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Abstract 
Movement patterns are altered after an anterior cruciate ligament reconstruction and rehabilitation, 

which could increase the risk for a second rupture. Therefore, rehabilitation needs to be improved. 

The use of exergaming and virtual reality has shown promising results in the rehabilitation of chronic 

disease patients, but not yet with patients after musculoskeletal injuries. The aim of this thesis was 

to investigate the biomechanical movement quality and the potential risk of an anterior cruciate 

ligament (re-) rupture during a training with the ExerCube, an exergaming device. Biomechanical 

movement patterns of female healthy athletes (n = 7) of five different type of sports were investigated. 

Measured biomechanical risk factors during jumps, squats, left, and right lunges were knee flexion 

angle (fraction between 10° and 30°) and knee adduction angle, while the investigated 

biomechanical protective factor was the hip flexion angle. Additionally, knee extensor and flexor 

strength were measured with isokinetic dynamometry. Participants showed low knee extensor 

strength and normal knee flexor strength. Both risk factors were present in all four exercises, even 

though to a different extent, whereas the protective factor was found only during the squat and the 

jump or lunge of some participants. Strain on the anterior cruciate ligament during the squat and 

lunge is controllable, but during the jump explosive movements create a high amount of loading. It 

can therefore be concluded that the squat and lunge can be performed during later stages of 

rehabilitation, but it is not recommended to perform a jump in the ExerCube training environment. 
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1. Introduction 

1.1 Anterior Cruciate Ligament 

1.1.1 Anatomy 

Consisting of bony structures, ligaments, cartilage and bursae, the hinge joint of the knee is a 

complex structure of the human body. It connects the body’s two largest lever arms, the tibia and 

the femur (Figure 1). The range of motion (ROM) differs greatly between the six different degrees of 

freedom, which are allowed by the femorotibial and the patellofemoral joint. In the sagittal plane the 

ROM through flexion and extension is very high, whereas ROM through external and internal rotation 

in the transverse plane as well as varus and valgus stress in the frontal plane, is much more limited. 

The two bony articulations of the knee have different tasks. While the articulation between the femur 

and tibia is responsible for weight bearing, the articulation between the patella and the femur is 

responsible for the force transfer from the quadriceps femoris muscle over the knee with the least 

amount of friction possible. In addition to the, in articular cartilage covered, femoral and tibial condyle, 

the medial and lateral menisci, located between the two condyles, provide a frictionless surface and 

act as shock absorbers. Synovial fluid, coming from the four bursae in the knee, helps to reduce 

friction between adjacent moving structures as well (Abulhasan & Grey, 2017).  

 

Figure 1: Anatomy of the knee joint from the front view (left) and the back view (right). (Schünke, 2018) 
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The knee joint is primarily stabilized by four different ligaments. The anterior cruciate ligament (ACL), 

the posterior cruciate ligament, the lateral collateral ligament, and the medial collateral ligament. 

They prevent excessive movements of the tibia relative to the femur in anterior and posterior 

direction as well as varus and valgus movements of the knee (Abulhasan & Grey, 2017). A valgus 

movement creates a compressive load on the lateral part of the knee joint whereas a varus 

movement creates a compressive load on the medial part of the knee joint (Koga et al., 2010). About 

85% of the knee’s stability can be attributed to the ACL and its main function of preventing anterior 

as well as rotational movements of the tibia relative to the femur (Abulhasan & Grey, 2017). The 

ACL consists of two bundles: the anteromedial bundle, strained when the knee is flexed, and the 

posterolateral bundle, strained when the knee is extended (Petersen & Zantop, 2007).  

Secondary stabilisers are the muscles which surround the knee joint. Even though they primarily 

ensure movement along the six degrees of freedom of the knee joint, they play an important role in 

knee proprioception through interaction with the neuromuscular system. While the rectus femoris, 

the vastus lateralis, vastus medialis, and vastus intermedius of the quadriceps muscles ensure knee 

extension, the biceps femoris, semimembranosus, and semitendinosus of the hamstring muscles 

ensure knee flexion. Additionally, several other muscles of the thigh and shank aid in flexion and 

rotation of the knee (Abulhasan & Grey, 2017).  

1.1.2 Epidemiology 

In an epidemiologic study from the United States of America with data from 1988 - 2004 for collegiate 

athletes of 15 different sports, in more than 50% of all injuries the lower extremities were affected. 

Although ligamentous injuries to the ankle were more common (14.8 - 26% of all injuries), injuries to 

the ACL (3% of all injuries) and concussions (5 - 18% of all injuries) were more severe and lead to 

time loss of more than ten days. Additionally, the injury rate of ACL injuries and concussions 

increased over the investigated time period, whereas the number of ankle sprains remained on the 

same level (Hootman, Dick, & Agel, 2007). 

