evaluation of relevant segments or parameters, or
to coerce them into showing their movement behaviours. Furthermore, the VR setting itself
can be adapted to a patient’s sports context, which could let a patient return to a virtual
setting of their sport to be evaluated on their ability to engage with the elements of their
sport in the VR. The chosen measures of knee, hip and torso flexion are relevant factors to
ACL rehabilitation and connect well with the chosen sensor setup. It should, however, still be
considered whether similar trends can be found in ACL rehabilitating patients as were found
in this study. In this study, there was an external perturbation, for which participants were
not given time to get used to, whereas an ACL patient would have an internal perturbation
that they also already had time to relearn their movements with their altered biomechanics
and coordination.
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"The current single-leg jump tests are essentially a minimal requirement that some-
one has to meet in order to RTS, but right now we still see a lot of patients come
back with re-injuries, so these tests might not tell us enough to determine whether a
patient is ready or not to return to sport. There have been publications showing that
when you disturb patients who already have a good enough LSI to return, for instance
by letting them do a jump with a turn, you suddenly see differences between the af-
fected and unaffected leg again. So something unpredictable removes the learning
effect that they have gained with the single-leg jump throughout their rehabilitation.
The cognitive aspect of rehabilitation is only added when they start building up their
sports training at their sports club again because before that it is hard to add them
in a safe and reproducible setting. That’s why I think that this VR setup could be
very valuable: you can present stimuli to a patient that is similar to a sports game
and repeat the same conditions over time, but it is still in the safe lab environment of
our clinic and we can be around in case there are problems. So this system is a good
starting point to see how we could do these tests differently and how it might affect
the re-injury of patients." - Physiotherapist PT02.

"The advantage of VR for me is that we would be able to control the environment. You
want to give a neurocognitive challenge to your patients by, for example, catching
something mid-jump like the lavaballs in this study, but you can never exactly control
the parameters like speed and delay in our current practice. You can do that in VR,
and you can further translate that control to another setting, like having virtual
opponents that move around the patient at a specific speed or who might pass balls
with a certain unpredictability. Those are things you would do during sports training,
but then there would always be a human variation that we cannot control. With
this type of VR system, we could always be exact in what we are presenting to
our patients and repeat our previous exercises exactly as we executed them before." -
Physiotherapist PT01.

A repeated study with ACL patients was considered to be very interesting to determine
how they would respond to the added perceptual-cognitive pressure and how the measured
kinematics would change over the time of their rehabilitation. Aside from this population, the
physiotherapists had an interest in repeating the study with elite athletes to determine how
patients might relate to individuals who are able to perform under high cognitive-perceptual
pressure and what parameters might be relevant in this comparison. In addition, the chosen
virtual environment could be adapted to be more targeted to the sport of the patient, for
example by letting a footballer be on a football field with virtual opponents around them.
Finally, with this proof of concept of the standard single-leg jump, additional jumps could
be considered to give more varied insights into the jumping behaviour. Particularly relevant
additions were considered to be adding a rotation or a jump to the side after landing or on
a cue. Since cutting movements may often result in injury, such unpredictable jumps could
add neurocognitive complexity that can prevent the patient from preparing themselves and
instead puts them in a task that is similar to the sports-specific context.
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7
D I S C U S S I O N A N D C O N C L U S I O N

At the beginning of this work, the following research question was posed: "What is a design
for a meaningful functional movement evaluation system based on objective measurement and util-
ising a sports-specific context that supports RTS decision-making in patients during an anterior
cruciate ligament rupture rehabilitation?". This question resulted in the two objectives of this
thesis.

• Objective 1: to objectively evaluate the movement performance of a simulated ACL-
affected leg compared to the unaffected leg in a single-leg jumping task to aid the
diagnostics of physiotherapists during the RTS decision.

• Objective 2: to provide a rich evaluation context that allows and triggers an ACL
patient to show more sport-specific behaviours and aids the physiotherapist in making
a more meaningful consideration of the patient’s functional movement performance
during an RTS evaluation.

To evaluate these two objectives, the results of Chapter 6 are interpreted in Sections 7.1 and
7.2, after which the study limitations (Section 7.3) are presented. In Chapter 8, the practical
implications of this work (Section 8.1) and an overview of possible future work (Section 8.2)
are given.

7.1 outcomes of objective 1 – objectively evaluate simulated acl-affected

movement performance

This study gathered a dataset of 1482 targeted single-leg jumps on which kinematic and
jump characteristic analyses were completed to determine the discriminability between the
non-perturbed dominant leg and perturbed non-dominant leg. Based on these analyses, the
specific features that allow for such discriminability with our chosen measurement setup can
be given alongside an overview of how these outcomes might transfer to the RTS evaluation
with ACL patients.

In this study, we were able to identify significant differences in the kinematics of a non-
perturbed dominant and a perturbed non-dominant leg during a targeted single-leg jump.
With our perturbation, a decrease in the knee RoF was found during the toe-off and during
the landing. For the hip segment, the perturbation resulted in a decrease in toe-off RoF. The
torso segment did not show any changes for the perturbation. Aside from the perturbation
itself, it was found that, while the dominance of the leg does significantly affect the knee
RoF during landing, the perturbance effect is independent of the leg dominance. This means
that the findings of the VR-ACL system evaluation are not solely the result of natural differ-
ences in jumping characteristics due to leg dominance but also of the perturbation that was
applied. While these initial outcomes only provide a binary distinction between the two legs
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(as either non-perturbed and dominant or perturbed and non-dominant), they give way to
an objective functional movement assessment in which the relative outcomes of the noted
kinematic features could help describe changes in the functioning of either leg at specific
phases of the rehabilitation process (following the ICF format of evaluation). Our ability to
identify discriminable features between a perturbed and healthy leg in this study, therefore,
gives hope for finding such features that can objectively evaluate the functional movement
performance of an ACL-affected leg compared to its healthy counterpart.

It should be noted, however, that the chosen perturbation in this study was not fully rep-
resentative of the biomechanical and kinematic adaptations of an ACL-affected single-leg
jump as found in literature. Using the sports tape perturbation, an external restriction to
leg flexing was applied, whereas ACL injuries create an internal restriction due to a change
in neuromuscular control (alongside cognitive effects such as fear of movement). The main
effect of the external perturbation was to create a stiffer knee, which was found in the kine-
matic data as a decrease in knee peak flexion during the toe-off and landing. Compared to
an unaffected leg, an ACL-affected leg is expected to show more knee and hip flexion dur-
ing the toe-off phase, while the landing is expected to show less knee flexion but more hip
and torso flexion to compensate for the stiffer knee landing [54], [58], see subsection 3.1.2.
While the stiffer landing pattern of the knee observed in ACL patients was achieved with the
perturbation, the characteristics during the toe-off phase and the kinematic outcomes of the
hip and torso during the landing do not transfer to the known adaptations in the single-leg
jump of an ACL-affected leg. The stiffer knee itself even made several participants indicate
that they felt more supported in their jump, which led them to jump further (as opposed to
ACL-affected legs having a typical decrease in jumping ability due to muscular diminishing
in that leg). In addition, the use of VR may have further affected the overall kinematics found
for the single-leg jump, as was also found for vertical drop tasks performed in VR [59], [96].
Given the differences from ACL-affected kinematics, it seems that the chosen study setup (be
it in perturbation, use of VR or otherwise) may have affected the participants’ reliance on hip
and torso flexion to stabilise and stop their forward movement during landing in a way that
differs from ACL patients. Therefore, it should still be determined which features allow for
the objective evaluation of an ACL-affected leg compared to its unaffected counterpart and
how the use of VR may affect the discriminability of such features.

Aside from the perturbance effect, the jumping target distance significantly affected the kine-
matics of the knee, hip and torso segments. For an increasing jumping distance, all three
segments showed a significantly higher RoF (as well as a visual increase in peak flexion) in
landing. While the dominant strategy for slowing down the landing may differ per partici-
pant, the overall trend is that all three segments are increasingly contributing to decelerating
and stabilising the landing movement as the jumping distance increases.

In addition, no interaction effect was found between the perturbance and the jump type
for any of the segments. The additional analysis of the knee RoF during landing for the three
smallest jump types furthermore showed that the perturbance was significantly discrimina-
tory. Therefore, jumps made at targeted distances well below the maximum jumping ability
are still able to generate the kinematic data on which meaningful comparisons between the
two legs can be made.
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When comparing the discriminatory ability of the sensor-based targeted single-leg jumps to
the standard practice of maximum jump distance LSI comparison, it can be seen that the kine-
matic data provides a deeper insight into the different movement functionalities of the two
legs. While the kinematic data analyses of the VR-ACL system evaluation study were able to
differentiate between the non-perturbed dominant and the perturbed non-dominant leg, the
comparison of the single-leg distances reached between the two legs yielded mixed results.
Within the VR-ACL system evaluation, no significant difference was found for the maximum
distance jumped based on the perturbance. However, the jumping distance comparison from
the dominance effect measurement did find a significant influence for perturbance. When
considering the LSI, no condition during either measurement session resulted in an average
LSI between the two legs of lower than 94% (with only a few individual participants reaching
LSI outcomes below 90%). This standard method of comparison was, therefore, not able to
consistently identify the affected movement caused by the perturbation that could be identi-
fied with the kinematic analyses. This deficit in the LSI measurement compared to kinematic
analysis was also found for ACL patients by Kotsifaki et al. (2022) [54] and Janssen et al.
(2023) [114], both of which comparing LSI evaluations with kinematic analysis on maximum
single-leg jumps. Based on the results from this study, it seems that the kinematic analysis is
able to identify an (artificial) perturbation in jumping behaviour on a group level, even with
jumps below the maximum ability, that the LSI method does not.

The use of VR did not seem to significantly affect the validity of the single-leg jumping task.
When determining the effect of the VR environment (subsection 6.2.2), no significant effects
were found in the landing RoF of the knee and torso between the three interaction conditions.
Interestingly, however, a non-significant trend was shown between the three interaction con-
ditions for the landing RoF of the knee (see Figure 15), in which the RoF seems to decrease
between the real-world and VR condition and increase (even above the real-world condition)
for the VR condition with game elements. In addition, the single-leg jump was significantly
further in the real-world compared to the VR condition, an outcome which was also reported
by Cochran et al. (2021) [86] in their distance comparison between VR and real-world single-
leg jumps. It was hypothesised that these results might occur due to an initial hesitancy
when jumping within the VR as compared to the real-world setting, which would lead to
a more unsure and stiffer jumping landing. When adding game elements to the interaction
condition, a shift in focus on these elements might remove the hesitancy and result in a
higher landing RoF. This hypothesis seems to be further supported by the results of the jump
hesitancy, timing and lavaball accuracy analyses (Section 6.6). Here, a decrease in playing
time and an improvement in lavaball hit accuracy were found for increased gameplay, show-
ing improvement in the game performance over time. A decrease in jumping accuracy found
over the round times may further highlight that participants became less focused on success-
fully completing the jumping task. Combined with the participant experiences, these results
seem to indicate that participants became more drawn to the game and focused strongly on
the competitive elements it provided. By using the VR gaming elements, participants may
have shifted their focus away from the jumping task and fully onto the gamification, which
diminished jumping hesitancy and created higher perceptual-cognitive pressure during the
jumping task.
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Summary of outcomes - Objective 1

The sensor measurement and subsequent kinematic analyses utilised in this study
allow for an in-depth evaluation of the jumping behaviours of the knee, which can
provide an objective comparison of the performance of a perturbed non-dominant leg
with its unaffected counterpart. The chosen perturbation was not found to be fully
representative of the ACL-affected jumping performance (both in kinematics and LSI),
but the analyses used were suitably discriminatory for the given methodology. The
targeted jump distances all contributed to the overall kinematic comparison and were
able to provide a stronger discriminatory ability as compared to the LSI method. The
single-leg jumping task was furthermore not altered in its validity by the use of VR,
while the use of game elements seems to decrease the hesitancy participants may show
when performing jump tasks in VR. Future research is needed to determine how the
outcomes of this study translate to the ACL-affected functional movement evaluation.

7.2 outcomes of objective 2 – providing a rich sport-specific context for

rts evaluation

As a part of creating a sport-specific context, it was found from this study that participants
were able to interact comfortably and easily with the VR game and perform the single-leg
jumping tasks presented to them during the interaction, without knowing where they would
land in the physical world. All participants were able to complete the interaction without any
safety-related issues. Only one participant experienced some disorientation in the VR setting
due to a software crash, no other instances of disorientation or cybersickness were observed.
Moreover, throughout the interaction, participants frequently showed complex movements
such as dodging lavaballs, running, moving backwards and making turns and pivoting move-
ments. While vertical drop tasks have been previously integrated within VR environments
for various studies (see [59], [96], [98], [99]), this study is, to the best of our knowledge,
the first which has evaluated participant willingness to perform a horizontal single-leg jump
within a (dual-task) gamified VR environment and in which their movement has been ex-
ternally perturbed. While the safety risks were mitigated by using a virtual guardian and a
soft physical boundary, this study does show a willingness of participants to perform a hor-
izontal jump task without awareness of the physical world. None of the participants noted
feeling unsafe throughout the interaction due to their ability to see whether the jump target
was within the virtual guardian, while some preferred to walk to each jumping plane rather
than run. Based on the participants’ experiences and behaviours, a willingness was found
to perform targeted single-leg jumps with increased perceptual-cognitive pressure and while
adapting their jumping strategy to the provided perturbation.

Within the interaction, participants were drawn into the virtual environment and their focus
was shifted from the jumping task to the VR effects. This was found both in the competitive
behaviours shown by participants as well as their post-session survey and interviews. As
was also described for objective 1, participants seemed to improve at performing the game
throughout the interaction. This was also noted by the participants themselves, who fre-
quently described feeling more secure within the VR after gaining some initial experience.
Participants also indicated to lose track of time during the interaction and were often actively
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trying to beat their previous game times. The VR environment was able to distract the par-
ticipants from the movement task and trigger single-leg jumps while keeping an external
focus. This points towards the VR being able to provide a more sport-specific context for the
jumping task.

Aside from the behaviours that were shown, the post-evaluation survey showed a high
engagement with the virtual environment and the presented tasks. Especially noteworthy are
the high scores of enjoyment, the willingness to recommend the experience to their friends
and the wish for the VR experience to have continued. The overall participant experiences
from the test sessions show that the study population was positively engaged in the virtual
environment and the jumping and game tasks as they were provided to them. Because the
VR game was found to be challenging and interesting, it may, therefore, be considered more
sport-specific (and therefore more ecologically valid [52]) in nature compared to the standard
practice.

Throughout the interaction, no significant effects of self-perceived fatigue were noted. The
Borg scores showed an increase over the rounds played but did not become higher than 5.
After completing the session, the majority indicated that they were more but not exceedingly
mentally or physically tired. However, while the Borg scores were all below the limit of
fatiguing effects to appear, the perceived fatigueness was found to be a significant predictor
of knee RoF increase during landing. In addition, the increasing trial number was shown
to increase the knee RoF during toe-off and the perceived fatigueness scores decreased the
torso RoF during toe-off. These effects indicate that the duration of the session did affect the
jumping performance.

As a second part of this objective, it was found that physiotherapists were able to meaning-
fully interpret the behaviours and kinematic data output from this study within a diagnostic
context. Based on the qualitative and quantitative data gathered in this study, the physiother-
apists were able to understand how the functional movement evaluation in the interaction
would relate to and the role this system might take in the current practice of RTS evaluation.
Within the video data of the participants, the physiotherapists were able to see the sport-
specificity of the movements that the VR game triggered, which were frequently related to
training and sports game scenarios. Especially the use of the dual-task allowed the physio-
therapists to see sport-specific behaviours appear and give a deeper insight into the move-
ment patterns. The game interaction allowed the physiotherapist to evaluate more jumps,
both in video and in data, to highlight trends and characteristics, which often sparked dis-
cussions on whether these were indicative of the perturbation (and how such characteristics
might transfer to the ACL patient). The quantitative data presented to the physiotherapists
provided physiotherapists with a higher dimensionality of viewing the jumping movement
as opposed to their current practice. While the data could not be directly translated onto an
ACL patient’s profile, the ability to measure differences within this study methodology did
provide the physiotherapists with a good sense of what the data outcomes of their patients
could be and how this might be analysed over time and compared to a normal population
or a normal progression of ACL rehabilitation. The use of this sensor and gamified system
might provide insights into the risks of re-injury as well as possible gains that could still be
achieved with further rehabilitation. The chosen segments and focus points in the kinematic
data were found to be individually relevant for the RTS diagnosis of an ACL patient but espe-
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cially valuable when considered as a whole. The physiotherapists furthermore indicated that
this system would be beneficial to create personalised and reproducible evaluation contexts
for ACL patients within a safe setting. The use of VR was considered to give a higher eco-
logical validity to the jumping task which could help physiotherapists give more meaningful
insights into the movement performance of an ACL patient at the RTS evaluation.

Summary of outcomes - Objective 2

The study design was able to provide a rich context in which participants were able to
make the single-leg jump movements while displaying more sport-specific behaviours.
Participants showed a willingness to make such movements and indicated a focus on
the game elements over the jumping tasks, as well as overall enjoyment of the inter-
action. The physiotherapists were able to interpret the data and provide meaningful
considerations to the presented qualitative and quantitative outcomes as they related
to the chosen perturbation. Through this initial proof-of-concept, a gamified rich envi-
ronment was created that can trigger participants to perform the single-leg jump task
in a more holistic, ecologically valid way for a more meaningful functional movement
evaluation.

7.3 study limitations

Through testing, different issues were noted for the system. Where possible, small issues
were resolved in between testing sessions, but larger issues are reported here for future
development.

As a logistical issue, the available testing location was smaller than what was intended during
development. Initially, there was no restriction made for letting jumping planes spawn within
the available physical space. Participants had to, therefore, work with the virtual guardian
and teleportation functionality to see whether or not they were able to make a jump within
the physical space. Three participants (P06, P07 and P17) ended up jumping against the
physical boundary but all indicated afterwards that they had seen the virtual guardian before
making the jump but that they were so immersed in the game that they willingly jumped
against the barrier. Participant P07 noted afterwards “I saw that I was nearing the guardian and
that I had to jump out of it to get to the target, but I just wanted to make the jump”, and participant
P17 indicated that he had wanted to make the jump to “not lose my precious time”.

A second issue relating to location is that, while the system was designed to let its jumping
planes always appear right in front of the participant, this feature malfunctioned due to an
apparent disconnect in orientation between the HMD and the virtual camera rig on which the
spawning location was based. Therefore, planes appeared somewhat more randomly (albeit
still rotated towards the participant) and could, on occasion, spawn outside of the virtual
playing field or under virtual objects, thus making them inaccessible to participants without
teleportation and, where needed, back-end interventions. While participants were instructed
to limit their use of the teleportation feature, it became commonly used in the interaction.
The planes being spawned more randomly than designed was not considered bothersome
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by participants, with participant P06 indicating that “the jumping planes appearing everywhere
rather than just in front of you seems to be more a feature than a bug, it is actually more fun that you
have to constantly look for them in the game and to have to be on the lookout.”.

One significant issue that occurred within the data gathering was that several MVN record-
ings crashed, became corrupted or stopped midway through the measurement. While a
complete crash of the MVN Record software only occurred for three participants and was
quickly resolved with a restart and recalibration, corrupted files could only be identified after
the measurement and could not in all cases be replaced with new measurements. In addi-
tion, the continued use of MVN within the virtual environment led to a shift of the virtual
legs relative to the HMD position. When this became inconvenient to the participant, the
interaction was paused and the axes of the MVN and the virtual environment were reset (as
was also done between each round). For a few participants, the issues persisted and required
recalibrations.

In general, the hardware attached to the participants did not cause major issues or delays.
Depending on their clothing choice, the sensors occasionally slid down for some participants,
which led to a stop and recalibration, during which the participant was kept, if possible, in
the VR environment through Oculus’ passthrough functionality. For one participant, the
HMD fell off after the first jump in the interaction, which was the only occurrence of this
issue. Other participants remarked that the HMD was quite warm, but most did not note
any issues with the added weight around their heads or with having to hold the controllers
throughout the interaction. The sports tape stayed on for all participants, although some
noted that it stretched out as the interaction continued and that it may not have been as
effective at the end as at the start.

With regard to the study methodology, additional limitations can be identified. First, the
chosen recruitment technique (convenience sample and snowballing at a technical university)
likely resulted in a population with a higher-than-average affinity with technology, which
may not resemble the attitude of an ACL population. This was partly mitigated by the
observation moments and focus groups at the OCON Orthopaedic Centre as well as the
patient participant interviews and system walk-throughs, but should be considered for future
development. Additional social desirability effects should be considered when evaluating the
participant experiences and were, where possible, mitigated by welcoming all feedback from
the participants.
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8
P R A C T I C A L I M P L I C AT I O N S A N D F U T U R E W O R K

Within this study, we have created and analysed a system that combines objective measure-
ment of the functional movement during single-leg jumps of specified target distances with
a rich VR-based evaluation context. The resulting design incorporated a sensor setup within
a gamified VR environment that triggered healthy participants to make sport-specific move-
ments and provided kinematic data to determine which parameters would allow for a dis-
tinction between a non-perturbed dominant and a perturbed non-dominant leg. This study
methodology and setup were used as a proof-of-concept for the use of sensor-integrated
VR gamification within the single-leg jump within the context of RTS evaluations for ACL
patients.

8.1 practical implications of this work

This study served as a proof-of-concept of improving the RTS evaluation through the use of
healthy and perturbed participants. While the results of this study cannot be translated di-
rectly to ACL patients, this study was able to take a first step towards the development of an
objective movement analysis method in a sport-specific context for this population. Given the
outcomes of this study, two main recommendations for the consideration of physiotherapists
and future research in this field can be put forward.

1. The use of sensor-based measurements of knee stability during smaller, targeted single-
leg jumps may be preferred over the standard practice of LSI measurements for maxi-
mum distance single-leg jumps in ACL rehabilitation.

While this study does not provide direct evidence for kinematic differences occurring in
shorter single-leg jumps for the ACL patient population, its outcomes for the perturbed
participants do give hope that kinematic features with discriminatory ability may be found
in short-distance jumps for this purpose. The use of sensor measurement of such shorter
interval jumps could provide a new and beneficial method of determining the functional
movement performance of an affected leg compared to the unaffected leg over the standard
practice of single-leg jumps for distance. By relying on multiple smaller jumps, a larger
dataset can be used to find trends within the jumping characteristics without overfatiguing
the patient and while utilising external focus for a more sport-specific movement. This could
provide deeper and more varied insights into the jumping performance. In addition, by
relying on kinematic evaluations of LSI, patients would not be able to (subconsciously) affect
their RTS outcomes by adjusting their unaffected leg’s performance to their affected leg.
Finally, as was also considered by Janssen et al. (2023) [114], all jumps in the test battery
could be considered for a more holistic consideration of the jump performance, rather than
the current practice which evaluates only the distance achieved with the best jump (and often
neglects characteristics of the failed jumps).
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An additional outcome from the sensor-based study methodology that may merit considera-
tion for practice is the inclusion of the swinging leg behaviours in the functional movement
test. Based on the current study, the swinging leg shows different behaviours between the
non-perturbed dominant and the perturbed dominant leg. While it is uncertain whether this
is the result of the chosen (external) perturbation and how these results may translate to
ACL patients, the behaviour of the swinging leg as a possible force-generating or balancing
strategy might be considered to be studied as an indicator for re-injury risks.

2. The use of VR can provide a more ecologically valid, controlled and interesting evalua-
tion context for the RTS functional movement test of ACL patients.

Within this study, positive effects and experiences were found using VR and an initial proof-
of-concept was given for its safe and effective use with healthy but externally perturbed
participants. The use of VR allows for controlled and reproducible stimuli to be presented to
a patient of which responses can be monitored and compared over time. Individual progress
in the rehabilitation can be tracked, which might (based on initial patient input) increase
confidence in movement and reduce frustration. By using a VR setup, the environment and
scenario in which a functional movement test is done can be further tailored to the patient
and their sport-specific needs. The perceptual-cognitive pressure of the VR environment can,
therefore, match what a patient will encounter after returning to their sport while still in the
safe physical testing environment of their physiotherapy clinic.

To conclude, the potential of this thesis is to create a more meaningful and objective evalua-
tion of the functional movement test of an ACL patient, taking their sport-specific context and
individual jumping strategy into consideration. The resulting system allows for providing an
objective and deeper insight into the jumping movement performance for physiotherapists
and can create a patient-specific evaluation context that simulates the perceptual-cognitive
pressure of their sport-specific context with controlled, targeted and reproducible stimuli.

8.2 future work

As future work for this study, additional research, design and evaluations can be considered.
As the most important recommendation, the current study should be repeated with ACL
patients to determine whether the objectives of the system can still be met with the target
population. For this, both the patient experiences and willingness to move in VR as well as
the meaningfulness of the kinematic outcomes need to be re-evaluated with this population.
The safe use of the VR environment for this patient population was shown and evaluated
within the context of this study. As a part of this future research, the validity of the MVN
sensors for their use in this system (which was considered valid and appropriate for eval-
uating ACL-affected functional movement but which still requires careful consideration of
the outcomes [52]) should be determined. Such validation was not within the scope of this
work but should be considered in order to provide certainty to the objective outcomes of this
method. To interpret the quantitative outcomes of ACL patients with this system, additional
measurements with a normal population or a population of elite athletes may be utilised
to further highlight how specific parameters and characteristics within the kinematic data
can indicate risks of re-injury or high adaptability to a sports context. Additional analysis
methods for the kinematic data, such as machine learning or statistical parameter mapping
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may be further considered to provide depth and meaningfulness to the outcomes. Finally,
additional parameters, such as arm waving after landing or swing leg behaviour, could be
considered to give a more in-depth analysis of relevant (compensatory) movements.

With regard to the continued design of the VR game, several main considerations can be
made. First, the virtual environment can be changed from a generic multi-purpose setting
(the volcanic adventure style used in this study) to a sport-specific setting. This would allow
patients to receive similar stimuli as they would encounter after returning to their sport but
would require a targeted evaluation by ACL patients of that sport. Possible game elements
that could be used to facilitate this sport-specific dual-tasks and stimulation could be the
use of virtual opponents; adding ball catching or ball throwing movements; adding game
artefacts like bats, rackets or hockey sticks; and using bystanders or audience with audio
or visual distractions. The use of cognitive load may warrant evaluation upon continued
development, see for example the guidelines of Skulmowski et al. (2023) [112].

A second consideration is to integrate more sport-specific and complex movements in the
game, such as sideways jumps, cross-over or triple hops, jumps with a vertical component,
turns or other dual-tasks. Especially the use of vertical jumps is frequently utilised in RTS
test batteries to create a more biomechanically demanding task and increase evaluation test-
retest reliability [41], [128], [129]. However, while previously applied in a drop-down task in
VR [59], incorporation of such tasks within a gamified VR setting may give difficulties as it
would likely require the use of objects in the real world. While possible with a mixed reality
setup or a virtual object to jump over, this should be considered in terms of safety. A further
increase in perceptual-cognitive pressure could be to give the landing target location after
getting ready to jump (thus making the jumping leg and target distance unpredictable until
the moment of the jump start). Especially when presented unexpectedly, a patient would
have to rely on their movement ability to perform the jumping task correctly, thus being an
interesting evaluation method for RTS.

Thirdly, the use of meaningful feedback to correct patients when not completing the jump-
ing tasks correctly may be considered (see Appendix B.4.3). For this, additional modalities
could be utilised, such as providing sound cues. As the safe use of the VR system was shown,
the use of sound could also be further applied to provide additional stimuli, such as for the
spawning of jumping planes and lavaballs.

Finally, the ability of the system to adapt to the performance of a patient throughout
the interaction could be beneficial. By automatically adapting task difficulty or perceptual-
cognitive pressure, the familiarisation effects of VR may be mitigated and frustration or
fatiguing effects could be avoided. Systematic and incrementally changing variables could
have coaxing effects that could give a better understanding of patient performance.
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A
O V E RV I E W O F S U P P L E M E N TA RY M AT E R I A L S

Table 7: Supplementary materials to this work.

Title Description

Informational brochure Information document provided to the participant be-
fore the VR-ACL evaluation session with a full descrip-
tion of what the study participation entails.

Informed consent template Informed consent of the VR-ACL evaluation provided
to the participant before the session.

Information about VR con-
trols

Information regarding the VR-ACL system’s controls
provided to the participant before the session.

MVN dataset All HD reprocessed MVN and MVNX files gathered
within this study, alongside an Excel sheet overview
identifying and labelling jumps within each MVN file.

MATLAB code All MATLAB code scripts to extract jumps from the
MVN data using the Excel sheet overview and pro-
vide graphical presentation as well as gathering RoF
overviews for statistical analyses.

Signed informed consents All informed consents signed by participants for the dif-
ferent aspects of this study.

Guideline of MVN datas-
tream integration into
Unity

Step-by-step guide showing how the MVN data stream
from the IMU sensors can be integrated within the vir-
tual environment through Unity, alongside C# scripts to
account for and correct coordination issues.
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B
A D D I T I O N A L N O T E S O N B A C K G R O U N D

b.1 additional notes of acl injury mechanism and rehabilitation

Figure 24: Frequently-observed mechanism of a non-contact ACL injury, from [3].
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(a) The anterior drawer test, with the clinician stabilising the foot to
the examination table as they apply an antro-posterior force.

(b) The Lachman test, with the clinician pulling with an anterior
force on the patient’s tibia.

(c) The pivot shift test, with the clinician applying valgus torque and
internal rotation to the patient’s leg, while slowly flexing the knee.

(d) The KT-1000 test, where the device measures the anterior-
posterior laxity of the knee.

Figure 25: The physical examination tests for an ACL rupture diagnosis, from [1], [130].
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When ruptured, the anterior drawer phenomenon can be found in the knee, where the lower
leg can be moved 2-3 cm forward relative to the upper leg when the knee is in the bent
position. When the PCL and the fibular collateral ligament are ruptured, there is a posterior
drawer phenomenon and the lower leg can be moved backward. In addition, muscle strength
(in particular that of the quadriceps) and the difference between hip external rotation, knee
extension strengths and various jump performances have been shown to differ between the
ACL-affected and healthy leg (see for example [18]). Such measures are, therefore, often used
to evaluate whether an athlete is ready for RTS.

b.1.1 Specific phases of ACL rehabilitation

The following phases of ACL rehabilitation can be distinguished, each with its own focus
points and frequently-applied exercises [32].

• Preoperative phase (before ACLr): establishing a normal gait pattern and an active RoM
of the affected leg of at least 0-90

◦. The RoM of the affected knee during flexion and
extension can be used to predict the postoperative RoM of the leg. An additional fo-
cus of this phase is to minimise swelling of the affected knee by icing when needed.
Exercises used during this phase are prone hangs, heel slides, prone flexion stretching
to re-establish the RoM; quadriceps and straight leg raises and neuromuscular electri-
cal stimulation to strengthen the quadriceps. Quadriceps deficits of more than 20%
(compared to the healthy leg) are associated with poor outcomes after the ACLr.

• Early postoperative phase (first 4 weeks after ACLr): minimising the pain and swelling of
the affected knee, establishing a normal gait pattern with (and slowly without) crutches,
achieving a 90-degree flexion and full extension of the knee, and strengthening the
quadriceps. Immediate weight-bearing after surgery, supported by two crutches is pro-
moted to decrease patellofemoral pain. Patients are recommended to take 2-3 physio-
therapy sessions per week, alongside daily home exercises. The exercises used during
this phase are prone hangs, heel slides and prone flexion stretching to improve the RoM
as in the previous phase, sometimes guided by using a stationary bike with a higher
saddle (thus keeping the knee more extended); neuromuscular electrical stimulation,
quadriceps sets and straight leg raises for quadriceps strengthening, and patellar mo-
bilisation (i.e. pushing the patella up, down and sideways and holding that position)
to improve the active extension mechanics of the knee.

• Strengthening phase (4 weeks - 6 months after ACLr): this phase furthermore focuses
on further improving the knee RoM to its full extent and strengthening the muscles.
Neuromuscular control is further trained by using balance cushions or a wobble board.
Cardiopulmonary training is performed by running in a straight line (on a treadmill)
and/or cycling exercises. Exercises should only give short-term articular soreness to
the patient (for no longer than 6-12 hours) and patients should not take any pain medi-
cation anymore (but can, when needed, use cryotherapy). Specific exercises during this
phase are mini-squats, mini-lunges, leg presses, hamstring curls, step downs, wall sits,
one-legged deadlifts, 4-way hip exercises, hip rotator exercises, shuttle and wall squats.

• Return to activity phase (3 months after surgery - until RTS): continue muscle strength-
ening, neuromuscular control and proprioception. This phase also focuses on jumping,
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with the patient learning good form and minimising landing impact and rotary forces
on the affected knee. Exercises during the phase include squats, lunches, plyometric
and agility drills, vertical jumps and running patterns.

Based on existing the Royal Dutch Physiotherapy Society (KNGF) standards [2], similar
phases are considered in the Netherlands for ACL rehabilitation. For each phase, different
exercises can be recommended, of which an overview is provided in Appendix E. In addi-
tion, the KNGF recommends avoiding heavy physical activities in work and sports within at
least the first three months after the operation. This also extends to the rehabilitation itself,
as heavy physical rehabilitation activities, such as running, fast turns and risk activities that
rely on the knee should not be conducted.

Within the last phase of returning to activity, a patient can start to slowly integrate their
sport into their rehabilitation through exercises and on-field training. The use of on-field
rehabilitation has been found to, among others, improve muscle strength and knee function
and a reduced risk of re-injury after RTS [34]. This is because the on-field rehabilitation al-
lows for sport-specific performance requirements to be directly addressed and sport-specific
skills to be restored with the adapted post-surgical neuromuscular control. By incorporating
sport-specific elements within rehabilitation, the reactive nature of movements given the en-
vironmental stimuli and perceptual-cognitive pressure can be progressively (re-)trained. To
allow for on-field rehabilitation to commence, Buckthorpe et al. (2019) [35] suggest that the
patient should not experience knee pain or swelling and no subjective knee instability; and
should have negative knee laxity tests; a limb symmetry index (LSI) higher than 80% during
isokinetic assessments; a good quality of movement; and the ability to run aerobically for
more than 10 minutes at 8 km/h.

b.1.2 Additional parameters for RTS evaluation

The following parameters can be utilised to evaluate the performance of the ACL-affected
leg during the RTS evaluation.

• Time since surgery in months passed.

• The RoM of the knee.

• The muscle strength and balance of the affected leg required to provide dynamic sta-
bility within the patient’s sport-specific context. For this, it is important to note that
the muscle strength of the unaffected leg may change alongside that of the affected leg
over the duration of the rehabilitation. Being unable to maintain the usual activity level,
the unaffected leg might decrease in muscle strength before rehabilitation, while, for
the affected leg, the rehabilitation exercises themselves have shown to increase muscle
strength [131].

• An limb symmetry index during single-leg jumps for distance higher than 90%. This
parameter is determined by dividing the jumped distance of the affected with that of
the unaffected knee, expressed in percentages.

– A single-leg jump for distance: a jumping task in which a person balances on one
leg and jumps forward as far as possible, landing in a stable and controlled manner
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on the same leg. This is the most commonly used jumping task in RTS evaluation.
The single-leg jump may also include a vertical evaluation. In this work, the single-
leg jump is always considered with respect to its horizontal distance measurement
unless indicated otherwise.

– A triple single-leg jump for distance: three consecutive single-leg jumps forward.

– A triple crossover jump for distance: combining three single-leg jumps forward
while switching legs between jumps.

– A 6-meter timed jump: jumping 6 meters forward on one leg as fast as possible
without losing balance.

– A single-leg vertical jump: jumping upwards as high as possible.