Even though all four ligaments in the knee joint can rupture, the rupture of the ACL is the most 

common. In Scandinavia, continental Europe, New Zealand and the United States, the annual 

incidence rate (IR) of ACL injury sustained during sports is 0.03 - 0.04%, which equals 30 - 40 ACL 

injuries per 100’000 people. Among professional athletes the IRs are substantially higher with a 

range from 0.15 - 3.67% depending on type of sport and country (Moses, Orchard, & Orchard, 2012; 

Pasanen et al., 2008). In the United States, high IRs have been reported for football, lacrosse, 

gymnastics, basketball and soccer in high school, college or amateur athletes (Gans, Retzky, Jones, 

& Tanaka, 2018; Gornitzky et al., 2016; Montalvo et al., 2019). In Switzerland injuries are registered 

and classified through accident statistics. The latest publication reviewing data from 2013 - 2017 

registered 1.07% of all accidents as dislocations, sprain, and strain (including ligamentous injuries) 

of the knee (SSUV, 2019).  
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1.1.3 Injury Mechanism 

ACL injuries occur either without contact or with contact. Around 70% of all injuries are noncontact 

injuries, the remaining 30% are contact injuries (Sutton & Bullock, 2013). In Japanese high school 

basketball, handball and volleyball, non-contact injuries are more common than contact injuries, 

whereas in soccer no difference in the incidence of contact and non-contact injuries could be found. 

In the same study population, female basketball and soccer players had a significantly higher number 

of cutting- and stopping-injuries while in handball and volleyball players, a significantly higher number 

of landing-related injuries were registered (Takahashi, Nagano, Ito, Kido, & Okuwaki, 2019).  

Most noncontact injuries occur when an athlete decelerates and suddenly changes direction during 

weight-bearing activities (Sutton & Bullock, 2013). A typical example of a noncontact injury is when 

an athlete lands from a jump with an extended and internally rotated hip, a knee near full extension 

and at a valgus position, the tibia internally rotated, and a planted foot (Kaeding, Léger-St-Jean, & 

Magnussen, 2017). The injury mechanism for noncontact ACL injury is highly debated and several 

theories, obtained through different methods such as video analysis or cadaver testing, have been 

proposed. In 2010, Koga et al. introduced an ACL injury pattern which consists of three main steps. 

First, knee valgus load is applied which leads to lateral compression and therefore a strained medial 

collateral ligament. Second, the lateral compression force and the anterior force vector, caused by 

quadriceps contraction, lead to a posterior shift of the lateral femoral condyle and both an anterior 

shift and internal rotation of the tibia. This initiates the rupture of the ACL. Third, after the ACL 

rupture, the primary restraint to tibial anterior translation is inexistent. This results in a posterior 

displacement of the femoral condyle and an external rotation of the tibia (Koga et al., 2010). This 

theory is supported by various other proposed potential risk factors to ACL injury. Boden et al. (2010) 

proposed that several forces contribute to a noncontact ACL injury. The primary contributor is likely 

to be an impulsive external axial force. In certain positions of the body at initial ground contact, such 

as a flat foot and an increased hip flexion angle, the dampening capabilities of the leg are reduced 

which leads to a higher risk of injury. Because of decreased stability of the knee when in a valgus 

position, the threshold for a noncontact ACL injury may be reduced. Quadriceps contraction 

increases the compressive forces on the knee which reduces the threshold for an injury as well 

(Boden, Sheehan, Torg, & Hewett, 2010). Another potential injury mechanism was introduced by 

Demorat et al. (2004) and is usually referred to as the quadriceps drawer mechanism (Grassi et al., 

2020). It states that due to the patellar tendon angle, the quadriceps muscle generates anterior shear 

forces on the tibia which then results in an ACL rupture (Demorat, Weinhold, Blackburn, Chudik, & 

Garrett, 2004). Fung and Zhang (2003) found that the strain on the ACL is increased when the tibia 

rotates externally and is abducted at moderate knee flexion (Fung & Zhang, 2003). When cadaver 

knees were loaded with compression forces, the femur displaced posterior relative to the tibia while 

pre-failure of the ACL the tibia rotated internally and post-failure the tibia rotated externally (Meyer 

& Haut, 2008).  
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1.1.4 Risk Factors 

There are extrinsic and intrinsic risk factors for an ACL rupture. Since female athletes have a higher 

risk of an ACL injury, for example in basketball and soccer where the injury rate for females is three 

times higher than for males, Sutton and Bullock (2013) reviewed the differences of risk factors 

between the two genders. Extrinsic risk factors such as floor surface, climate, or shoe sole are non-

sex specific. But intrinsic risk factors differ greatly between men and women. Women have a higher 

quadriceps angle, which means the quadriceps pulls more at the knee in a lateral direction. This may 

leave the ACL at a more vulnerable position to rupture. Even though there are differences in 

intercondylar notch widths and shapes between individuals, up until now no conclusive evidence, 

regarding which shape and width leads to the highest risk for an ACL rupture, exists. The size of the 

ACL is smaller in females than in males, when standardised for body weight. But it is unclear whether 

this leads to an altered risk for ACL injury. The size of the posterior tibial slope (PTS) received some 

interest lately, because a greater PTS leads to a more anterior position of the tibia in relation to the 

femur during quadriceps contraction. This in turn leads to a possible increased strain on the ACL. 