– (Timed) sideways hops: jumping sideways on one leg over a set distance for a
specific duration of time.

• The ability to perform (single-leg) jumping tasks without experiencing pain or instabil-
ity in the joint.

• An isokinetic strength assessment of the affected leg as compared to the healthy leg
(thus assessing both legs). In particular, the quadriceps femoris strength [43] and the
hamstrings [37] can be evaluated as a measure of strength and knee asymmetry (bend-
ing/extending in the sagittal plane).

• KT-1000 ligament arthrometry (see Figure 25).

In addition to the general parameters, current rehabilitation has lately placed a stronger fo-
cus on patient-specific aspects that influence the RTS [42], such as graft healing (measured
by an MRI) or concomitant injuries to the ACL rupture should be evaluated before deciding
to complete the RTS. For the latter, the menisci in particular interact closely with the ACL to
increase stability in the knee and, when deficient, can add to the stress on the ACL. Further-
more, anatomical features such as the tibial slope, notch width and femoral condyle shape
have been shown to correlate with an increased risk of ACL injury and can, therefore, be con-
sidered during the RTS evaluation. In addition, sensoric analyses to evaluate biomechanical
risk factors [36] and systems such as the Jump Landing System and Landing Error Scoring
System have been proposed to quantify neuromuscular recovery.

b.2 additional notes on biomechanical parameters

Figure 27: Gait cycle of the leg, from [46].
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Figure 26: Overview of the four main single-leg horizontal jump tests, adapted from [132]. Each blue
oval represents a landing moment, with legs alternating between the vertical line.

The extensor torque of the knee (as a result of the knee being pulled into extension by the
patellar tendon) is, for healthy individuals, observed between 10-45% of the stance phase,
while individuals suffering from a recent ACL injury have a knee extensor torque that can
last almost the entire stance phase of gait [45]. As the ACL patient rehabilitates, the extensor
torque becomes more reduced and can become a flexor torque, while the hip extensor torque
can increase to 1,5 times that of a healthy individual. The differences between healthy indi-
viduals and those with a recent ACL injury are even bigger for more complex actions within
the gait (e.g. when making sharp turns and changes in directions). Generally, patients with
an ACL reconstruction can regain their normal peak torque at the knee after 10 to 22 months
post-surgery. Between genders, differences in gait can also be found for ACL patients, with
women having a higher knee adduction moment compared to males [133]. Since ACL stress
is higher with increased knee and hip extension and with increased quadriceps force, the
adaptations found in the gait of ACLr patients are often considered to reduce the load on the
repaired ligament.

In the study by Decker et al. (2002) [51], the kinetic and kinematic landing performances of
healthy participants and ACL patients (with hamstring autograft reconstructions) were com-
pared using a GRF plate and a five-camera motion-analysis system. In this study, inverse dy-
namics was used to calculate internal-joint moments within the knee’s sagittal plane during
the impact (deceleration) phase of a jump. With the joint moment and angular velocity, the
hip, knee and ankle muscle powers were calculated and compared between the healthy and
ACLr subject groups. Compared to the healthy participants, ACL patients showed a stiffer
landing posture at the moment of initial ground contact and showed less energy absorption
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of the hip extensors, but greater absorption from the ankle plantar flexors. In addition, the
ACLr group had a greater ankle ROM at a higher angular velocity, which is similar to a
soft-landing technique. Decker and colleagues hypothesised that ACLr patients utilised this
method to avoid the use of the hip extensor muscles (hamstrings and quadriceps). In ad-
dition to this landing technique, there was a normal isokinetic knee extension and flexion
strength (i.e. keeping the knee angular velocity constant throughout the movement) found
for the ACLr group. The increase in the ankle’s ROM is hypothesised to provide a more
even distribution of muscular force within the ankle, knee and hip kinetic chain throughout
the entire landing phase, as well as decelerate the trunk forward flexion by reducing the hip
flexion. For energy dissipation, this meant that the knee extensors provided the majority of
energy absorption (as was also the case for the healthy subjects), but there was a reduced en-
ergy absorption from the hip extensors and an increased contribution from the ankle plantar
flexors in the ACLr group.

A reduced knee moment and increased ankle and hip moments were also found in ACLr
patients six months after their reconstruction [47]. During the landing of a single-leg jump,
there is a greater knee moment and knee power needed to stabilise the body as compared
to the takeoff. The landing biomechanics could, therefore, provide important information
about the knee performance. The study of Orishimo et al. (2010) [58] asked ACLr patients to
perform a maximal-effort single-leg horizontal jump off and onto a force place and compared
the affected with the unaffected leg. Here, they found that during the take-off of the jump,
the knee ROM was 25% lower for the affected leg compared to the unaffected leg, which
resulted in a 40% peak knee moment reduction and a 38% peak knee power reduction at the
affected side. The reduction was compensated for with a 38% peak hip moment and a 21%
peak hip power increase. There was a 43% lower peak power absorption at the affected knee,
which was compensated with a 42% increase in power absorption at the ankle. These results
are similar to thigh muscle fatigue and follow a softer landing strategy, as was also indicated
by the work of Laughlin et al. (2011) [53].

Aside from the single-leg jump, other jump tasks common in rehabilitation can also be con-
sidered in terms of the kinematic adaptations for ACL-affected legs. The work of Cruz et
al. (2013) [128] evaluated common jumps in ACL rehabilitation such as the drop landing (i.e.
jumping vertically from a specific height and landing), the vertical jump (i.e. jumping from a
specific height, landing, and making a vertical jump upward) and the forward vertical jump
(i.e. jumping forward from a specific height to a specific distance, landing and then jump-
ing upward), see also Figure 28. In their study, Cruz and colleagues used the peak anterior
tibial shear force as a measure for kinematic variables, as the anterior shear force causes a
maximal ACL strain, thus showing the moment in which ACL is at its highest likelihood for
(re-)injury. Based on this measure, it was found that the forward vertical jump was the most
biomechanically demanding and also elicited increased hip and trunk flexion, knee abduc-
tion and knee flexion moments. In general, the study found that the biomechanical demands
increase from the drop landing to the vertical jump and from the latter to the forward vertical
jump. The increased demand within the forward vertical jump was likely due to the added
horizontal jumping component, which requires more energy to absorb the higher impact
force and to complete the vertical jump after landing. In addition to the work of Cruz and
his team, the study by Clarke et al. (2015) [134] saw for a maximum drop jump an increased
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Figure 28: The drop landing (A), vertical jump (B) and forward-vertical jump (C), from [128].

hip flexion and knee ROM in the transverse plane was found for ACLr participants during
the landing. Furthermore, an increased internal knee abduction moment was found during
an unanticipated cutting task (i.e. a fast switch of direction task).

b.2.1 Lateral trunk flexion

The knee abduction load and the neuromuscular control of the trunk can both be used as
sensitive and specific predictors of ACL injury risk [135], [136]. Comparing between genders,
it has been found that female subjects with an ACL injury show a greater lateral trunk
and knee abduction motion at jump landing compared to healthy females and ACL-affected
males. This increased trunk flexion can also explain the increase in hip power described in
3.1.2, as the hip is used to control the trunk stability from forces generated by the landing
impact, as well as unexpected perturbations. Landing and cutting movements may lead
to uncontrolled movement of the trunk, which requires an increase in knee abduction and
torque, as well as increased hip adductor torque to compensate. For women, in particular, the
hip adductors are activated more during low and high-intensity activities, as well as during
cutting movements, as they also have a decrease in active joint stiffness. During the single-leg
jump landing (as well as during cutting movements), the entire body mass is balanced over
the lower extremity in contact with the ground. As the largest part of the body mass, the
trunk motion in the lateral direction during such movements increases the GRFs and the knee
abduction load. Through the feedback control loop, the trunk position (and other segment
positions and loads) affects the neuromuscular control of the hip, knee and ankle. For female
participants, it was shown by Hewett et al. (2009) [135] that the trunk moves laterally to the
ACL-affected limb during knee abduction. The study by Zazulak et al. (2007) [136] showed
that the factors related to the core stability of an athlete can be used as predictors of an ACL
injury for female athletes. As was described in subsection 2.1.3, women also have a higher
risk of getting an ACL injury [137].
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b.2.2 Vertical ground reaction forces

The study by Decker et al. (2002) [51] showed that ACLr subjects had a peak in the vertical
GRF in the lower range of values that correspond to a soft landing. The horizontal GRF
was found by Gokeler et al. (2010) [47] to be significantly lower for the affected ACL leg
compared to the unaffected leg. However, the study by Gokeler and colleagues did not find
differences between affected and unaffected legs for the vertical GRF.

The relation between knee kinetic asymmetry and GRF was studied by Dai et al. (2013)
[138] using a stop-jump (i.e. an approaching run at the maximal speed that was followed
in a 2-legged takeoff maximal vertical jump) and a side-cutting task (i.e. an approaching
run at the maximum speed that was followed by a one-legged landing and a 35

◦ cutting
manoeuvre). The study found a strong correlation between sagittal plane kinetic and GRF
asymmetries. This was especially the case for the stop-jump task, as there was a two-legged
takeoff jump, that allowed for compensation of the affected leg by the unaffected one. In
addition, the relation between knee kinetic asymmetry and GRF was more prominent for the
push-off than the landing phase, as the push-off involves active muscle contraction and the
landing is orchestrated by both passive and active structures.

b.3 additional notes on sensors and sensor integration

b.3.1 Motion capture markers

With motion capture (in this case referring to optoelectronic systems), active or reflective
markers are attached to the anatomical landmarks of a person to track the movement of
individual segments with a camera setup. Within a remarked space, the cameras, often in
combination with a force plate on the ground on which the subject moves, enable tracking
of functional tasks along multiple planes and determining rotational forces in individual
joints [36]. For this, biomechanical models are used to translate the marker and force plate
data into kinetic data [139]. Motion capture is commonly used for digital animation (for
entertainment and gaming purposes) as well as for biomechanical analysis for clinical and
sporting purposes. A typical optical motion capture system (or optoelectronic MoCap system;
see also Figure 29) consists of a camera, computer and marker setup. Usually, between 4 to
32 cameras are used (at least two are needed for a 3D visualisation) in a fixed setup, which
sends information to the computer for analysis. These cameras can capture between 30

and 2000 frames per second. The markers can either be passive and only reflect light from
infrared LEDs around the camera lenses, or be active and emit signals that can be captured
by the cameras. For biomechanical analysis, force plates placed into the floor are often used
to estimate GRFs. During the measurement, light is reflected or emitted by the markers
and captured by the camera lenses. This signal is then cleaned up and analysed. Based
on the marker movements captured by the camera, it can then be estimated what the body
movements were. Markers should, therefore, be ideally placed on anatomical landmarks
(such as bones origins/insertions close to the skin surface) that are relevant for the movement
of interest and be attached to the skin directly to avoid movement or skin artefacts (i.e.
markers moving because of moving loose-fitting clothes or because of skin movement relative
to the skeleton, respectively). After the movement is captured by the camera, the markers
need to be identified on the computer by labelling each one (and making sure that no markers
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Figure 29: Schematic overview of a motion capture system, adapted from [141]. The cameras are
positioned at the top (A.) and film the movements of the red markers on the subject (B.),
which is processed by the computer setup (C.).

are missed and that the labelling is not interrupted throughout the movement). In addition,
the high-frequency noise should be filtered out of the data. For this, Orishimo et al. (2010)
[58] describes the effective use of a fourth-order Butterworth low-pass filter (cutoff of 10 Hz).
Once the data is labelled and cleaned up, indirect kinematics can be used to determine the
underlying biomechanics of the movement.

Using a marker-based motion capture system is popular in ACL performance literature (see,
for example, [1], [47], [58], [88], [134]) and can be used for gait retraining and within ACL
prevention training programmes. However, drawbacks of this method are the restricted
setup with cameras, the time-intensive and precise preparation of the test subject and a time-
intensive data analysis procedure (which often involves re-labelling of markers and various
data clean-up steps). Recently, the Microsoft Kinect depth camera has also been applied
for MoCap purposes as a more low-effort and markerless method with acceptable accuracy
[140].

Motion capture systems for rehabilitation purposes have also been combined with interactive
technology [1], [58], [88]. In the study by Bonnette et al. (2019) [88], an abstract visualisation
was made of the squatting movement to evaluate knee performance in an interactive setting,
see Figure 30. For this, a 3D optical motion capture system with real-time biofeedback was
used. The study used a total of 30 retroreflective markers, with a minimum of three mark-
ers placed on each segment. In addition to the tracking markers, GRFs and the centre of
pressure of either foot were gathered. The general assessment of the participants’ squatting
performance was visualised by creating a heat map of their movement patterns during the
trials. One of the main strengths that this study found with the methodology was that the
used biofeedback could be provided over a wide range of biomechanical variables simultane-
ously. The study was able to provide feedback regarding the knee, trunk and hip in real-time
and conveyed within a single visual stimulus that was presented to the participants.

One downside of using motion capture systems and inverse dynamics is that the setup re-
quires high-speed cameras and large processing power. The study by Dai et al. (2014) [138],
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therefore, also focused on providing a setup in which only a force plate would be needed.
While the study was able to correlate the GRFs of the force plate with the knee kinetic asym-
metry found with the motion capture, still high prediction errors were found. The 3D motion
analysis provided a more accurate and sensitive evaluation of the knee performance.

Another downside to the motion capture method is that the setup with marker placement
and post-measurement labelling can be time-intensive and requires correctly and consistently
placed markers [139]. A possible solution is the use of markers integrated within a skin-tight
suit or the application of the Microsoft Kinect as a sensing device [139], which does not
require markers but does give a 3D, simplified skeleton in real-time, made up out of 15

joints.

b.3.2 Additional notes on IMUs

The issue of exact marker placement for MoCap systems could be solved more easily with
technology such as the MVN Link system by Movella [142], a suit with inertial markers,
which can be used in a similar way to the motion capture technique. This system uses a
sensor-integrate IMU to estimate body orientation. By using a suit-based system rather than
placing markers on the different anatomical landmarks, the preparation for measurement
can be significantly decreased as the subject only needs to put on the suit. In addition, the
markers will always be positioned in the same place for the subject, so there is less inter-
measurement variability. This method also showed a high validity for evaluating hip, knee
and ankle joint angles in 3D for different tasks.

For measurement systems, an important aspect is to correctly interpret the gathered data.
First, the correct signal processing method is needed to remove noise and artefacts. Depend-
ing on the type of measurements used, different modelling methods can be applied. Knee
joint forces have been successfully estimated by neural networks within sports contexts (see
for instance Setter et al., 2019 [77]). A downside of machine learning may, however, be the
accuracy of such a machine learning-based data evaluation, as was evaluated by the work of
Beenhakker et al. (2020) [79].

b.3.3 Sensor integration

In the study by Gokeler et al. (2010) [47], motion capture biomechanical data was collected
and combined with EMG measurements. The biomechanical data was collected through a
3D motion analysis system. This system used two cameras and a set of reflective markers,
alongside measuring vertical GRFs and horizontal GRFs. The joint angles, velocities and
accelerations were derived from an inverse dynamics simulation. The GRFs were calculated
from a forward dynamics simulation. The EMG measurement was conducted with dispos-
able surface electrodes.

The measurements of IMUs can be combined with other sensor data. In the study by Wu
et al. (2016) [143], IMU measurements were combined with EMG data to create a system
that could automatically detect a wide variety of hand and arm gestures. While this system
was for recognising American sign language rather than a rehabilitation purpose, the sensor
fusion of these two modalities shows the system’s ability to recognise fine movements such
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as hand gestures. For individual users, 80 signs were classified with over 96%. A downside
to this technology is that the accuracy was only significant when the model was trained
on a subject. Therefore, inter-subject usage of the system was not yet possible. Within
the work of Tedesco et al. (2019) [113], a wearable multi-sensor system was developed for
ACL rehabilitation evaluation with three sensors, combining IMUs with EMG and electrical
muscle stimulation. While only preliminary results were available, the sensor fusion ability
of IMUs and EMG seems to provide an in-depth insight into knee performance.

Aside from EMG data, IMUs and motion capture technology can also be combined to ac-
curately estimate body segment orientations. In the study by Kong et al. (2013) [144], an
IMU-based motion capture system was developed for gait rehabilitation after a loss of motor
ability. This system was specifically developed to be used by patients themselves in their
own homes as part of a treatment to regain their physical mobility. For this purpose, a
markerless optical motion capture system should be used, as a marker-based optical motion
capture system has a high cost and is dependent on the precise knowledge of marker place-
ment. Marker-less motion capture systems, however, do not have the same accuracy for body
segment orientation (as was also found by Fern’ndez-Baena et al., 2012 [139]). The combina-
tion of a markerless optical motion capture system with an IMU system was, therefore, very
beneficial to the study of Kong et al., as IMUs are low-cost and low-maintenance. The entire
system could also be made very compact and easy to wear. The developed system had an
accuracy that was comparable to an optical motion capture system.

b.4 additional notes on sports interaction technology

Motor learning entails a lasting change of motor performance through (repeated) training
[145]. For motor learning in the ACL rehabilitation context, several insights are needed,
which are discussed in this section. Motor learning consists of the following three key phases.

• Phase 1: rapid learning progression and first movement representation.

• Phase 2: refining of motor presentation and improving error detection and correction
(both in real-time or during subsequent movements).

• Phase 3: movements are performed in a highly automatised manner, showing a consis-
tent execution.

b.4.1 Sense - Think - Act cycle

Within sports interaction technology, the technological interventions follow the ’sense’ - ’think’
- ’act’ cycle, see Figure 31. Here, the system uses sensor data to measure behaviours, performs
data processing to find the correct response, and provides these responses back to the system
users, of which the effects can, once again, be measured. Applied to the topic of interactive
ACL rehabilitation with a sensor technology setup, the proposed system should iteratively
measure objective stability parameters from the subject’s knee (’sense’), process the data to
evaluate the knee stability and rehabilitation progress (’think’) and provide new stimuli to
further guide the rehabilitation process (’act’). This cycle will trigger specific movements

132



Figure 30: Example of mapping six key biomechanical parameters (denoted 1-6 in A.) onto an abstract
rectangle during a squatting task, adapted from [88]. The correct (target) mapping of
biomechanical variables onto the shape is shown in A., while B. gives an example of an
incorrect squatting movement (too much trunk lean) as visualised by the abstract shape.

from the athlete that will allow for the continuous objective measurement within the relevant
sport-specific context.