Up to date, no significant differences could be found between men and women on this subject 

(Renstrom et al., 2008; Sutton & Bullock, 2013).  

Hormonal levels are very different between men and women. Since on ACL fibroblasts, estrogen 

receptors are present, hormones may have an influence on collagen synthesis, knee laxity, and the 

strength of supporting muscles around the knee (Sutton & Bullock, 2013). During the ovulatory phase 

of the cycle, the concentrations of estrogen and relaxin, which both affect the tensile properties of 

the ligaments, peak. While estrogen decreases ligament strength, relaxin decreases soft tissue 

tension (Hewett, Myer, & Ford, 2006). Through relaxin-induced collagen degeneration progesterone 

decreases ACL laxity (Konopka, Hsue, & Dragoo, 2019). The muscle is directly affected by estrogen 

peaks and may therefore influence the neuromuscular control of joints. When taking oral 

contraception, large fluctuations of hormonal levels, especially estrogen peaks, are diminished. This 

may block the naturally occurring effects of hormones on knee stability (Hewett et al., 2006). A 

systematic review of Konopka et al. (2019) concluded that the use of oral contraceptives may act to 

decrease the rate of ACL injuries and may act to decrease anterior tibial translation (Konopka et al., 

2019). Although there is a tendency towards an increased risk for an ACL injury in the early and late 

follicular phases, the currently available evidence on hormonal influence is still inconclusive (Sutton 

& Bullock, 2013). According to Hewett et al. (2006) these inconclusive results could be due to the 

varying influence of estrogen and relaxin on ligament collagen which could lead to a lack of control 

of this variable in research. The influence of oral contraceptives is still highly controversially 

discussed as well (Hewett et al., 2006; Renstrom et al., 2008).  

Even though both sexes have an equal risk of re-rupturing the reconstructed knee, females are at 

greater risk to rupture the contralateral ACL (Sutton & Bullock, 2013). Through analysis using a 

geographic database, the incidence of second ACL tears and associated risk factors were calculated 
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by Schilaty et al. (2017). A total of 13.8% of all injured individuals had a second ACL injury of which 

46.1% had a graft rupture, 50.4% teared the contralateral ACL, and 3.5% ruptured the contralateral 

graft. Of all second ACL injuries 74.5% occurred via noncontact mechanism. Significant predictive 

values for a second injury could be established for females aged 17 to 25 years for a re-rupture and 

nonoperative treatment for contralateral injury (Schilaty et al., 2017).  

There are two main muscle groups which are predominantly responsible for moving the knee, but 

also act as stabilising agents. The quadriceps muscles induce knee extension, whereas the 

hamstring muscle group induces knee flexion (Abulhasan & Grey, 2017). Quadriceps muscle force 

leads to increased forces of the ACL, while hamstring muscle force reduces loads in the ACL through 

posterior shear forces which stabilize the knee (Shimokochi & Shultz, 2008). Because the 

quadriceps-to-hamstrings mass ratio is higher in females than in males (Sutton & Bullock, 2013), as 

well as their hamstrings-to-quadriceps peak torque ratio (Hewett et al., 2006), women have a higher 

risk of injury. When tilting the trunk forward, for example during landing, hamstring and gluteus 

maximus forces are increased. This results in an increase of the hip extension moment, but a 

decrease of the knee extension and knee valgus moment, which might all be associated with 

decreased loading of the ACL (Hughes, 2014). Escamilla et al. (2012) found similar results, stating 

that a forward trunk tilt of 30° to 40° results in more hamstring activation which unloads the ACL 

(Escamilla, Macleod, Wilk, Paulos, & Andrews, 2012). A correlation between the forward inclination 

of the trunk and knee flexion angle exists (Nagano, Ida, Akai, & Fukubayashi, 2011).  

1.1.5 Treatment and Rehabilitation of an ACL Rupture 

Following an injury, patients usually undergo physical therapy for a few weeks before deciding on 

conservative treatment or surgery (Eitzen, Moksnes, Snyder-Mackler, & Risberg, 2010). According 

to Krause et al. (2018) conservative treatment is more suitable for patients without a high activity 

level or associated lesions. In their view, the fact that conservative treatment is of equal value to 

surgery cannot be confirmed. Even though functional improvement following surgery seems to be 

greater than after conservative treatment, it is dependent on the qualities of the surgeon (Krause et 

al., 2018). Other authors also state, that athletes who want to return to a sport which requires the 

use of the ACL, need to do the reconstruction (Cheatham & Johnson, 2010). This fact is supported 

by a majority of 64% who chose surgery (mean age 24.5 years, 81% activity level I) in the study of 

Eitzen et al. (2010). Activity level I means that a sports activity requiring jumping, cutting, and pivoting 

movements or an occupational activity with comparable demands is performed (Hefti, Müller, Jakob, 

& Stäubli, 1993).  

Rehabilitation after ACL reconstruction (ACLR) is not standardized and differs between surgeons, 

physical therapists and other rehabilitation experts. A recently published systematic review of clinical 

practice guidelines by Andrade et al. (2020) led to several recommendations regarding rehabilitation. 

Immediate mobilisation, strength and neuromuscular training is encouraged as well as early full 
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weight bearing and open kinetic chain exercises. Additionally, to personal preference of the 

rehabilitation specialist, closed kinetic chain exercises, cryotherapy and electrical stimulation of the 

muscles can be added to the rehabilitation program (Andrade, Pereira, van Cingel, Staal, & 

Espregueira-Mendes, 2020). Several authors proposed the integration of reactive movements and 

other sensory-visual-motor control factors into the rehabilitation process after ACLR (Buckthorpe, 

2019; Gokeler, Neuhaus, Benjaminse, Grooms, & Baumeister, 2019). The functional rehabilitation 

after surgery is usually carried out by a physical therapist who ensures treatment quality and is the 

only source of feedback. Due to often repetitive movements and exercises the patient might 

encounter motivational problems (Tannous et al., 2016). Motivation is an important factor for good 

adherence which in turn leads to a better outcome of rehabilitation (Howard, 2017). Current 

rehabilitation protocols do not lead to optimal outcomes because after ACLR, patients exhibit altered 

movement patterns (Buckthorpe, 2019; Hart et al., 2016; Mazaheri et al., 2017; Stone, Roper, 

Herman, & Hass, 2018) and altered posture (Mohammadi-Rad et al., 2016). Additionally, altered 

movement quality can lead to an elevated risk for a secondary ACL injury (Buckthorpe, 2019). 

Usually, strength measurements of the hamstrings and quadriceps muscles are made after ACL 

rehabilitation in order to determine whether athletes are ready to return to sports. These 

measurements are most commonly made with an isokinetic dynamometer (Andrade Mdos et al., 

2012; Undheim et al., 2015).   
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1.2 Virtual Reality and Exergaming in General 

1.2.1 Virtual Reality 

A virtual reality (VR) environment should include the three I’s: immersion, interaction and imagination 

(Burdea & Coiffet, 2003). This means that the user should be brought to a virtual environment in 

which he feels immersed and can respond to in real time. According to Tieri et al. (2018) “a fully 

immersive VR allows a natural interaction with the surrounding environment by using the entire body 

of the user that becomes, this way, an active part of the 3D environment”. With VR it becomes 

possible to realistically react to a certain stimuli which can be of advantage in future motor 

rehabilitation programs (Tieri, Morone, Paolucci, & Iosa, 2018).  

1.2.2 Exergaming 

Exergaming is defined as “an experimental activity in which playing exergames or any videogames 

that requires physical exertion or movements that are more than sedentary activities and also include 

strength, balance, and flexibility activities” (Oh & Yang, 2010). Commercial exergaming systems 

exist since the 1980s. Back then exercise bikes or foot operated pads acted as controllers and 

ensured the interaction of the system and the performing human. Around the turn of the millennium 

the first motion sensor systems appeared on the market (Sinclair, Hingston, & Masek, 2007). For 

several exergames, like the Nintendo Wii, PlayStation Move or Xbox Kinect, new home video 

consoles are still released (Kooiman & Sheehan, 2015). The popularity of VR leads to its use in the 

field of exergaming (Donath, Rössler, & Faude, 2016; Farrow, Lutteroth, Rouse, & Bilzon, 2019).  

1.2.3 Dual Task during Exergaming 

Since an individual playing an exergame has to perform a cognitive and a motor task simultaneously, 

it can be defined as a dual task performance (Fraser & Li, 2012). This dual task demand of 

exergames has advantages since a short review by Costa et al. (2019) found that it could improve 

motor as well as cognitive function in different study populations. In children with cerebral palsy, 

exergaming led to increased levels of attention and concentration and additionally improved upper 

limb motor function or manual force. Studies with institutionalized elderly people could show that 

after a single session the semantic memory and executive function was improved and after 12 - 16 

sessions short term memory and mobility was superior than before. Motor function, balance, and 

cognitive functions were improved after exergaming in stroke survivors. People affected by 

Parkinson’s disease could improve balance and other clinical parameters after exergaming. Overall 

neurobiological effects of exergaming are the same as with traditional exercise if the participant 

moves in the same way. Additionally, the cognitive work during exergaming could increase 

neuroplasticity which has the potential to increase the problem-solving ability and sensorimotor 

integration (Costa et al., 2019). 
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When performing a dual task, the cognitive resource theory can be applied. It states that there is a 

limited amount of renewable cognitive resources, which are needed for attention and information 

processing. In order to perform a dual task, a trade-off must be made to manage on these limited 

resources. This trade-off depends on the motor activity with which the cognitive task is tested. In a 

study using free word recall and outdoor running, Epling et al. (2016) found that participants 

preserved the motor task performance more than the cognitive task when tested simultaneously 

(Epling, Blakely, Russell, & Helton, 2016). Contrary conclusions were made by Kang et al. (2018). 