This ’sense’ - ’think’ - ’act’ cycle can provide the learning-rich environment and the diagnosti-
cally relevant situations introduced above. A learning-rich environment is an environment in
which the system presents the user with a large variety of situations, which can be adapted
to the individual needs and abilities of the user, such that the user receives those situations
that give them the opportunities, action possibilities and motivation to learn [146]. An exam-
ple of such a learning-rich environment is by Jensen et al. (2015) [147], who created a setup
that provides football players with different games to train important football skills in rapid
succession (e.g. practising a pass and turn movement on average seventeen times within a
single minute). For ACL rehabilitation, the learning-rich environment should provide the
patient with the opportunities, action possibilities and motivation to perform and learn their
rehabilitation exercises as part of their treatment, as could also be applied to the jumping
exercises also discussed in subsection 2.2.1.

b.4.2 Ecological validity of sports interaction technology

An important differentiation between sports interaction technology is between the idea of
representationalism versus ecological dynamicism [83], [84]. Within representationalism, ath-
letes are instructed to behave according to an ’ideal’ movement. These movements are then
trained in isolation such that the athlete can execute the same ideal movement during an
in-context performance as well. In dynamicism, the movement does not need to be ideal
but should rather be considered ’adequate’. Movements are trained in-situ and movement
patterns are found through exploration and variation. The dynamicist views provide a more
ecologically valid training scenario than the representationalist ideas. For rehabilitation, a
dynamicist viewpoint would be to let athletes play their sport within their actual contexts,
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Figure 31: The HMI ’sense’ - ’think’ - ’act’ cycle, centred around a rehabilitation task.

rather than to do exercises that only relate to the movements of the sport. In general, a posi-
tive far transfer task (i.e. a task close to the performance context) has been shown to increase
in performance and learning of the athlete. The assessment of an ecologically valid task in re-
habilitation can, therefore, also aid the understanding of how an athlete would perform after
they return to play. An example of an ecologically valid evaluation of performance is by We-
ichenberger et al. (2015) [85] (also discussed in Section 3.3), whose fencing robot allows users
to train within a far transfer task. By replacing an opponent with a fencing robot, the task
creates a controlled evaluation of the athlete’s performance that can be directly translated to
the actual performance context.

As the objective measures for knee stability are inherent to a representationalistic nature,
a final system, even one that is ecologically valid, incorporating the measurement systems
described in 3.2 will improve the ecological validity of rehabilitation while remaining em-
bedded within the representationalism of sports interaction technology. As the current re-
habilitation (described in Section 2.2) relies mostly on standardised tests (with very limited
ecological validity) used to determine whether players can return to their sport (i.e. going
to the highest ecological validity), the use of such a combination between the sensor and
interaction technology will breach this gap of the ecological invalid to the ecologically valid
with controlled increments that allow for objective comparison between the performance of
the affected and unaffected leg.

b.4.3 Providing meaningful feedback in sports

Aside from triggering a movement and controlling the interaction, the interactive system
should also provide meaningful feedback to its users. Here, only augmented (or extrinsic)
feedback is considered, meaning that this information could not be elaborated upon by the
patient without an external source (such as the interactive system itself or a therapist) [145].
For this type of feedback, the timing, frequency, content, modality, form and function need
to be considered for an effective design. For an in-depth analysis of possible feedback mech-
anisms in sports interaction technology see Postma et al. (2021) [84].
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Feedback can be provided before (’prospective’), during (’concurrent’) or after (’terminal’)
the execution of a movement [84]. Concurrent feedback during training has been shown to
greatly benefit the performance during practice but does not aid the retention and transfer to
the actual performance context [148], as it likely forces learners to ignore their proprioceptive
feedback, which makes them dependent on the augmented feedback [145]. The negative
transfer seems to increase when feedback is provided at higher frequencies and is higher for
visual feedback than for other modalities. In contrast with concurrent, terminal feedback is
effective for both low and high task complexity [84].

For the modality of feedback, several options are possible, including visual, haptic, audi-
tory or multimodel (i.e. combining the other options) systems [84]. Haptic feedback consists
of tactile (e.g. vibrations or pressure) and kinesthetic (e.g. regarding the sensation of body
pose) perceptions [145]. Generally, visual feedback (isolated or in a multimodel system) al-
lows for presenting the highest complexity of information. Multimodel feedback provides
the most immersive experience to the user. As with the timing, the modality can affect
how dependent users can become on the feedback. The use of auditory concurrent feedback
seems to have a lesser dependency than visual concurrent feedback. The effectiveness of the
different feedback modalities for low and high functional tasks is visualised in Figure 32.

The frequency at which feedback is provided directly affects the performance, especial
for tasks with high functional complexity. If the functional task complexity is lowered, the
feedback becomes less necessary and it should be decreased to avoid dependency from the
user and improve automation of the movement [145]. This can be done by following a fading
schedule that structurally reduced feedback over the training. Within rehabilitation, patients
need to relearn their motor functions both efficiently and permanently. One possible method
for this is self-controlled feedback, where the learner can decide whether they want feedback
and can, therefore, adapt the frequency to their learning phase. In addition, this method has
been shown to positively involve and motivate the learner in their learning process. A risk
for this method is that, because the progress depends on the learners’ self-estimation, they
might get stuck at a certain skill level. In the case of rehabilitation, this would require either
the therapist’s expertise or the system’s evaluation of the athlete’s performance to gradually
further increase the task complexity.

The content of the feedback generally focuses on a distinction between the knowledge of
results and the knowledge of performance [145]. The former provides feedback about the
outcome of an action, while the latter gives information on those behaviours that led to the
observed outcomes. Generally, the knowledge of performance is considered more effective
than knowledge of results to improve motor learning. In addition, the use of quantitative or
quality and the amount of feedback (single or multi-error responses) can be used to adapt
the feedback precision [84]. Of course, feedback can be positive or negative. Positive feed-
back can help to motivate, while awareness of the errors can drive (and are sometimes even
considered necessary for) motor learning. Whether the feedback is valid or erroneous can
lead to further differentiation in the outcome. Generally speaking, providing correct feed-
back is considered the most optimal for motor learning and performance. One adaptation
to the validity that might prove beneficial is called ’error augmentation’, where errors are
enhanced to promote motor learning. This has been applied to stroke rehabilitation, finding
limited effectiveness [149] or even some potential [150], [151] for the method. Finally, as was
discussed in 3.3.2, feedback can be used to direct the athlete’s attention towards the move-
ment itself (i.e. having an internal focus of attention) or away from the movement itself but
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Figure 32: Effectiveness of feedback strategies based on the functional task complexity, from [145].

towards the effect of it (i.e. an external focus of attention). The latter has been shown to be
most beneficial to motor learning.

For biofeedback devices (i.e. sensors measuring and analysing body parameters), visual
and auditory signals are often used [100]. Within neuromotor rehabilitation, multimodel
signals may help draw the patient’s attention to the task. Motor learning is supported when
the biofeedback system provides information to the patient that can be used to improve
subsequent movements. Huang et al. (2005) [100] used a visual feedback system to guide
arm movement during a reaching task, while musical presentation would be used to provide
spatial-temporal information. The visual feedback consisted of a 3D modelled Augmented
Reality animation providing information on the patient’s arm position in real-time, alongside
an ideal movement trajectory. The auditory feedback was manipulated as a chord transition
mapped to the distance of the arm to the target object, with a smooth movement being
rewarded with a good performance of the music, while bad movement execution would
lead to the musical piece being staggered or incomplete. The multimodality of the setup
improved the smooth movement execution of patients and disproved the concern of sensory
overloading within an interactive rehabilitation setup.

b.4.4 Overview of additional gamified systems

In recent years, different novel interventions have been made with interaction technology for
sports rehabilitation. A large variety of possible technologies have been previously studied,
such as the SpeedCord (i.e. testing response to light cues), interactive floors/LEDs; aug-
mented or virtual reality, and haptic interventions. Here, a selection of gamified systems are
described as they are applied to rehabilitation.

Gamification, or the implementation of game design elements within a non-game context
such as physical activity, aims to motivate users to become more active or to perform certain
movements [152]. To successfully implement gamification, the theory of self-determination
should be considered. This theory states that competence, autonomy and relatedness are
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needed to increase intrinsic motivation in humans. Especially the autonomy of humans
might be influenced by gamification, as virtual rewards and social comparison in the game
might remove the voluntary aspect of continued participation. Virtual rewards are points
or badges that can be won by the user within the game, aimed to improve motivation. The
effectiveness of such rewards was found to be inconclusive by Zuckerman et al. (2014) [152].
Similarly, social comparison (where players can compare their results to others) has achieved
mixed results for promoting physical activity. In general, Zuckerman and colleagues found
that people interact with gamified systems in different ways, which requires personal tailor-
ing to be used for optimal effectiveness. Burke et al. (2010) [153] determined three design
aspects that are important for optimising gamification in a rehabilitation setting, namely
meaningful play (i.e. providing clear, consistent and meaningful feedback); dynamically
adapt the level of challenge to the patient’s performance, and positively handling failure by
encouraging and rewarding the engagement with the game.

b.4.4.1 Interactive floors

One study that has focused directly on using interaction technology for rehabilitation pur-
poses is by Van Delden et al. (2016) [68]. In this study, an eight-by-one meter gait rehabilita-
tion LED floor with pressure sensors was used to help participants show a more symmetrical
walking pattern. By using a gamified setting, participants were motivated to improve in
terms of coordination, walking speed, balance, strength and endurance, but also perceptual-
cognitive aspects such as their reaction time, attention and focus. Simple game setups were
used that could be modified to the individual user requirements. This allowed the thera-
pists to adapt the challenges to meet the rehabilitant’s progress, as well as individualising
the game to the user’s gait characteristics. The games also introduced competitive elements
which helped to further motivate users to keep trying to improve their scores and, with it,
their gait patterns. One of the main issues that were found with this setup was the lack
of space available with the LED floor, which limited for instance the endurance aspect of
training. In addition to this, the floor forced users to look down rather than forward during
gait.

Another similar method used for balance training during stroke rehabilitation was by
Lange et al. (2010), where a Nintendo Wii Fit Balance Board to let users shift their weight
from one leg to the other to move a virtual balloon floating upwards [154]. Here, rather than
motivating specific movements to improve the gait pattern, users were motivated to strain
their affected limb for continuous and controlled periods. Here, the focus was to give users
confidence and distract them to overcome their fear of straining the affected limb.

Parallel to the study by Lange et al. focusing on the Nintendo Balance Board is a similar
study by Bower et al. (2015) [155], who developed a set of games for the same purpose
but in a more low-cost and usable setting with a depth-sensing camera. This study looked at
encouraging dynamic balance through weight-shifting movements, and upper limb activities.
The software was able to track single or multiple users by computing skeleton joint locations
and movements. Participants of this study enjoyed the novelty and competitive aspects of
the games. The novelty effect did seem to wear off for participants due to the monotonous
setup of the game. Interestingly, this gamified setup also helped participants to perform
movements that they were previously hesitant to do. The study also monitored the pain,
dizziness and fatigue of participants, which were all found to not change significantly (or
outside of reasonable results for a general physiotherapeutic session).
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b.4.4.2 Haptic interventions

In addition to the aforementioned applications, the development of haptic interfaces for re-
habilitation purposes has also previously been demonstrated by Alahakone and Senanayake
(2009) [156]. Such haptic interfaces can provide tactile feedback or provide realistic physical
interaction with real and virtual environments, making them also suitable for combination
with VR technology. The work of Alahakone and Senanayake consisted of the development
of a biofeedback system that incorporated a sensory device, a data processing aspect and
feedback output. Here, (visual-)tactile feedback was used to not interfere with the subject’s
visual or acoustic dependence on their task. The biofeedback system was developed to pro-
vide feedback about improper movements in real-time during physical training.

Further developments have been made on developing adaptable haptic interfaces, such as
the one by Tsetserukou et al. (2010) [157]. Their developed FlexTorque haptic interface by
Tsetserukou et al. was partly designed to allow users with physical impairments to control
torque from the interface during therapeutic exercises. The setup was, however, not tested
with rehabilitants.

b.4.4.3 Augmented Reality

Augmented Reality, computer-generated virtual objects are laid over a real-world captured
scene. This means that footage of the world is combined with virtual elements and places AR
between the completely virtual VR world and the real world. This can either be in 2D (with a
further distinction being between indirect 2D, which is, for example, when using a phone, or
direct 2D when using an HMD such as a Google Glass) in which additional 2D information
or visuals can be rendered when interacting with a real-world object; or in 3D (for example,
when an HMD is used that can render 3D effects next to the real-world objects). As with
VR, technology based on AR systems has been implemented in rehabilitation settings. This
can, for example, be found in the work of Alamri et al. (2010) [158], who determined that
AR can be used to encourage rehabilitation patients to repeat otherwise tedious reaching
tasks. In the study by Burke et al. (2010) [153], a review of various AR studies is given from
which issues are identified. According to Burke et al., issues such as the camera position,
depth perception and lighting can affect the usability of AR within rehabilitation, leading to
difficulties for motor learning. AR has been previously applied in combination with sensor
technology to determine kinematic changes in jump tasks, see [159].

b.4.5 Additional notes on perceptual-cognitive pressure

The coordination of movements can be improved in rehabilitation by manipulating the move-
ment constraints. For instance, for a sports-related task (such as dribbling or sprinting) that
may have a movement goal to score points, the task dynamics can be manipulated by object
or body manipulation. Object manipulation could be to add a ball to the executed movement
(e.g. dribbling with and without a ball), while body manipulation may require the athlete
to be stationary or move to different places (e.g. stationary dribbling or dribbling towards
the basket). The nature of the task may help to understand which of the different features
within the individual and the environment are especially important to the task. Based on
these features, a setup can be made that embodies the nature of the task while still allowing
a somewhat isolated measurement of biomechanical parameters. In addition, the relevant
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features can be used to gradually increase the functional task complexity and, therefore, help
bridge the gap to the high perceptual-cognitive demand of the return to sport.

Aside from using task-relevant features, the goal-directed attention of an athlete [104]
can be used as a perceptual-cognitive factor in performance. With this form of directed
attention, the athlete is actively seeking out relevant information from their environment
that can be used to shape their coordination and control. This can be both in the form
of internal and external attention (i.e. focus on body movement and the execution of the
task, respectively). Contrary to goal-directed attention is self-directed attention. This entails
that the athlete directs their attention only to their bodies rather than the functional task
execution. The attention in this form is directed at how the movements feel rather than how
they can perform the movement task. Using goal-directed attention, the athlete can explore
the functional task environment as it slowly increases in complexity (both in terms of physical
and perceptual-cognitive performance load). By incorporating a gradual increase of physical
and perceptual-cognitive load within training, the athlete can reduce the uncertainty of their
strategic and tactical control, such that they can avoid the panic-driven reaction control in
favour of strategic and tactical control.

b.5 psychological effects related to virtual reality

Aside from all diagnostic purposes that Virtual Reality can hold, it is also important to
consider what psychological effects may underlie its usage for any user. With VR, especially
with immersive goggles such as the Oculus Quest 2 which allows for providing visuals
as well as audio to its user, the most dominant senses are closed off from the real world,
which allows the user to completely lose themselves into the presented virtual environment.
Because our brain cannot be at two places at once, VR users often lose themselves within
the virtual environment. This is also seen in online videos of VR users who forget about
the physical world around them and trip over break real-life objects around them. The more
someone loses themselves within the virtual world, the bigger the sense of ’presence’ [160],
the subjective feeling that you are completely in the virtual environment, which leads to
an increased likelihood of the user showing behaviour and emotions similar to those they
would show in the real world. This effect also allows, for example, the use of Virtual Reality
exposure therapy [161], in which someone who suffers from a specific phobia uses Virtual
Reality to be exposed to their fears again and again in a safe way. The user is, in that case,
transported to a situation where they can confront and learn how to deal with their fears.
In the study by Donker et al. (2018) [161], Virtual Reality exposure therapy showed very
promising effects to treat anxiety disorders and specific phobias. The addition of serious
gaming elements in their study, as integrated with the exposure therapy, helped to reduce
distress while the continuous confrontation with the phobic stimuli can be played repeatedly.
Virtual Reality can also be applied to help people adapt their behaviour based on the avatar
that they are interacting with or interacting as. Experiencing the body ownership of a virtual
avatar increases the feeling of presence [160], which can be used to improve self-confidence or
reduce self-defeating behaviour. In the study by Banakou et al. (2018) [162], participants saw
themselves in a VR environment as famed physicist Albert Einstein looking back in a mirror.
Compared to participants who saw a ’normal’ avatar body, this embodiment of a ’super
genius’ improved the participants’ performances on cognitive tasks. This phenomenon is
also described by the so-called ’proteus’ effect (coined by Yee et al., 2007 [163]), which states
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that an individual adapts their behaviour to conform with the characteristics of their virtual
avatar. In the study by Banakou and colleagues, this effect meant that seeing themselves as
an intelligent person (with Einstein being a recognisable embodiment of genius), thus giving
them more self-confidence in the cognitive puzzles. The study of Van Gender (2022) [160]
showed a similar principle, where the use of VR allowed participants, all convicted offenders,
to see a future avatar of themselves. Here, the more life-like the avatar, the less likely the
participants were to portray self-defeating behaviour due to their connection to their own
future.
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C
O V E RV I E W O F O B S E RVAT I O N S AT S P O RT S R E H A B I L I TAT I O N C L I N I C
O C O N H E N G E L O

Within this appendix, a complete overview of the observations at the OCON Orthopaedic
Centre in Hengelo, the Netherlands, is given. In addition, evaluations that were done with
the specialists at OCON for the interaction setup are described. This overview is re-used in
parts of the thesis work where appropriate.

c.1 shadowing sessions of ocon specialists

During two separate moments, the physiotherapists and sports doctors at OCON Hengelo
were shadowed. At the OCON clinic, around 450 ACLR operations are done per year. Before
the operation (around 6 months beforehand), as well as 6, 12 and 24 months after the opera-
tion, evaluations are held. Throughout the rehabilitation procedure, the sports physiothera-
pists at OCON keep in touch with the patients’ sports trainers and daily physiotherapists.