They stated that the performance during the cognitive task and the dual task was reduced when the 

cognitive load was higher and that the cognitive task received more attentional resources than the 

motor task (Kang, Shin, Yun, Park, & Park, 2018).  

Other studies compared the performance of a single motor task with the performance of a dual task 

under laboratory conditions to determine the amount of attentional resources needed in order to 

sustain the same level of performance. Dai et al. (2018) assessed jump performance as motor task 

with simultaneous backward counting as cognitive task. In the dual task condition, the performance, 

measured by jump height, decreased. Investigation of landing mechanics led to the conclusion that 

the cognitive task had an impact on pre-landing biomechanics and preparatory neural mechanisms 

since the knee flexion angles at initial contact decreased significantly when the cognitive task was 

performed (Dai et al., 2018). Demirakca et al. (2016) found that due to coactivation, brain plasticity 

can be induced through an integrated multimodal training that combines motor and cognitive aspects 

(Demirakca, Cardinale, Dehn, Ruf, & Ende, 2016). This suggests that dual task conditions enhance 

brain connectivity. 

Since more research on dual task is made under laboratory conditions than in the field, it is difficult 

to establish which performance will receive more resources when training with an exergaming 

device. Additionally, few studies investigating dual task performance after musculoskeletal injuries 

exist.  
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1.3 Virtual Reality and Exergaming in Rehabilitation 

1.3.1 Home Based Rehabilitation 

Several therapists are needed to ensure a qualitatively high rehabilitation, which leads to high costs. 

Therefore, home based rehabilitation was established as a new research field with the aim to change 

this situation. Six randomized controlled trials (RCT’s) comparing home-based and centre-based 

(either group or individual) physical therapy after ACLR were analysed in two systematic reviews by 

Wright et al. (2008) and Kruse et al. (2012). In all of the RCT’s except one, no significant differences 

could be found in the evaluation after the treatment period. The RCT’s could all have performance 

bias since different physical therapists supervised the home-based and the centre-based groups 

(Kruse, Gray, & Wright, 2012; Wright et al., 2008). Therefore, better RCT’s are needed to conclude 

if home-based rehabilitation provides an advantage. Because in the RCT’s no differences could be 

found, it is already established that it does not provide a disadvantage. 

1.3.2 Virtual Reality in Rehabilitation 

VR is a new development in rehabilitation. Simple computer monitors, surround-screen displays, or 

even head-mounted displays are available tools for virtual reality rehabilitation (VRR). Movement in 

VRR can be controlled either by mouse, joystick, keyboard, sensors, or even treadmills (Holden, 

2005; Howard, 2017). Three concepts are especially important in rehabilitation: repetition, feedback 

and motivation. VR is able to provide all three elements to the patient. Most notably, feedback can 

be improved in a VR environment. Repetition alone cannot induce cortical neuroplasticity when 

motor learning, but the learning rate can be improved with feedback after each repetition. Feedback 

can be given immediately since the system is programmed to detect and correct errors rapidly 

(Holden, 2005) and immediate feedback enhances learning (McConville, 2012). The feedback 

provided by VR is a new form of immersive biofeedback (Giggins, Persson, & Caulfield, 2013), which 

is delivered via graphical or audio-visual cues or both (McConville, 2012). With feedback, patients 

can improve accuracy, engage more, and the ongoing contact with a professional to monitor 

movement quality is reduced (Giggins et al., 2013). An important addition in VRR is the use of a 

virtual teacher, who can repeat movements as often as needed with the same accuracy. Through 

observation, mirror neurons, which directly influence the primary motor cortex, are activated and 

enhance learning (Holden, 2005). In addition to the aforementioned advantages of VR in 

rehabilitation, Barzilay and Wolf (2013) state that VRR has the advantage to collect quantitative data 

of the training process (Barzilay & Wolf, 2013). 

In a meta-analysis, Howard (2017) found that overall, VRR programs are more effective tools than 

traditional rehabilitation programs, especially in strength development. Although, some results of this 

meta-analysis should be considered with caution because the effects in gait and motor control were 

only marginally significant and had variation. Only strength results had a large significant effect. 

Since VR can provide different stimuli, excitement is added, as well as a motivating challenge due 
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to the gaming elements. Additionally, rehabilitation exercises are more realistic and therefore 

activate more realistic motor and neural pathways, which can be an advantage when performing the 

real-life task after rehabilitation. However, currently it is not known which mediating mechanisms 

lead to improved outcomes after VRR (Howard, 2017).  

Exergaming acts as an example for VR in rehabilitation and can improve exercise execution, body 

equilibrium, joint flexibility and muscle strength (Tannous et al., 2016).  

1.3.3 Dual Task during Rehabilitation 

When adding a cognitive load to the rehabilitation program, the dual task performance increases 

(Howard, 2017). A certain degree of cognitive challenge can contribute to optimal physical 

performance, but if the challenge exceeds the processing capacity of the brain, performance 

decreases. The relationship between motor task and cognitive task performance is very complex. 

Depending on which type of cognitive challenge the participant is facing, the decrements may involve 

the motor or the cognitive task. In a review, Burcal et al. (2019) investigated the effect of a dual task 

condition on movement patterns of injured individuals. Of the eight studies investigating ACL injury, 

71% found at least one alteration in motor performance. In 75% of the studies a significant task or 

condition difference between single and dual task was found, whereas in 25% of the studies no 

differences were reported or assessed. These numbers show that the movement patterns are 

changed when facing an additional cognitive load to the physical load, even though at the moment 

no evidence regarding cognitive loading in rehabilitation for musculoskeletal injury exists (Burcal, 

Needle, Custer, & Rosen, 2019). Burcal et al. (2019) as well as Gokeler et al. (2019) have found that 

ACL-injured individuals rely more on visual input and cortical motor planning to control knee 

movements which leads to a competition of attentive resources in line with the cognitive resource 

theory. However, it remains still unclear whether the trade-offs involve the cognitive or the motor task 

(Burcal et al., 2019). 

After investigating motor learning principles to optimize performance and reduce the risk of a second 

ACL injury, Gokeler et al. (2019) proposed four key concepts that may enhance rehabilitation.  

1. Attentive demands could be reduced with an external focus of attention. This external focus 

can be achieved by shifting the patient’s consciousness to the effects of the motion on the 

environment. Through increased intracortical inhibition, the attentional demands are then 

reduced. 

2. Implicit learning, allowing the patient to ‘feel’ a movement, would promote automated 

movements. By using limited visual information through implicit learning, the anticipatory 

skills of an athlete can be improved. 

3. In contrast to providing athletes with only one movement strategy or exercise for a certain 

movement pattern, with differential learning rehabilitating athletes would find their individual, 

optimal movement strategy.  
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4. Self-controlled learning positively influences motor learning due to positive reinforcement 

which is provided through intrinsic motivation, interest, and enjoyment. Contextual 

interference, meaning “the interference in performance and learning that arises from 

practicing one task in the context of other tasks” (Gokeler et al., 2019), prepares athletes for 

their return to sports.  

The authors conclude that, especially during the late stages of rehabilitation, reaction time, 

information processing, focus of attention, visual-motor control, and complex task-environment 

interactions should receive more attention (Gokeler et al., 2019). 

Some of these motor learning principles could be applied during a training in the ExerCube. When 

assessing the cognitive load in respect to risk of an ACL rupture, a cognitive load may decrease the 

ability to reactively stiffen the knee joint, which can be a negative risk factor for ACL rupture (Kim et 

al., 2016).  
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1.4  The ExerCube 
The ExerCube fitness game is an example for an immersive exergaming device with the use of VR 

(Figure 2). Research-based fitness concepts are combined with an attractive game design. It 

consists of three walls which surround the player and serve as projection screens and haptic 

interface for body interactions (Sphery, 2020a). Players wear trackers attached to their wrists and 

ankles (Appendix A), and an optional heart rate sensor, which act as controllers.  

 

Figure 2: The ExerCube without running projectors (left side) and the ExerCube experience (right side) when the system 
is turned on (Reference: Own pictures). 

After a warm-up phase, the adaptive program of the ExerCube trains at anaerobe to high intensity 

levels according to the player’s individual motor-cognitive and motor-coordinative skills. There are 

five different levels. At each level additional exercises are introduced (Table 1). 

Table 1: Exercises of the ExerCube at each level (Martin-Niedecken, Rogers, Vidal, Mekler, & Segura, 2019). 

Level Exercises 

I 

Low Touch Right or Left 
Touch Right or Left 

High Touch Right or Left 

II 
Punch Right 
Punch Left 

III 
(basic) Jump 

(Sumo-) Squat 

IV 
Lunge Right 
Lunge Left 

V 
Tripples 
Burpee 

 

During all exercises, except the punches and the lunges, the player faces the front wall. All touches 

include shuffle steps to either the right or the left wall and a touch of the targets on the wall, which 

can be at three different heights. The punches are executed by the opposite hand requiring lateral 

rotation. Deep lunges are performed facing the edge of the ExerCube. During the tripples, small and 



13 

 

fast steps are required to complete the exercise in time. For the burpee, first a basic jump is 

performed followed by a jump into the plank position with an optional push-up until the speaker of 

the game asks the player to get up. Detailed descriptions and figures of the different exercises can 

be found in appendix A. Feedback is provided via visual and auditory cues (Martin-Niedecken et al., 

2019). When training with the ExerCube for the first time, one is easily overwhelmed by all the visual 

and auditory inputs. Another challenge is to understand what the correct movement of the extremities 

for each task has to be, so that the system recognises it and rewards points. With learning it gets 

easier to process all stimuli and move with the adequate quality and timing (Martin-Niedecken et al., 

2019). 