During these sessions, several consultations were attended, from which the structure of
a typical ACL evaluation was determined. This evaluation consists of the following steps.
First, as a patient arrives at the clinic, they perform an isokinetic force measurement using
an IsoForce device. During this exercise, the patient sits (and is strapped into) a chair, with
a bar in front of one of the patient’s legs. While keeping the speed of movement consistent,
the patient tries to push as hard against the bar as possible, thus stretching their leg to their
maximum, within three sets of five, fifteen and five repetitions respectively. The first two sets
of stretches are at maximum force, the third set is as fast as possible. The force at which the
bar pushes back during the second and third sets is determined based on the performance
in the first set. In addition, a calibrating movement is made at the start of the exercises to
establish the ROM of the knee to avoid overstretching. After completing the sets for the
affected leg, the procedure is repeated for the healthy leg to be compared. While performing
the isokinetic force exercises, the physiotherapist is very encouraging towards the patient,
providing them with verbal motivation to keep on going and push themselves harder. Once
the test is complete, the system creates an overview of the force per leg and graphs the
performance of the two legs. Based on the comparison between the two legs, the difference
in peak torque should be less than 20% to allow for an ACLR operation. In addition, the
total peak torque of the knees is evaluated.

After the isokinetic evaluation, patients perform a series of jumping exercises. First, the
patient performs three single-leg jumps with each leg. At the landing of the jump, the patient
should stand stable on their single leg, otherwise, the trial is not counted. The maximum
distance jumped is noted down for both legs. Second, the patient performs three triple
single-leg jumps with each leg. Again, at the landing, the patient should stand stable and
the furthest distance is noted down. Finally, the patient jumps sideways with one leg over
two pieces of tape, spaced at a distance of 30 cm as often as possible for 30 seconds.

141



Once these trials are completed, the physiotherapist performs a physical evaluation that
can consist of the laxity and bending tests described in subsection 2.2.1. These tests are
intended to get a feel of the movement performance and overall stability of the knee. Often,
the knees are also visually compared in stance or sitting position. In addition to this, the
physiotherapists ask the patient about their experiences in the rehabilitation procedure and
issues that they may have encountered.

According to the physiotherapists at the clinic, patients that arrive with ACL injuries are
often caused through sports with feints and diversions, such as football or basketball. Sports
that are explosive without sudden changes within the movement plans, such as squash, do
not have a high prevalence of ACL ruptures. In current practice, the ability to correctly
respond to sudden (and unexpected) changes in the required movement pattern is trained
by light cords, in which the patient has to respond to one in a series of lights being suddenly
turned on. Another option is to provide three possible ways for a player to shoot a ball or
move past a target and suddenly block one of the options, thus forcing the patient to correct
their movements as they are already occurring. A similar method could be implemented in
the VR, according to the physiotherapists, by having objects appear that suddenly alter the
movement path of the patient. However, this can lead to unsafe environments, as the objects
may appear outside of the user’s direct view, thus scaring them when they suddenly see
them.

Based on the patient interviews that were shadowed, there were some patients in which
pain and fear of movement interfered with their physiotherapy progress. Some patients
were ‘stuck’ in the same phase of their physiotherapy progress, which gave them a lot of
frustration. In the case of this patient, she was rehabilitated to achieve the required 20%
maximum difference in peak torque between her knees. However, as she continued not to
meet this requirement, she felt demotivated and her progress decreased further. This patient
also indicated that seeing her progress, even in a VR evaluation (as she was briefly introduced
to the thesis topic) might improve her motivation to keep on improving herself. In addition,
wrong diagnoses and being sent from expert to expert seemed to weigh heavily on individual
patients. By providing objective progress within the VR environment, patients might develop
more trust in their rehabilitation procedure and personal progress. In addition, showing
progress may help with feeling more motivated, as one patient, briefly informed of the study,
indicated. Another patient indicated to have a lot of fear of movement, which made it
difficult for her to trust her knees again and return to her previous level of activity. When
the physiotherapist noticed the patient’s fear of movement, he indicated that she could be
referred to a mental coach for this. Later, the physiotherapist indicated that they usually do
not have the time to provide a lot of mental support for patients, which sometimes results in
decreases in performance. A suggestion made for the VR was to include a method for them
to also indicate their fear of movement throughout or after the interaction.

Additional suggestions made by the physiotherapists were to look at what distance (be-
tween the used 20, 40, 60 and 80% of the single-leg jumping distance) patients start to rely
more on compensating techniques, such as arm swings and torso movements, to increase
their distance and keep their stability. Especially during the speed decrease in the landing
are such compensation techniques used to reduce load on the quadriceps. According to the
physiotherapists, adapting the landing strategy in such a way is not good or bad per se, but
the difference between the strategies used for the two legs is something that they take note
of during single-leg jumps and might be interesting to further analyse. It is also possible that
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patients may not use such torso-moving compensation strategies when wearing VR goggles,
as bending forward may risk the goggles sliding off.

c.2 evaluation sessions of the interaction

Aside from the shadowing sessions of the physiotherapists at OCON Orthopaedic Centre,
the initial VR and interaction concepts (described in subsection 4.2.2) were presented to three
physiotherapists and one orthopaedic knee surgeon at OCON. During this session, the three
concepts were presented, after which the attendees gave their feedback on aspects that they
would find beneficial in the interaction or not. In addition, the physiotherapists were asked
for comments on specific aspects. Their insights are gathered in this section, with additional
comments made on how the insights led to additional ideas for the development.

Based on their comments, concept two, which consisted of the sporting game, would be the
least desirable, as there are many different types of athletes who come to OCON, and most
would, therefore, not recognise their own sporting environment in the interaction. The phys-
iotherapists did indicate that this concept did hold the most promise for future expansions if
multiple sports environments could be rendered (such that each patient could experience the
interaction within their own preferred sporting environment), but for now, a more generic en-
vironment would be suitable. The physiotherapists found the first or third concept the most
interesting, with the first being the most immersive and the third one having an interesting
game element to it.

Another point that was discussed during this session was the option to adapt the visual
texture of the ground. This way, if patients would have the visual experience that their
jumping landing is on a soft ground but it is actually the (real-life) hard ground, they will
have to quickly adapt themselves. However, there would then be a sensory disconnection
between what the user sees in the virtual environment and what they feel as they walk
around. As humans are very adapting to their environment, this might not have a significant
effect. In addition to this, the physiotherapists thought it was beneficial to use a point-
based reward system (as was initially described for concept 1) and to introduce a competitive
element. They described that their patients are often athletes, who are always eager to have
a competition. With regards to an initial base measurement of the maximum single-leg jump,
it was determined that it helps people to have a goal. In the current situation, patients often
take note of lines on the floor to see if they are improving themselves over the trials they
have for the single-leg jumps. Therefore, it might be good to first have an "open" maximum
single-leg jumping trial, which allows the system to evaluate how far users are able (and feel
comfortable) to jump within the VR system. The system could then provide them with a
jumping goal which is set further than their initial trial, to see if the user can be motivated
to jump further. Based on these insights from the physiotherapists, it would be interesting to
first determine the "real-world" single-leg jumping distance in the same way as is currently
being measured in practice. After this, the user can make a maximum single-leg jump in
the VR environment to see if the unusual environment, as well as the VR goggles on their
head and controllers in their hands, affect their jumping distance. Finally, it was suggested
to evaluate how accurate the single-leg jump would have to be. Within the initial concepts,
it was determined that the user would have a starting point and a target to jump towards
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(with the distance between the two being adapted based on the maximum single-leg jump
distance for either leg. The physiotherapists indicated that it might be interesting to consider,
possibly in a future iteration, to also evaluate how well the person performed the jump by
having the target be similar to a bulls-eye target, where the closer someone lands to the centre
of the target, the better the jump (and, possibly, the higher the points gained for it). Based
on this insight, it might also be good to consider whether a user has a stable landing on their
single-leg, or whether they have to correct their position by making an additional jump or
putting their other foot down. A similar evaluation is done in the current practice (see also
the description in subsection C.1), where a single-leg jump is not considered when the patient
does not land correctly. Here, this evaluation is done by inspection of the physiotherapists,
this could also be done in the interaction environment, where the physiotherapist can remove
data from jumps they did not consider to be correct.

One of the issues that were raised for the implementation of the design within practice is
the required space for the interaction. To have an engaging interaction, patients would need
to walk around to explore the world around them and be triggered to make jumps where
appropriate. This requires a larger space than what is currently available at the OCON
Orthopaedic Centre in Hengelo (or, to the knowledge of the OCON physiotherapists, most
other physiotherapy clinics). While the evaluation of the system would be held within a
large space at the University of Twente (such as in the sporting facilities on campus), the
implementation in practice would, therefore, be an issue. This point was, for the current stage
of development, considered to be a future issue, as the extensive evaluation of the system
and its possibilities would take precedence over the required space. The physiotherapists
were more interested in gaining an understanding of what was possible with the system and
how users would react to it, with limitations in the available space being possible to adapt
later on once the evaluation was complete.
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D
PAT I E N T I N T E RV I E W S

To understand the journey of patients throughout the rehabilitation trajectory (see 2.4), two
patient interviews were held. Within this appendix, an edited, summative transcription of
these interviews is provided.

d.1 interview with participant p01

Participant P01 is a 24-year-old woman, who was in the 5th month of her ACLR rehabilita-
tion during the interview. The participant plays basketball, which involves a lot of turning,
jumping and having short sprints. Having started in 2011, the participant used to train once
a week and had, during the season, additional competitions at the weekend. In addition to
this, she used to do fitness, which would result in around 5 times sporting per week. The
participant suffered an ACL injury when she was playing a basketball game with friends.
The injury occurred without being tired from the game and having warmed up beforehand.
She was in the air after a jump during an attack on the basket, while she came into contact
with an opponent. This unbalanced her during her landing on her right leg while rotating,
which as a result shot out from under her. After the injury happened, the participant took
time to stretch her leg but was eventually able to continue playing. The day after, she had
trouble with walking the stairs and visited a physiotherapist. Here, she underwent a set of
standardised tests that determined she had an ACL rupture. She was then referred to her
general practitioner, who ordered an MRI. Based on the results, she received consultations
from her general practitioner, and later also the surgeon, that determined that an ACLR was
the best option for her. In the meantime, she continued going to her physiotherapist to train
the muscles in her upper leg (specifically her hamstrings) to increase the probability of a bet-
ter outcome after the surgery. In addition, she did stretching exercises at the physiotherapist
to allow for easier placement of the autograft. She waited two months between her fall and
her surgery. During the operation, a part of the tendon of her hamstring was removed to
replace the ACL as an autograft.

After the operation, the participant was told she should start rehabilitating with the phys-
iotherapist as soon as possible. Specifically, she was told to do stretching exercises to prevent
stiffness of the knee. The day after her surgery, the participant started her rehabilitation with
three sessions at her physiotherapist per week. In addition, she did the following exercises
three times at home in three sets of 10:

• Stretching her toes towards herself while sitting down.

• Pushing her affected knee into the ground to excite the hamstrings, while keeping the
leg stretched.

• Bending her foot with a washing cloth on it towards her.
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Two days after the operation the bandage around her knee was removed. She then wore a
compression stocking for two weeks while continuing the exercises above and adding one.

• Sitting on a chair and slowly lifting her affected knee off the ground.

Aside from these, she also continued stretching exercises. In addition, she made sure to walk
every hour to prevent thrombosis onset. During her physiotherapist sessions, she would
do cycling exercises on a higher saddle that would keep her knee angle large. She slowly
progressed from walking with two crutches to walking with one crutch to walking completely
without. During this time, she focused on doing strength training with deadlifts, squats and
leg presses.

As she could slowly start with running again, she also performed ladder training. The
running itself started on a treadmill at a very slow speed and under short time intervals. In
the beginning, she found this to be quite painful due to the continued impact of her knee on
the ground, but this improved over her training.

The next step was for her to relearn how to make vertical jumps again. She started with
two-legged jumps and progressed to single-leg jumps. At the moment of writing, she is
currently still progressing through the jumping exercises. She now visits her physiotherapist
twice a week, once for strength training and once for jumping. During the jumping training,
she works on jumping with one leg on and off a step. During the jump down she automati-
cally locks her knee, as she subconsciously aims to avoid a new injury. For her, this is a part
of the fear of movement she is experiencing in her rehabilitation. She is now learning how to
bounce on impact rather than keeping her knee stiff. She also still does running in straight
lines (without turns and rotational movements) on a treadmill.

During one physiotherapist’s session, she noticed that she has less proprioception in her
affected knee compared to her unaffected knee. This is because the sensors of the ACL
were removed, so she now needs to relearn how the various movements of her knee feel to
her when doing the movement exercises. She noticed this while doing squats in front of a
mirror and kept checking to make sure the knee movements were symmetrical. Based on her
physiotherapist’s advice, she started doing the exercises with her back to the mirror, which
required much more focus and led to an asymmetrical result because she could not feel the
movement as well as before.

At the beginning of her rehabilitation process, the participant knew that there was a chance
that she would not be able to fully stretch her leg after the surgery, which motivated her
to work hard with the physiotherapist during the preoperative phase. Additionally, the
participant was motivated in doing her exercises by not feeling pain but rather feeling better
in movement during her recovering period. However, the participant’s main motivation
comes from the fact that she wants to play basketball again with her team and return to
competitions.

The participant has made big strides in her rehabilitation. Currently, the main limitation
she notices is that she cannot sit on her knees. She is now able to bend them fully, but
sitting on her knees stretches the autograft, which hurts her and worries her of rupturing
the tendon again. Her current goal is to rehabilitate to be able to do this again, as she is
focused on rehabilitating herself back to her pre-ACLR state again. Her additional goal is
to train her muscles to better protect her from a re-injury. This helps motivate her through
her strengthening exercises. From her physiotherapist, she receives general encouragement
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through the exercises, but her progress is based on her internal motivation. Knowing that she
is doing well compared in her rehabilitation to others in the same phase is also motivating to
her, although she acknowledges that if she would be on the negative side of the comparison
she would be demotivated by it.
The exercises she performs during her rehabilitation are not aimed at basketball in particular,
which is what she aims to return to. A large component of her current rehabilitation consist
of strength training and jumping, which are often needed for basketball, but the exercises are
not particularly tailored to the sport that the participant will return to. During the final phase
of rehabilitation, the participant is allowed to train along with her team, which does introduce
sport-specific elements into the rehabilitation. At the start of the rehabilitation, both the
physiotherapist and the surgeon of the ACLR inform about the sport that the participant
wanted to return to, such that they can give a more tailored recommendation about the
procedure.

Based on the protocol made for the participant, her physiotherapist decides whether she is
ready for the next phase of the rehabilitation based on their experience and the comparison
to other patients. The exercises in the protocol are based on the rehabilitation phase and the
available equipment and space. For the participant, this means that there are no options for
specific basketball elements to be incorporated in her rehabilitation, while at other physio-
therapists there are opportunities to, for instance, allow football players to incorporate short
sprints on a football field. Aside from the sport-specific component, the physiotherapist does
check the progress of the participant during each session and adapts the training to it, for
instance by switching from running to cycling when the participant is tired.

When thinking about returning to basketball, the participant feels very saddened that she is
unable to join sooner. She still joins the training sessions to remain part of the team but has
abandoned her aim to do her rehabilitation exercises while the team trains, as this pushed
her to work beyond her limits. Because she loves her sport so much, sitting on the bench
is very hard for her, but she does like that she can still cheer on her team. She does feel
uncertain about whether something else might happen again when she returns to play. The
participant knows that there is a probability that the other ACL might be ruptured because
she would be (subconsciously) compensating for her affected leg. Because of this, she thinks
that in the future would avoid competitor contact in the games. She also thinks that when
she returns to play she might slowly feel more secure in playing, but that she will always
keep the fear that she might re-injure her knee. When it comes to the stages in which the
participant would like to return, she envisions them as the following:

1. Starting with training but not joining competitions. During training, she would also
avoid the practice games but rather do more individual training.

2. Once she can do the individual training well, she would join the training exercises with
her team members, as they know of her injury and will likely be sure to play calmly
with her.

3. Moving towards practice games with her team during training and joining the warming
up of competitive matches but not playing in the actual game.

4. Slowly starting to play the competitions again, while avoiding intensive competitor
contact.
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Currently, the participant already completed 4.5 months of rehabilitation and she thinks
that there has been a lot of progress now that she can do running and jumping again. The
estimation for the entire rehabilitation is 9-12 months, so she thinks that her rehabilitation is
going much faster than expected. At the same time, the rehabilitation does seem like it has
been going on for a very long time for her.

d.2 interview with participant p02

Participant P02 is a 23-year-old woman, who does competitive skating. She has skating
training 3 times per week. In addition, she does running, power training and cycling, which
gives a total of 4-6 times per week (depending on whether she is in the competition season or
not). She started at 7 years old with skating when her father signed her up for it. Before her
ACL injury, she also exercised 4-6 times per week, which had increased during her student
time. Three years prior to the interview, she had an ACL partial rupture.

The partial rupture occurred when she was playing a game of ribbon rugby, where the ob-
jective is to take someone else’s ribbon rather than tackling them, making the game supposed
to be safer than actual rugby. She was sprinting forward but slipped while decreasing speed
and her leg shot out in front of her. She fell while her knee was bent 90 degrees and heard
three snaps in her knee. The knee immediately became very thick. After checking with a
local physiotherapist that she could not be checked upon as an emergency case, participant
P02 was finally able to visit a physiotherapist days later and, days after that, with a general
practitioner. In the meantime, she walked on crutches. After her second physiotherapist
appointment, she was referred to an orthopaedic surgeon and got a second opinion.