Previously, a study comparing the ExerCube training versus a training session with a personal trainer 

was conducted. Experiences of participants between the two conditions were compared in several 

aspects. Distinct differences were found in mental focus, perception of exertion, and execution in 

movements. ExerCube players’ experience showed that the focus during a training session is 

completely on the game, whereas during a personal training session the mental focus was on the 

trainer or the own body. During the training with the ExerCube physical exertion was not noticed, but 

in personal training the participants noted the exertion. Movement quality was more uniform in the 

personal training condition. In the ExerCube, the movements depended more on environmental 

factors (Martin-Niedecken et al., 2019).  

It is unknown whether a training session in the ExerCube is safe for patients after ACLR. Therefore, 

a biomechanical quality assessment of the movements during a training session in the ExerCube is 

needed to know if it is applicable for rehabilitation purposes. This is the aim of this master thesis. To 

the authors knowledge, no such quality assessment exists. 
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1.5 Research Question 

1.5.1 Primary Research Question 

Does the cognitive and physical challenge of the ExerCube training lead to a knee flexion angle 

between 10° and 30°, which is a biomechanical risk factor for an ACL (re-) rupture? 

1.5.2 Secondary Research Questions 

Does the cognitive and physical challenge of the ExerCube training lead to a valgus of the knee, 

which is a biomechanical risk factor for an ACL (re-) rupture? 

Does a trunk inclination angle of 30° to 40°, which unloads the ACL, occur during a training with the 

ExerCube? 

 

1.6 Hypotheses 
1. The challenge of the ExerCube leads to knee flexion angles between 10° and 30° when 

training with the ExerCube. 

2. The challenge of the ExerCube leads to valgus of the knee when training with the ExerCube. 

3. A trunk inclination angle of 30° to 40° occurs when training with the ExerCube. 

  



15 

 

2. Materials and Methods 

2.1 Participants 
A total number of 14 female participants aged 18 - 32 years (Mean: 25.25 years, SD: 3.72 years) 

which play either basketball, handball, floorball, soccer or volleyball were recruited in and around the 

city of Winterthur through distribution of study information to sports clubs. Participants were regularly 

physically active in a competing sports team with at least two training sessions per week, each lasting 

at least one hour (Mean training hours per week: 4.58 hours, SD: 2.10 hours). Only healthy 

participants without any cardiovascular, pulmonary or musculoskeletal diseases were included. 

Additionally, sufficient German language skills were required. At the time of the two measurement 

sessions participants had to be within days 0 - 12 of their menstrual cycle (= follicular phase). 

Participants were excluded if they were pregnant or breastfeeding, a doctor prohibited high impact 

sports, they had any prior surgery to the lower limbs, they had a prior injury to the anterior cruciate 

ligament, or they were unable to give consent. After the pre-screening one participant dropped out 

due to an ACL injury and one participant dropped out after the first measurement session due to an 

ankle sprain during training.  

The final study sample consisted of five volleyball players (42%), four soccer players (34%) and one 

player of each basketball (8%), floorball (8%), and handball (8%). Average height was 

168.67 centimetres (SD: 4.54 centimetres) and average weight was 65.1 kilograms 

(SD: 5.25 kilograms). In all participants, the right leg was the dominant leg. Two third of the 

participants (n = 8) took hormonal contraception while one third (n = 4) did not. Only four participants 

had an injury during the past six months. These injuries were contusion of the carpal bones of the 

hand (n = 1), contusion of the right thumb saddle joint (n = 1), superior labrum anterior and posterior 

lesion of the left shoulder (n = 1), and left ocular contusion (n = 1). No participant did report any pain 

or injury of the lower extremities at the day of the measurements, nor did feel impaired by any prior 

injuries to the upper extremities when performing.   
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2.2 Procedure 
When athletes were interested in participating, a pre-screening was made in order to determine 

whether inclusion and exclusion criteria are fulfilled. After passing the pre-screening, a detailed 

information about the study and its procedure was sent by e-mail (Appendix B). Participants were 

asked to read the information carefully, but not sign the informed consent document until the 

measurement session. Upcoming questions were answered either via phone, e-mail or personally 

at the measurement session. Two measurement sessions with three assessments were planned 

(Figure 3). 

 

Figure 3: Overview of the different measurement sessions (Reference: Own illustration). 

A clarification of responsibility was submitted to the ethics committee of the canton Zurich (BASEC-

Nr. Req-2020-00820). After revision of the project, the ethics committee decided that the project 

does not fall under the human ordinance act and therefore no approval of the cantonal ethics 

committee is needed. 