Before her operation, she had an MRI, before she only had a Rontgen scan. She had to
wait 6 weeks for the MRI and another five weeks for the results. She had to do the MRI
because it was not certain (based on the Rontgen) whether her ligament was ruptured or
not. From the MRI it also appeared as if cartilage was floating around the knee. Therefore,
she also had to do a looking operation. From this, it was determined that the cartilage was
still intact, but the ACL was a partial rupture in length. The ends of the ligament became
cyclops (small props), which were removed. During the removal, the surgeon pulled on the
knee to determine whether there was enough resistance to give a stable knee. Five days after
the operation she started with the physiotherapist twice a week for rehabilitation and three
months after the fall she had her surgery.

At the physiotherapist, the participant had to do specific exercises. The physiotherapist
knew that the participant wanted to skate again and adapted the procedure to that goal.
This meant that she had to do, among others, a lot of jumping exercises. Other exercises
were to do stepping-up a block exercises with one and two legs; jumping off, balancing,
and continuing; one-legged hopping – during which she noticed that the knee control had
become different after her surgery (thinking on how to do the jump and continue); training
hamstrings with bridge exercise; jumping off objects; and squats. At the beginning of her
rehabilitation, she started with squats and one-legged deadlifts for stability, while later she
did more jumps and the exercises became more targeted to skating.

At home, she mainly did leg stretching exercises, as she was unable to fully stretch her
leg (last degrees were difficult). She also put elastics attached to the coach around her leg
to stretch to add more resistance and train her quadriceps. Furthermore, she pushed herself
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up from lying on her back to train the hamstrings. Aside from the exercises, she started
building up her running and cycling condition. For her, the focus was less on power training
and more on being able to run and cycle again. This mainly entailed running with a low
heart rate, to keep the impact on her knee low.

Her motivation through the exercises was that she wanted to be able to skate again. She was
at a very high level in the season before her injury, and she wanted to reach and surpass
that level again. She thoroughly enjoys exercising and wanted to be able to compete again.
The physiotherapist was thinking along with her wanting to skate again and adapted the
exercises to this. At times, she was fearful of moving and putting pressure on her knee again,
but her physiotherapist motivated her to try. Generally, however, her physiotherapist was
the one slowing her down when she wanted to push herself too far.

Regarding the fear of movement, she was afraid that the knee would be hurt again. She
especially had this fear when jumping backwards. The fear was amplified by not being able
to do anything with the knee for over 3 months.

The physiotherapist evaluated her progress during training by asking her to rate her pain.
Based on that, the therapist determined which exercise would be done during that session.
At the end of her rehabilitation, the therapist did a few standard tests to determine the
strength in her knee compared to her unaffected leg. This consisted of jumping left and
right over two lines for 30 seconds and the single-leg hop test. The tests were performance
indicators but not real predictors for skating (only for knee stability).

She had the surgery in September and in January the year after she was able to skate again.
The return to play was very exciting for the participant. At first, she did not want to overexert
herself and felt nervous to skate again. She also experienced some pain in the corners when
exerting force sideways. She would then take a break in training. While returning to play, she
had a “no pain = no harm” mentality, meaning that she felt confident as long as she was not
experiencing pain. After completing her rehabilitation, she still visited the physiotherapist a
few times because her knee would be thick and painful due to fluid in it, which was related
to her injury and hurt.

The most important aspect of the interview for the participant was that her physiotherapist
adapted the therapy to her wish to return to skating. Her therapist also told her that, because
she would return to skating and not to a ball playing sport, there would, for instance, be
no purpose in doing ball-related exercises and that they both rather focus on skate-specific
exercises. She would find it, therefore, interesting to develop something which makes the
therapy more targeted to the sport of the patient, as this was very helpful for her.

The rehabilitation was very easy for her, but this is also partly because she does a lot of
sports already. For people who do not exercise a lot, the rehabilitation might be harder, as
they might miss motivation. The knee will not become healed by itself. In addition, having
a good therapist is very important for rehabilitation.
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O V E RV I E W O F P H Y S I O T H E R A P I S T E X E R C I S E S

Figure 33: Rehabilitation exercises for increasing strength in the early postoperative phase (up until
6-8 weeks postoperatively), from [2].
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Figure 34: Rehabilitation exercises for the strengthening phase/return to activity phase, from [2].
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F
A D D I T I O N A L N O T E S O N D E S I G N

From a holistic perspective of the design, the aim of the system is to complement the exist-
ing RTS diagnostic evaluation currently used in practice. The system builds on the existing
practice to create a meaningful and objective evaluation. This integration of the developed
system within the current practice is shown in Figure 35. As was discussed in subsection
1.1, there are two main objections to the current practice, which can be summarised by the
lack of objective measurements on the one hand and the use of a non-sport-specific diag-
nostic context on the other hand. The aim of the VR and sensor integration is to create a
system that effectively addresses both issues. Connecting this system to the current practice
means that the physiotherapist remains the sole interpreter of the provided sensor data. The
algorithms within the system are descriptive and do not take over the expert role of the
physiotherapist. This makes the system complementary rather than an oracle module that
takes the gathered data to immediately provide a diagnosis. This interaction between the
system and the physiotherapist can be seen in Figure 35, where the system essentially works
as a "sixth sense" layer to provide the physiotherapist with information about the patient’s
movement behaviour that would not be visible without the intervention of the technology.
Rather than only having direct observation, the technology makes the invisible seen to the
physiotherapist by enriching their perceptions of the movements through data. It is impor-
tant to note here that the physiotherapists in practice do not have specific measures that
qualify a jumping movement as ’good’, which was also discussed in subsection 2.3. There-
fore, the technology at this point can only be used as a supportive measure rather than fully
assuming the interpretation of data as well. The sixth sense layer helps the physiotherapist
by making the unseen visible, providing objective data on certain key parameters regarding
knee stability, and by visualising that data, such that the therapist can see more and arrive
at a better and more grounded diagnosis. Adding the sixth sense layer may also adapt the
internal model of the physiotherapist to the movement pattern, which can lead to a better
understanding of what metrics form a good jumping performance.

The holistic overview of how the system and the physiotherapist must work together is
presented in Figure 35. Here, the system is represented as the sixth sense layer (visualised as
a mirror) through which the physiotherapist is able to monitor the performance of the patient.
On the side of the physiotherapist, data comes in that compares knee stability parameters
between the healthy and the unaffected leg. Based on the presented data, the physiotherapist
is able to gain a deeper understanding of the patient’s movements based on metrics that
are unseen in the current practice. For the patient, the system adds three specific aspects.
First, the system includes gamification aspects, which specifically here entails a platforming
game with rounds and levels, as well as a leaderboard construction in which the patient
can compare their performance to that of previous rounds. Secondly, the system is hosted
through an interaction for which the projection gamification and a VR setup were compared.
The final step includes data processing through machine learning. This specific component

152



Figure 35: Overview of the three system components, with the physiotherapist (A) looking at their
patient (B) through a "sixth sense" layer (C) to evaluate the movement performance. This
performance is affected by gaming, platform interactions and leaderboard dynamics (B1);
projection gamification or Virtual Reality design choices (B2) and underlying algorithms
and machine learning (B3).

transcends the system within its original setup by further increasing the role of the sixth sense
layer, also further described below. On the patient’s side, the system is engaged in triggering
movement behaviours and measuring related parameters that are potentially discriminating
for a diagnostic-relevant evaluation. Here, the data of the affected knee is compared to
reference data (e.g. data from the healthy leg; by comparing earlier movement performance
to the current behaviour or by comparing to other patients in a similar rehabilitation phase).
The final step to this is to implement movement detection and diagnostic interpretation of
the data to serve as an oracle module to the physiotherapist.

On each of the three parts of the system (the data interpretation of the physiotherapist; the
sixth sense layer and the interaction and sensor measurement occurring at the patient) adap-
tations can be made to further improve the setup. An example for the physiotherapist would
be to generate an augmented environment that strips the sixth sense mirror away in favour
of a more immersive setup that shows the patient’s movement alongside relevant graphs
or to include extensive evaluations with the physiotherapists to create even richer data for
an optimal interpretation. For the sixth sense layer, additions could be made by utilising
machine learning to create an oracle module that classifies patient movements and automati-
cally interprets the data to generate diagnoses. For the patient, iterations could be made that
create a more immersive gaming experience or to tweak the sensor placement and algorithms
to increase the depth of the data. However, for the initial setup of this system, a proof-of-
concept will be generated that considers a simple sensor setup with a single interaction task,
gathering data that is presented to the physiotherapist using straightforward statistics and
designs. Based on this initial proof-of-concept, recommendations may lead to continued im-
provements on any of the three components in future work (this is described within Chapter
8).
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(a) MVN sensors within their protective case.

(b) Oculus Quest 2 HMD alongside its two controllers.

Figure 36: MVN sensors and Oculus.
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(a) Yogaball approaching lavaball.

(b) Lavaball explosion (with an outward pressure wave causing a mirroring distortion) after
being hit with a yogaball.

(c) Respawning animation.

Figure 37: Overview of the lavaball and respawning animations. Shown is the Movella MVN avatar
in place of the user with the information text displayed in the sky.
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G
E VA L U AT I O N O F T H E I N T E R A C T I O N C O N C E P T S S U RV E Y

To evaluate the perception of the three concepts described in subsection 4.2.2, a survey was
held. In this survey, participants were asked about their experiences with (ACL) rehabili-
tation and to evaluate the presented concepts based on their overall ability to be applied
for ACL rehabilitation, the embedded motivational aspects and their ability to distract users
from the movement task. In total, n = 35 participants completed the survey (response rate
of 85%). Of this group, 25 participants were female, with the majority (91.2%) of the partici-
pants belonging to the 21-25 age category, and a majority (79.4%) having a Dutch nationality.
A full overview of the demographic data from the survey is presented in Table 8.

Table 8: Demographic data from the concept evaluation survey.

Participant demo-
graphic

Number of participants (percentage of total)

Gender
Female: 25 (71.4%)

Male: 10 (28.6%)

Age
18-20: 2 (5.7%)

21-25: 31 (88.6%)

26-30: 2 (5.7%)

Nationality

Dutch: 28 (80.0%)

German: 2 (5.7%)

Indonesian: 2 (5.7%)

Indian: 2 (5.7%)

Romanian: 1 (2.9%)

Participating in
physiotherapy

Yes, participated in ACL rupture physiotherapy: 1 (2.9%)

Yes, participated in other forms of physiotherapy: 13 (37.1%)

Never participated in physiotherapy: 21 (60.0%)

The 14 participants who have participated in physiotherapy completed additional questions
about their experience during their rehabilitation. Of this group, 7 (50.0%) completed their
rehabilitation longer than a year ago. Two individuals (14.3%) completed it 1-3 months prior
to filling in the survey; one person completed it 4-6 months and another two 7-12 months
prior. One person was still doing physiotherapy and had started less than 6 months ago,
one person was still in physiotherapy and had started more than 6 months ago. Within this
group, 8 individuals (57.1%) indicated that they were not rehabilitating to return to playing
recreational or professional sports again; 5 respondents (35.7%) indicated were rehabilitating
for sports and one person (7.1%) was unsure. Participants were asked to rate statements
about their rehabilitation on a scale from 1 (’never’) to 10 (’a lot’). Using this Likert scale, the
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participants provided a mean score of 5.4 (standard deviation of 2.1) to the question "Do/-
did you experience any fear in making movements with your affected limb?". A mean score
of 4.9 (standard deviation of 3.0) was given to the question "Do/did you experience a lack
of motivation to do your daily physiotherapy exercises?". Finally, participants gave a mean
score of 3.0 (standard deviation of 2.4) to the question "Do/did you experience a lack of mo-
tivation to visit your physiotherapist?". When openly asked participants indicated that more
enjoyable exercises and better insights into the underlying issues they were rehabilitation
for and their progress could have improved their motivation during the entire rehabilitation
overall. For the general rehabilitation, participants indicated that a clearer schedule of their
exercise progression would have created a smoother process. In addition, participants put
a lot of emphasis on the effect that the physiotherapist has on their rehabilitation, with the
availability, encouragement and support from the physiotherapist being a key point for their
own motivation. For the question "Did you feel secure in the evaluation of your rehabil-
itation progress by your physiotherapist", six participants indicated ’yes, very much’; five
indicated ’yes, a reasonable amount’, one participant was neutral and two indicated ’no, not
really’. Regarding their RTS moment, of the nine participants who had reached this phase,
one felt very self-assured in their own movement abilities in this phase; three felt reasonably
self-assured; one participant was neutral and five did not feel self-assured at all. Of the par-
ticipants who did the RTS phase, five noted that they would have liked a better transition in
their rehabilitation to go from generic to sport-specific exercises.

After receiving basic information on ACL rehabilitation, all participants continued to fill in
questions regarding their perception of the application of VR and interactive elements in
a (hypothetical) ACL rehabilitation process. Participants rated statements on a Likert scale
ranging between 1 (absolutely do not agree with this statement) and 10 (absolutely agree
with this statement). An overview of the mean values and standard deviation per statement
is provided in Table 9. Based on these results, it seems that this group of participants would
be very willing to participate in a study that applies VR within rehabilitation (mean score of
8.0 to try out such a system). However, the willingness to do ACL rehabilitation evaluations
in the VR system (systematically) is lower than for the current, physical world evaluations
(mean score of 5.3). Interesting is the difference in the willingness to walk and move versus
the willingness to jump in the VR environment. This result might indicate that patients
would need some time to adjust to the VR setting and get comfortable moving in it. Another
important observation is that the participants’ scores did indicate the importance of including
an evaluation of mental well-being in the rehabilitation, participants were less willing to
indicate such aspects in the interaction (mean of 6.7) as compared to discussing it with their
physiotherapist (mean of 7.1).

The final part of the survey focused on evaluating the three interaction concepts described
in subsection 4.2.2. After reading all three descriptions, participants were asked to indicate
their preferred concept overall, as well as based on the provided motivational elements and
distractions. The results of this evaluation are presented in Table 10. Note here that for
the motivational elements, one person indicated not to have a preference (2.9% of the total).
For Concept 1, participants often indicated a passion for a space-related subject, as well as
the immersive ability of this idea, especially because of flying distractions which cannot be
perceived outside the VR. Participants found the idea of using coins as rewards to be mo-
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Table 9: Results from the concept evaluation survey.

Survey statement Mean score (stan-
dard deviation)

I would be excited to try out a rehabilitation evaluation in a
virtual reality environment.

8.0 (1.8)

I would be unafraid to walk and move around in a virtual
reality environment.

7.2 (2.0)

I would be unafraid to make forward jumps on one or both
legs in a virtual reality environment.

5.6 (1.9)

I would enjoy being able to interact with the virtual world
around me (e.g. grabbing virtual objects) while I move
around during an evaluation.

8.0 (1.6)

I think it is important to include mental wellbeing (i.e. ex-
perience of pain/fear during movement) with a standard/VR
rehabilitation evaluation.

8.2 (1.3)

I would want the VR system to allow me to indicate my men-
tal well-being (i.e. experience of pain/fear during movement)
during the rehabilitation evaluation.

6.7 (2.0)

I would only want to discuss my mental wellbeing (i.e. experi-
ence of pain/fear during movement) with my physiotherapist
rather than through a VR system.

7.1 (2.1)

I would prefer doing my ACL rehabilitation evaluations in
a virtual world over the physical world (i.e. real-world lab
setting).

5.3 (2.1)

158



Table 10: Response to interaction concepts.

Aspect
Percentage of participants preferring concept

Concept 1 Concept 2 Concept 3

General preference 14.3% 25.7% 60.0%

Motivational element 25.7% 28.6% 42.9%

Distractions 25.7% 8.6% 65.7%

tivational because it creates a ’safe’ competition with themselves (although one participant
did indicate that they would also enjoy being able to ’spend’ their rewards somehow in the
game). Multiple participants also indicated that they would enjoy this concept, alongside
Concept 2 because it does not have a time constraint and was perceived as less ’stressful’
than Concept 3. For Concept 2, participants specifically enjoyed a sportive environment that
would be targeted to their individual sport. Interestingly, some participants stated that hav-
ing a cheering sound as positive feedback would be motivational (with one person stating
that they would prefer this concept as there are only positive forms of feedback), whereas
others found this stressful and would not want this. Participants also indicated that the real-
istic setting of the concept was motivational. Several participants also indicated that having
a ’gym-like’ floor would make it feel safer to make a jump in VR as opposed to a less realistic
surface. Concept 3 was considered to be the most game-like of the three, with the game
elements naturally coaxing players into making the correct movements without overthinking
them. For this concept, some participants indicated the time factor to be (continuously) moti-
vating rather than stressful as was indicated by others. Some participants also indicated that
by using time there is a competitive element, similar to the coin-based motivation used for
Concept 1. In addition, the idea of adding ’dangerous’ elements that the player should be on
the lookout for was considered to be positive distractions that add to the immersion in the
VR environment.

After evaluating each concept separately, participants were asked whether they would want
to combine elements from different concepts, whether there were things they would abso-
lutely not want to have in the interactions and whether there were still elements that they
would like to add. Several participants indicated that they would enjoy the addition of the
coins-element from Concept 1 embedded within Concept 3, or add the positive feedback with
cheering from Concept 1 into Concept 3. In addition, the setting and storyline of Concept 1

were highlighted by several participants, while others indicated that the use of a motivational
coach from Concept 2 could be implemented in the other concepts as well. With regard to
elements that should be removed from the interaction, different suggestions were given. The
most common element to be removed was the time pressure, as well as the use of auditory
noise in the interaction. For additions, participants indicated that insights into their pro-
gression over time (e.g. between different rounds) would be very interesting. Furthermore,
participants highlighted the motivational use of competitive elements, as well as storyline
elements and additional characters that could follow the player in the interaction to provide
motivation. One participant also stated that incorporating different types of jumps would be
very beneficial to the interaction.
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A D D I T I O N A L N O T E S O N M E T H O D O L O G Y

h.1 overview of study setup and materials

Table 11: Materials needed for VR ACL evaluation study.

Material Amount Purpose

Study information brochure and in-
formed consent; pen

N/A Information for and signature of the
participant.

Study sequence of operations; study
case report form

N/A Keeping track of study process.

Computer setup with webcams 1 Running VR experiences.

Router ROG Rapture GR-AX11000 with
charger and network cable

1 Stabilising Oculus Air-Link connection.

Oculus Quest 2 (HMD and two con-
trollers)

1 HDM for VR.

Oculus Quest 2 disposable coverings 1 Hygienic covering for inside the Oculus
Quest.

VR HDM cleaning box 1 Cleaning of Oculus Quest after usage.

Measurement tape 1 Measuring real-life and VR maximum
single-leg jumps.

Audio recorder 1 Recording interview sessions.

MVN sensors with straps, dongle and
Awinda station

1 Biomechanical measurement.

Fixomull stretch and Leukotape P
sports tapes

5 Providing perturbation to the leg.
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(a) Testing environment setup showing the participants’ real-world playing space. Partici-
pants’ interaction with real-world pillars was prevented through soft boundaries hung up
to cordone part of the environment.

(b) Setup of materials needed for the evaluation, including the video camera (A.), the MVN sensors charging
and the MVN Awinda (B.), an iPad for note taking and audio recordings (C.), disposable HMD coverings
(D.), VR cleaning box (E.); computer streaming Unity scene and SteamVR (F.), Oculus Quest 2 HMD and
two controllers (G.), external charger for HMD (H.), measurement tape (I.), Fixomull stretch and Leukotape
P sports tapes (J.).

Figure 38: Evaluation session setup showing the soft boundary and the technical setup.
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h.2 selecting the knee perturbation

Table 12: Overview of tested perturbations to simulate ACL-rehabilitation jumping behaviours in par-
ticipant P21. For each jump, both the participant’s dominant (right) and non-dominant (left)
leg were tested with the perturbation unless indicated otherwise, and both as the jumping
and swinging leg.

Trial
num-
ber

Description of perturbation Observations of testing

1. One stroke of sports tape (brand Leuko-
tape P) attached centrally on the leg,
taped in extension.

Participant P21 considers the jump land-
ing to become more stable. There is
still a good knee flexion angle (approx-
imately 85 degrees), so perturbation
seems ineffective.

2. Three strokes of sports tape, attached
centrally, laterally and medially. Duct
tape was added to keep the underlying
sports tape from letting go.

Physically very restrictive, making it
harder for the participant to walk and
jump. During jump landing, the par-
ticipant overshoots and has difficulties
slowing down and correcting his move-
ment. A visible wobble on impact and
sideward correction is needed; the par-
ticipant almost touches the ground with
his hand to stabilise himself. After
one jump, the tape on the knee was
stretched out.

3. Four strokes of sports tape, similar to
jump 2 but with an added lateral stroke
to keep the tape from stretching.

Knee seems to be searching for stability
in landing and moves in all directions.
Very strong wobble on impact.

4. Use of a knee brace. The brace gives a stable jump. Landing
with the dominant leg seems less deep
than with the non-dominant leg. The
brace seems to be most limiting (and
‘sitting in the way’) on the swinging leg
rather than the jumping leg.

5. Use of a knee brace with added weights
attached. Small sandbags with a total
weight of 500 grams were tied directly
onto the knee brace.

The weights do not seem to create a sig-
nificant change in the landing strategy
compared to jump 4.

Continued on next page
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Table 12 – Continued from previous page

Trial
num-
ber

Description of perturbation Observations of testing

6. Use of a knee brace with an added
weight of 700 grams on the dominant
leg.

When attached to the jumping leg, the
participant can still generate a stable
landing. When attached to the swing-
ing leg, the participant becomes unbal-
anced during landing.

7. Use of a knee brace with an added
weight of 700 grams on the non-
dominant leg.

The flexion angles on landing are simi-
lar to jump 6, but the participant does
have an additional compensatory hop.
The addition of weights to the knee
seems to affect the balance of the land-
ing.

8. Holding a 1 kg weight in the hand on
the jumping leg side.

No strong effect on the jumping be-
haviour was found.

9. Holding two 2 kg weights in the hand
on the jumping leg side.

No effect was found for the domi-
nant side, but when jumping with the
non-dominant leg a sideways unbalanc-
ing effect was found both when the
weights were in the dominant and non-
dominant hand.

10. Two coin tokens taped together were
placed inside the participants’ shoe un-
derneath the heel of the non-dominant
leg to mentally affect the participants’
landing strategy.

No strong effect on the jumping be-
haviour was found.

11. A sponge was placed underneath the
ball of the foot in the shoe.

No strong effect on the jumping be-
haviour was found.

12. Added weights attached to the ankle.
Small sandbags with a total weight of
700 grams were tied directly onto the
ankle.

When the weight is added to the swing-
ing leg, it limits the ability to swing and
follow through.

Continued on next page
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Table 12 – Continued from previous page

Trial
num-
ber

Description of perturbation Observations of testing

13. Use of sports tape combined with two
weights (2 kg) in the hand opposite of
the leg perturbation.

When the perturbed leg is swinging, it
fully limits the movement. When the
perturbed leg is jumping, the knee flex-
ion is restricted. Additional correcting
behaviours can be seen in added arm
movement.

14. Use of sports tape combined with two
weights (2 kg) in the hand of the leg per-
turbation.

Light flexion is found in the landing
and additional stabilisation is needed.

By applying the sports tape, flexion is the most restricted due to the physical barrier. The
knee brace was also considered to give additional stiffness in moving, but as it was de-
signed to provide stiffness in flexion it did not give any strong effects on the landing strategy.
Adding either the coins or the sponge into the shoes also did not seem to affect the landing
behaviour or the participant’s mental anticipation of the landing. Possibly an effect could be
found when putting something underneath the foot (or changing the floor characteristics for
landing) to adept the proprioceptive experience of the landing but this was not considered
feasible to achieve safely with the VR setting. The weights around the ankle did affect the bal-
ance during landing behaviour but were considered too dangerous for making participants
jump in VR. The use of weights also created an imbalance, which does influence jumping
behaviour but not necessarily as is the case for ACL-rehabilitating legs. When added with
the sports tape, this gave a combined effect of limiting knee flexion with disturbing sideways
balance. However, since mostly the knee flexion was of interest and the participant would
also have to hold controllers during the interaction, it was decided to use sports tape to
restrict knee flexion.
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(a) One stroke of sports tape (trial 1). (b) Three strokes of sports tape held together
by duct tape (trial 2).

(c) Use of a knee brace (trial 4). (d) Use of a knee brace with added weights
(trials 5-6).

(e) Weights added to the ankle (trial 12). (f) Use of sports tape strokes being held to-
gether with duct tape and additional sports
tapeP (trials 13-14).

Figure 39: Overview of knee perturbations applied to participant P21.
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h.3 effect of hd reprocessing

(a) Moving from neutral to start of the jump. (b) Start of the jump.

(c) Toe-off moment. (d) Initial contact.

(e) Maximum flexion of landing. (f) Touchdown of swing leg.

Figure 40: Effect of HD reprocessing, comparing the movement of the MVN avatar of the original file
(shown with purple accents) with the HD reprocessed file (shown with orange accents) for
the different phases of the perturbed non-dominant single-leg jump of participant P06.
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h.4 list of adaptable variables in unity master script

Within the main Unity script, the variables described in Table 13 can be adapted to change
the interaction gameplay.

Table 13: Overview of main adaptable variables in Unity master script
.

Variable name Purpose

StartNewRound Bool; if true, we start the new round.

WriteTheCVS Bool; if true, we copy all timing and distance values to an Excel.
Used at the end of the interaction.

AreWeDoingTheIntro Bool; if true, we start with introduction instructions on the VR
maximum jump and shooting lava balls.

NextInstruction Bool; if true, we move to the next instruction.

PersonHasLanded Bool; if true, we save the jumped distance from start to landing.
Automatically switched to true upon the landing of the single-leg
jump.

MaxJumpDistanceReal-
Life (left/right)

Float; indicates the highest distance in meters that the user
jumped in the real-life maximum single-leg jumps for the right
or left leg. Insert after real-life maximum single-leg jumps.

MaxJumpDistanceVR
(left/right)

Float; indicates the highest distance in meters that the user
jumped in the VR maximum single-leg jumps. Check and adapt
after VR maximum single-leg jumps.

CalibratePosition-
Rotation

Bool; if true, we calibrate the rotation of the MVN suit with re-
spect to the camera.

CalibrateMVNVertical Bool; if true, we calibrate the vertical location of the MVN suit
with respect to the camera.

JumpCompleteManual Bool; if true, we manually complete a jump. Use when the par-
ticipant does not correctly land on the landing target.

DualTaskLavaBall Bool; if true, we use the dual task function.

FireARandomLavaBall Bool; if true, we fire a random lava ball at the participant.

Continued on next page
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Table 13 – Continued from previous page

Variable name Purpose

TimeToLavaballFloat
(min/max)

Float; indicates the minimum and maximum time in which a lava
ball is fired at the user after standing on both jumping plane start
circles.

LavaballDoesntCome-
OneInXTimes

Int; adapts the odds that a lavaball is fired (the higher the int, the
more likely the lavaball is fired).
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I
P O S T- E VA L U AT I O N S U RV E Y A N D I N T E RV I E W Q U E S T I O N S

The survey and interview were held after the completion of the ACL-VR interaction. The full
methods for this evaluation are provided in Section 5.3.

i.1 survey questions

The post-evaluation survey consisted of the following questions. For each closed question,
the answer options are provided in italics. Before the start of the survey, participants

1. How old are you?

a) 18-21

b) 22-26

c) 27-30

d) 31-35

2. What is your gender?

a) Male

b) Female

c) Prefer not to say

d) Other

3. Please describe if you play videogames and your playing frequency (if any). [Open
question]

4. Please describe any previous experience you have with physical rehabilitation (e.g. sur-
gical, physiotherapy). If relevant, please indicate how long ago you had these experi-
ences. [Open question]

5. Please describe any previous experience you have with knee injuries. If relevant, please
indicate which leg and how long ago you had these experiences. [Open question]

Please rate the following statements on a scale from 1 (strongly disagree) to 5 (strongly agree).

6. I felt disoriented within the VR environment.

7. I would have liked the VR experience to continue.

8. I would recommend this VR experience to my friends.

9. I felt myself being ‘drawn in’ the VR environment.
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10. I paid more attention to the VR environment than I did to my own thoughts (e.g.
personal preoccupations, daydreams etc.).

11. I lost track of time during the interaction.

12. I enjoyed myself.

13. I felt mentally tired at the end of the interaction.

14. I felt physically tired at the end of the interaction.

15. I was actively trying to beat the time from my previous rounds.

16. I was very focused on performing a good jump with a stable landing.

17. I was more focused on the VR effects than on the jumping.

i.2 interview questions

The post-evaluation interview consisted of the following questions. Where relevant, (possi-
ble) follow-up questions are listed.

1. How did your perceived exertion change throughout the interaction?

2. How did the tape on your knee affect your movements?

• Did the sports tape on your knee give you the idea that you should adapt your
movements?

3. Did you think that you jumped further in the VR or outside the VR? Why?

4. How did it feel to make jumps in the VR?

• Was jumping in the VR more challenging than in the real world?

• Were you at any time afraid to hit something in the real world while in the VR?

• How did the jumping compare to the walking around in the VR?

5. How did you experience the virtual guardian and real-world boundary around you?

6. Did the jumping experience change over time in the VR? What do you think changed
over time?

7. How did your own performance in the game change over time? Did you get better at
the game?

8. How did the chance of a lava ball affect your jumping technique?

9. Did the time bonuses and deductions motivate you throughout the interaction?

10. How did the entire interaction affect your focus on the jumping task compared to the
first jumps outside the VR?

11. How did you experience the movement of the MVN avatar in the VR?

12. What was your overall experience of the VR environment (the setting) and the game?

13. Are there any issues that you experienced or recommendations you still have?
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J
S U P P O RT I N G M AT E R I A L S F O R M V N D ATA A N A LY S E S

Within this Appendix, additional graphs and tables with analyses are presented as supple-
mentary material to the results presented in Chapter 6.
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(a) Starting phase, starting at the first strong positive peak of the jumping leg’s foot position.

(b) Flight phase, starting at the negative acceleration peak of the jumping leg foot as it corresponds with the
MVN avatar’s toe-off movement. The RoF surrounding the toe-off is determined between the moment of toe-off
(indicated with a yellow star) and the maximum flexion during the flight phase (indicated with a purple star).

Figure 41: Example of the indicators segmenting the three different jump phases of a perturbed non-
dominant (left leg) VR single-leg jump of participant P16: toe-off, flight and landing phase.
Shown is the MVN avatar as it moves through the jump, with below graphs for the foot
position (left), foot acceleration (middle) and knee angle (right) of the right swing leg (top
row) and the left jumping leg (bottom row) leg. For the RoF at the toe-off and landing
phases, the two moments between which the flexion is considered are indicated with stars
in the left knee flexion (bottom right) graph.
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(c) Initial contact phase (subphase of landing phase), starting at the negative acceleration peak of the jumping
leg as it corresponds with the MVN avatar’s contact to the ground after the flight phase. The RoF surrounding
the landing is determined between the moment of initial contact (indicated with a yellow star) and the maximum
flexion during the landing phase (indicated with a purple star).

(d) Continued landing phase, ending at a stable torso and return to standing knee flexion.

Figure 41 - Continued from previous page.
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j.1 additional information for statistical analysis - landing phase

The linear mixed effects model based on significant fixed effects as determined by the bottom-
up approach described in Section 6.2 can be seen per segment in the box below. Note, the
ϵ in this model represents the probabilistic part of the model due to random effects that we
cannot control for. This is a standard error term incorporated to represent all deviations from
the model-based predictions.

Linear mixed effects model overview of VR-ACL evaluation study data - landing
phase analysis

Knee RoF ∼ Perturbance + Jump type + Perceived fatigueness + (1 + Pertur-
bance|Participant) + (1| Trial ID) + ϵ

Hip RoF (log transform) ∼ Jump type + Interaction condition + (1 + Pertur-
bance|Participant) + ϵ

Torso RoF (log transform) ∼ Jump type + Participant length + (1 + Pertur-
bance|Participant) + ϵ

The interaction of perturbance and jump type is presented for each segment in Figure 42.

j.2 additional information for statistical analysis - toe-off phase

Linear mixed effects model overview of VR-ACL evaluation study data - toe-off
phase analysis

Knee toe-off RoF (log transform) ∼ Perturbance + Jump Type + Trial Number + Partic-
ipant length + (1 | Trial ID) + (1 + Perturbance | Participant) + ϵ

Hip toe-off RoF (log transform) ∼ Jump type + Interaction condition + (1 | Trial ID) +
(1 + Perturbance | Participant) + ϵ

Torso toe-off RoF (log transform) ∼ Perturbance + Interaction condition + Perceived
fatigueness + Participant length + (1 | Trial ID) + (1 + Perturbance | Participant) + ϵ

For the random effect structures in Tables 15, the inclusion of random effects with a positive
∆AIC were used to negate categorisation effects of the assumptions of the model (see also
Appendix K.1).
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Figure 42: Boxplot of the knee (top), hip (middle) and torso (bottom) range of flexion of the landing
phase as a function of the interaction of the perturbed non-dominant (P) or non-perturbed
dominant (NP) legs with the jumping distances of 20%, 40%, 60%, 80% of maximum and
the single-leg jumps (indicated as 100%). The interval distances of 20, 40, 60 and 80% of
max were based on the single-leg jumps in the VR condition. Shown is the accumulated
data for all participants. No data transforms were used for these boxplots.

177



Table 15: Fixed and random effects structure of linear mixed effects models for predicting knee, hip
and torso range of flexion in the toe-off phase. Note, the estimate consists of log odds; stan-
dard errors are denoted by SE; confidence intervals are denoted by CI; standard deviation is
denoted by std. dev.

Knee range of flexion (log transform)

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept -0,66 0,54 -1,21 0,24 -1,56 0,32

Perturbance -0,11 0,04 -2,60 <0,05 -0,17 -0,04

Jump type 0,01 0,00 10,27 <0,001 0,01 0,01

Trial number 0,00 0,00 2,00 <0,05 0,00 0,00

Participant length 0,01 0,00 2,23 <0,05 0,00 0,01

Random effects Variance Std. dev. ∆AIC

1 | Trial ID 0,00 0,07 -7,06

1 + Perturbance |
Participant
Perturbance

0,01 0,07 -7,43

1 + Perturbance |
Participant
Full slope

0,01 0,10 -162,27

Hip range of flexion (log transform)

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 1,22 0,05 23,48 <0,001 1,14 1,31

Jump type 0,00 0,00 9,67 <0,001 0,00 0,00

Interaction condi-
tion

-0,06 0,01 -5,20 <0,001 -0,08 -0,04
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Table 15 - Continued from previous page.

Hip range of flexion (log transform) - continued

Random effects Variance Std. dev. ∆AIC

1 | Trial ID 0,00 0,03 -4,23

1 + Perturbance |
Participant
Perturbance

0,03 0,17 -166,64

1 + Perturbance |
Participant
Full slope

0,04 0,20 -729,47

Torso range of flexion (log transform)

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 0,39 0,25 1,55 0,14 -0,03 0,80

Perturbance -0,04 0,02 -2,12 <0,05 -0,07 -0,01

Interaction condi-
tion

-0,01 0,00 -2,33 <0,05 -0,01 0,00

Perceived fatigue-
ness

-0,01 0,00 -3,38 <0,001 -0,02 -0,01

Participant length 0,00 0,00 2,13 <0,05 0,00 0,01

Random effects Variance Std. dev. ∆AIC

1 | Trial ID 0,00 0,00 0,85

1 + Perturbance |
Participant
Perturbance

0,01 0,08 -253,82

1 + Perturbance |
Participant
Full slope

0,01 0,08 -624,47
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Figure 43: Boxplot of the knee (top), hip (middle) and torso (bottom) range of flexion of the toe-off
phase as a function of the interaction of the perturbed non-dominant (P) or non-perturbed
dominant (NP) legs with the jumping distances of 20%, 40%, 60%, 80% of maximum and
the single-leg jumps (indicated as 100%). The interval distances of 20, 40, 60 and 80% of
max were based on the single-leg jumps in the VR condition. Shown is the accumulated
data for all participants. No data transforms were used for these boxplots.
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j.3 additional information for graphic presentation of mvn data

Figure 44: Example of summative outcomes for the mean knee angles with standard deviation of
P16 at jump type 80%, showing the jumping of the non-perturbed dominant (blue) and
perturbed non-dominant (green) leg, as well as their respective swinging legs with the
perturbed non-dominant (yellow) and non-perturbed dominant (purple) leg for the three
phases of the jump.

181



(a) Knee angles for jump type: 20% of maximum.

(b) Knee angles for jump type: 40% of maximum.

Figure 45: Summary visual plot of the knee flexion of non-perturbed (dominant) and perturbed (non-
dominant) legs as jumping and swinging legs for the six jump types. Full participant
dataset included.
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(c) Knee angles for jump type: 60% of maximum.

(d) Knee angles for jump type: 80% of maximum.

Figure 45 - Continued from previous page.
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(e) Knee angles for jump type: single-leg VR.

(f) Knee angles for jump type: single-leg real-world.

Figure 45 - Continued from previous page.
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(a) Hip angles for jump type: 20% of maximum.

(b) Hip angles for jump type: 40% of maximum.

Figure 46: Summary visual plot of hip angles on the non-perturbed (dominant) and perturbed (non-
dominant) side, considered for when either side was jumping or swinging for the six jump
types. Full participant dataset included.
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(c) Hip angles for jump type: 60% of maximum.

(d) Hip angles for jump type: 80% of maximum.

Figure 46 - Continued from previous page.
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(e) Hip angles for jump type: single-leg VR.

(f) Hip angles for jump type: single-leg real-world.

Figure 46 - Continued from previous page.
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(a) Torso angles for jump type: 20% of maximum.

(b) Torso angles for jump type: 40% of maximum.

Figure 47: Summary visual plot of torso angles for non-perturbed (dominant) and perturbed (non-
dominant) legs as jumping and swinging legs for the six jump types. Full participant
dataset included.
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(c) Torso angles for jump type: 60% of maximum.

(d) Torso angles for jump type: 80% of maximum.

Figure 47 - Continued from previous page.
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(e) Torso angles for jump type: single-leg VR.

(f) Torso angles for jump type: single-leg real-world.

Figure 47 - Continued from previous page.
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j.4 dominance influence measurement

Linear mixed effect models of dominance influence measurement for landing RoF

Knee RoF ∼ Perturbance + Jumping leg dominance + (1 |Participant) + ϵ

Hip RoF ∼ (1 + Jumping leg dominance|Participant) + ϵ

Torso RoF ∼ Age group + (1 + Jumping leg dominance|Participant) + ϵ

Figure 48: Predicted values of torso model plot landing RoF of dominance measurement as a function
of age group.

Linear mixed effect models of dominance influence measurement for toe-off RoF

Knee RoF (log transform) ∼ 1 + (1 + Perturbance|Participant)+ (1 + Jumping leg dom-
inance|Participant) + ϵ

Hip RoF (log transform) ∼ 1 + (1 + Perturbance|Participant)+ (1 + Jumping leg domi-
nance|Participant) + ϵ

Torso RoF ∼ Jumping leg dominance + (1 + Perturbance|Participant) + ϵ
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Figure 49: Predicted values of torso model plot toe-off RoF of dominance measurement as a function
of jumping leg dominance group.
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Figure 50: Boxplot of dominance measurement effects on knee (top plot), hip (middle plot) and torso
(bottom plot) RoF during landing for the dominant and non-dominant leg. The graph
is showing the boxplot of jumping distances made by all participants of the dominance
measurement under the conditions of no tape on either the dominant and non-dominant leg
(left two plots); perturbation attached to the dominant leg (middle plots); and perturbation
attached to the non-dominant leg (right plots).
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Table 16: Fixed and random effects structure of linear fixed effects and linear mixed effects models
for predicting the knee, hip and torso range of flexion within the dominance measurement
during the toe-off phase. Note, the estimate consists of log odds; standard errors are denoted
by SE; confidence intervals are denoted by CI; standard deviation is denoted by std. dev.

Knee range of flexion (log transform)

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 1,31 0,06 20,18 <0,001 1,18 1,43

Random effects Variance Std. dev. ∆AIC

1 + Perturbance |
Participant
Perturbance

0,00 0,03 3,98

1 + Perturbance |
Participant
Full slope

0,01 0,11 5,98

1 + Jumping leg
dominance | Par-
ticipant
Jumping leg domi-
nance

0,01 0,11 1,31

1 + Jumping leg
dominance | Par-
ticipant
Full slope

0,04 0,19 3,31

Hip range of flexion (log transform)

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 1,68 0,06 27,37 <0,001 1,57 1,79
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Table 16 - Continued from previous page.

Hip range of flexion (log transform) - continued

Random effects Variance Std. dev. ∆AIC

1 + Perturbance |
Participant
Perturbance

0,00 0,01 3,83

1 + Perturbance |
Participant
Full slope

0,02 0,14 5,83

1 + Jumping leg
dominance | Par-
ticipant
Jumping leg domi-
nance

0,00 0,04 2,85

1 + Jumping leg
dominance | Par-
ticipant
Full slope

0,00 0,04 4,85

Torso range of flexion

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 5,21 0,42 12,33 <0,001 4,42 5,94

Jumping leg domi-
nance

1,11 0,44 2,54 <0,05 0,35 1,86

Random effects Variance Std. dev. ∆AIC

1 + Perturbance |
Participant
Perturbance

0,12 0,35 3,55

1 + Perturbance |
Participant
Full slope

0,72 0,85 2,98
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For the random effect structures in Table 16, the inclusion of random effects with a positive
∆AIC were used to negate categorisation effects of the assumptions of the model (see also
Appendix K.2).

Figure 51: Boxplot of dominance measurement effects on knee (top plot), hip (middle plot) and torso
(bottom plot) RoF during toe-off for the dominant and non-dominant leg. The graph is
showing the boxplot of jumping distances made by all participants of the dominance mea-
surement under the conditions of no tape on either the dominant and non-dominant leg
(left two plots); perturbation attached to the dominant leg (middle plots); and perturbation
attached to the non-dominant leg (right plots).
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(a) Knee angles for no tape condition.

(b) Knee angles for dominant leg taped condition.

Figure 52: Summary visual plots of knee, hip and torso angles for the dominance influence measure-
ment comparing the dominant and non-dominant legs as jumping or swinging legs for the
three taping conditions.
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(a) Knee angles for non-dominant leg taped condition.

(b) Hip angles for no tape condition.

Figure 52 - Continued from previous page.
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(c) Hip angles for dominant leg taped condition.

(d) Hip angles for non-dominant leg taped condition.

Figure 52 - Continued from previous page.
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(e) Torso angles for no tape condition.

(f) Torso angles for dominant leg taped condition.

Figure 52 - Continued from previous page.
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(g) Torso angles for non-dominant leg taped condition.

Figure 52 - Continued from previous page.

j.5 statistical outcomes of single-leg jumps and jumping accuracy and

timing analyses

j.5.1 Models of single leg jump distance analysis

Linear mixed effect model of single-leg jump distance analysis of main dataset

Single-leg jump distance ∼ Interaction condition + (1 | Participant) + ϵ

Linear mixed effect model of single-leg jump distance analysis of dominance effect
dataset

Single-leg jump distance ∼ Perturbance + Jump number + (1 + Interaction condition |
Participant) + ϵ
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Table 17: Fixed effects and random effects structure of linear mixed effects model for predicting single-
leg distances of the single-leg jumps in the main evaluation dataset and the dominance effect
measurement. Note, the estimate consists of log odds; standard errors are denoted by SE;
confidence intervals are denoted by CI; standard deviation is denoted by std. dev.

Main evaluation

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 130,85 7,32 17,87 <0,001 118,56 142,95

Interaction condi-
tion

-6,19 2,03 -3,05 <0,01 -9,37 -2,73

Random effects Variance Std. dev. ∆AIC

1 | Participant 926,10 30,43 -274,87

Dominance effect measurement

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 113,53 12,46 9,11 <0,001 88,73 140,16

Perturbance 4,99 1,25 3,99 <0,05 2,45 7,38

Trial number 2,48 0,67 3,71 <0,001 1,45 3,65
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Table 17 - Continued from previous page.

Dominance effect measurement (continued)

Random effects Variance Std. dev. ∆AIC

1 + Interaction
condition | Partic-
ipant
Dominant leg
perturbed - non-
dominant leg jumping

95,99 9,80 -38,47

1 + Interaction
condition | Partic-
ipant
Non-dominant leg
perturbed - dominant
leg jumping

44,55 6,68 -38,47

1 + Interaction
condition | Partic-
ipant
Non-dominant leg
perturbed - non-
dominant leg jumping

136,49 11,68 -38,47

1 + Interaction
condition | Partic-
ipant
Full slope

1225,71 35,01 -205,76
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Figure 53: Boxplot of single-leg distances as a function of perturbance and interaction condition for
the single legs of the main evaluation session (top) and the dominance effect measurement
(bottom).
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Table 18: Overview of LSI scores per participant per condition as determined by dividing the maxi-
mum jumping distance made with the perturbed non-dominant leg by the distance of the
non-perturbed dominant leg. LSI values below 90% are indicated with an asterisk (*, indi-
cating that the jumping distance was further for the non-perturbed dominant leg) and above
110% are indicated with a double asterisk (**, indicating that the jumping distance was fur-
ther for the perturbed non-dominant leg).

Participant LSI for real-world con-
dition

LSI for VR condition

P03 (pilot trial) 81,73% * 92,06%

P04 110,00% 108,59%

P05 86,44% * 88,34% *

P06 (pilot trial) 111,95% ** 101,54%

P06 (trial 2) 105,85% 99,46%

P06 (trial 3) 97,68% 101,84%

P07 85,51% * 107,99%

P08 116,51% ** 95,95%

P09 105,24% 94,72%

P10 98,50% 96,64%

P11 109,51% 101,19%

P12 124,74% ** 103,59%

P13 84,59% * 69,28% *

P14 93,61% 93,87%

P15 93,33% 107,96%

P16 102,02% 108,28%

P17 97,91% 78,87% *

P18 98,42% 105,52%

P19 91,04% 102,25%

P20 111,68% ** 117,71% **
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Table 19: Overview of LSI scores per participant per condition for the dominance influence mea-
surement as determined by dividing the maximum jumping distance made with the non-
dominant leg by the distance of the dominant leg for the different conditions. LSI values
below 90% are indicated with an asterisk (*, indicating that the jumping distance was further
for the non-perturbed dominant leg) and above 110% are indicated with a double asterisk
(**, indicating that the jumping distance was further for the perturbed non-dominant leg).

Participant LSI for no tape con-
dition

LSI for dominant leg
perturbed condition

LSI for non-
dominant leg
perturbed condi-
tion

P03 80,13% * 86,86% * 79,18% *

P05 83,23% * 82,95% * 93,64%

P10 113,44% ** 96,92% 111,67% **

P12 110,96% ** 91,89% 99,02%

P16 97,65% 98,91% 100,00%

P19 100,44% 107,30% 118,56% **

j.5.2 Models of jump accuracy, lavaball hit accuracy and jump times

Linear mixed effect model and linear model of jump accuracy and timing analysis

Jump accuracy (distance between landing point and target) ∼ round number + (1 |Par-
ticipant) + ϵ

Lavaball hit accuracy (percentage hits out of all lavaballs fired) ∼ round number + (1 |
Participant) ϵ

Round time (normalised) ∼ round number + ϵ

For the random effect structures in Tables 20, 21 and 22, the inclusion of random effects with
a positive ∆AIC were used to negate categorisation effects of the assumptions of the model
(see also Appendix K.3).
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Table 20: Fixed effects and random effects structure of linear mixed effects model for predicting round
jumping accuracy (indicated as the distance between landing and the target location). Note,
the estimate consists of log odds; standard errors are denoted by SE; confidence intervals
are denoted by CI; standard deviation is denoted by std. dev.

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 0,28 0,01 45,06 <0,001 0,27 0,29

Round number 0,00 0,00 2,24 <0,05 0,00 0,01

Random effects Variance Std. dev. ∆AIC

1 + Perturbance
|Participant
Perturbance

0,00 0,01 0,13

1 + Perturbance |
Participant
Full slope

0,00 0,02 -18,29

Table 21: Fixed effects and random effects structure of linear mixed effects model for predicting lava-
ball hit accuracy. Note, the estimate consists of log odds; standard errors are denoted by SE;
confidence intervals are denoted by CI

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 0,64 0,04 15,22 <0,001 0,57 0,71

Round number 0,04 0,01 2,63 <0,05 0,01 0,06

Random effects Variance Std. dev. ∆AIC

1 | Participant 0,00 0,07 13,29
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Table 22: Fixed effects and random effects structure of linear mixed effects model for predicting jump
times. Note, the estimate consists of log odds; standard errors are denoted by SE; confidence
intervals are denoted by CI; standard deviation is denoted by std. dev.

Fixed effects Estimate SE T-value P-value Lower
95%-CI

Upper
95%-CI

Intercept 2,10 0,20 10,52 <0,001 1,75 2,45

Jump type 0,01 0,00 9,47 <0,001 0,01 0,01

Round number -0,05 0,02 -2,20 <0,05 -0,08 -0,01

Random effects Variance Std. dev. ∆AIC

1 + Perturbance
|Participant
Perturbance

0,01 0,10 0,10

1 + Perturbance |
Participant
Full slope

0,59 0,77 -600,57
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Figure 54: Boxplot of the jumping accuracy (determined by the landing distance from the target per
round in meters) as a function of the round and the jump type based on the perturbance
and the jumping distance (top plot) and the jump time (middle row) and lavaball hit ac-
curacy (bottom row) as a function of the round. Shown is the accumulated data for all
participants.
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K
S TAT I S T I C A L M O D E L A S S U M P T I O N S

k.1 lme model assumptions of main statistical analysis

The assumption plots of the LME models of Section 6.2 and subsection 6.2.3 and are pre-
sented in Figures 55 and 56 respectively.

Figure 55: Assumption plots of LME models for knee (top row), hip (middle row) and torso (bottom
row) RoF. Shown are the model residuals (left column), histogram (middle column) and
Q-Q plot (right column) per segment.

Within the assumptions of Figure 55, it can be seen that the residual plots (left column) are
randomly distributed between the predicted ("fitted") values and the residuals. This indicates

210



linearity and a full capture of the RoF by the chosen effects of the model [126]. After data
transformations of the hip and torso data, no heteroskedasticity is presented in the residual
plots. For the torso RoF data and, to a lesser degree, for the hip RoF data, vertical stripes seem
to occur within the residual plot, indicating that there is a small influence of categorical data.
This could, however, not be solved with the use of logistics models and data transformations,
thus indicating that the data is indeed affected by categorical influences. However, as the data
points are still evenly distributed, the effect of categorisation is minimised and the model is
able to predict values over the entire spectrum of the plot. For the normality of the data, the
histograms (middle column) and Q-Q plots (right column) can be considered. Here, it can
be seen that all histograms are relatively bell-shaped and the Q-Q plots indicate that the data
fall relatively on a straight line, with the knee RoF data being the most normally distributed
of the three segments.

Figure 56: Assumption plots of LME models of toe-off phase for knee (top row), hip (middle row) and
torso (bottom row) RoF. Shown are the model residuals (left column), histogram (middle
column) and Q-Q plot (right column) per segment.
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k.2 lme model assumptions of dominance effect analysis

The assumption plots of the LME models of Section 6.4 are presented in Figure 57 for the
landing RoF and Figure 58 for the toe-off RoF.

For the dominance effect measurement assumptions in Figure 57, it can be seen that the
influence of categorical data is stronger than for the main dataset (shown in Figure 55).
Because of this reason, data simplifications were used that resulted in a normal distribution
for the knee segment residuals (top left plot), and a more distributed residual plot of the
hip and torso (left middle and bottom plots). For the hip and torso data, it can also be
seen that the histograms are less bell-shaped than the knee data, while the Q-Q plots of all
three segments show similar normality. As no (non-categorical) fixed effects were found to
be significant for the hip and torso data, these assumption plot results can be expected and
might be removed by the addition of other fixed effects and further data gathering. For the
current study, the effects do not influence the data analysis outcome.

Figure 57: Assumption plots of LME models of the dominance effect measurement of landing RoF for
knee (top row), hip (middle row) and torso (bottom row) RoF. Shown are the model resid-
uals (left column), histogram (middle column) and Q-Q plot (right column) per segment.
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Figure 58: Assumption plots of LME models of the dominance effect measurement of toe-off RoF for
knee (top row), hip (middle row) and torso (bottom row) RoF. Shown are the model resid-
uals (left column), histogram (middle column) and Q-Q plot (right column) per segment.
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k.3 lme model assumptions of single-leg jump distances , jumping and lava-
ball hit accuracy and timing analyses

The assumption plots of the LME models of the single leg distance analysis of the main
dataset and the dominance effect measurement described in Section 6.5 are presented in
Figure 59.

Figure 59: Assumption plots of LME models of single leg distance analyses for the main dataset (top
row) and the dominance effect measurement (bottom row). Shown are the model residuals
(left column), histogram (middle column) and Q-Q plot (right column) per segment.

The assumption plots of the LME models of the jump accuracy, lavaball hit accuracy and
jump timing analysis described in Section 6.6 are presented in Figure 60.
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Figure 60: Assumption plots of LME models of jump accuracy (top), lavaball hit accuracy (middle)
and jump timing (bottom) analyses. Shown are the model residuals (left column), his-
togram (middle column) and Q-Q plot (right column) per segment.
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