 

2.3 First Measurement Session: Strength Measurement and Questionnaire 
Isokinetic dynamometry of knee flexion and knee extension was performed at the WIN4 Medbase 

in Winterthur with the HUMAC Norm (Model 502140, Computer Sports Medicine Inc., Stoughton 

USA) in a seated position. After arriving at the testing facility, all questions regarding the procedures 

of the study were answered and the informed consent document was signed by the participant and 

the investigator. Then, it was assessed whether they still met the selection criteria. Since strength 

measurements were adjusted to each individual’s body weight, body weight was measured in sports 

gear but without shoes. Afterwards, participants performed a warm-up on a cycle ergometer for five 

minutes with a Watt performance of twice their body weight. During the warm-up, the questionnaire 

(Appendix C) involving questions regarding age, type of sports, training hours per week, dominant 

leg, hormonal contraception and prior injuries was answered by the participant and the testing 

procedure for knee flexor and knee extensor was explained thoroughly. The dominant leg was 

determined as the leg which is being used to kick a ball.  
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After sitting on the testing instrument, the backrest including lumbar cushion was adjusted, and the 

rotational axis of the dynamometer was aligned with the knee joint. It was assumed that the line 

passing transversely through the femoral condyle is the centre of rotation. To find the centre of 

rotation, the joint space of the knee was found through palpation of the fibula head. The lever arm 

was adjusted to each individual’s lower leg length such that the pad was on the athlete’s tibia just 

above the malleolus. Afterwards, the participant’s position was secured through a seat belt, shoulder 

belts and a thigh stabilizer strap. The participants had to place the contralateral limb behind the 

stabilizer and put their hands on the corresponding rails. The ROM was set from 0°, which equals 

full extension, to 90°. Boundaries of this ROM were set by the program and mechanically with stops, 

which were placed according to each individual’s ROM. The ROM was tested thoroughly such that 

the participant felt comfortable and a secure test was possible. The testing protocol occurred as 

follows, first for the dominant limb and then for the non-dominant limb: 

1. 3 trial repetitions at 240°s-1 with submaximal effort (not included in the analysis) 

2. 10 seconds break 

3. 3 repetitions at 240°s-1 with maximal effort (not included in the analysis) 

4. 60 seconds break 

5. 3 trial repetitions at 60°s-1 with submaximal effort (not included in the analysis) 

6. 10 seconds break 

7. 3 repetitions at 60°s-1 with maximal effort 

8. 60 seconds break 

During the trial repetitions participants were asked to give 80% of their maximal effort. While 

participants were performing the three repetitions with maximal effort, they were encouraged verbally 

by the investigator. With the repetitions at 240°s-1 with maximal effort participants could get 

accustomed to the testing procedure. For the angular velocity of 60°s-1, the peak force of the knee 

extensor and the knee flexor was used for analysis of leg differences and the hamstrings to 

quadriceps (H/Q) peak torque ratio was used for analysis of strength distribution between the knee 

flexor and extensor. The effect of gravity was not corrected. 

Study data were collected and managed using REDCap (Research Electronic Data Capture), a web-

based software platform designed to manage research study data, with a secure server hosted at 

Zurich University of Applied Sciences (Harris et al., 2019; Harris et al., 2009).  
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2.4 Second Measurement Session: ExerCube Training 
Before the ExerCube training could start, at least 24 hours must have passed since the strength 

measurement to ensure proper recovery. Since participants had to be between days 0 and 12 of 

their menstrual cycle (= follicular phase), the two measurement sessions could not take place more 

than 12 days apart from each other. After arrival of the participant, a video including detailed 

information on how to perform the exercises in the ExerCube was shown (Sphery, 2020b). This video 

was shot and provided by Sphery Ltd., the manufacturer of the ExerCube. Then, the participant’s 

height was measured. After the correct placement of the trackers on each wrist and each ankle, a 

familiarization session lasting three minutes and including a stepwise introduction of all the different 

exercises through tutorials, was performed. Since tutorials were only available in English, 

participants were asked to not hesitate to ask questions when they were having difficulties 

understanding the foreign language. In order to see the tutorial, the DualFlow program was chosen 

in workout mode. Workout mode meant that the exercises were chosen randomly. The aimed heart 

frequency (HF) was chosen as 80% of maximal HF. The maximal HF is automatically calculated by 

the program after insertion of information on the participant’s age and weight. If any questions 

regarding the correct performance of any exercise came up, it was answered by the investigator. 

When performing, visual and acoustic feedback was automatically generated by the ExerCube 

program. Furthermore, motivational commands on how to perform each exercise correctly were 

presented verbally in English. As soon as the familiarization session was finished, the XSens MTw 

Awinda measuring system was put on. Each sensor and each strap was placed according to the 

instructions provided by the manufacturing company. Only lower body sensors (foot right and left, 

lower leg right and left, upper leg right and left, and pelvis) were applied. Figure 4 shows where all 

straps and sensors were placed in a participant. Detailed pictures of the MTw Awinda sensor 

placement can be found in appendix D.  

 

Figure 4: Back view of the placement of the measuring system on a participant (Reference: Own picture). 
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Before the training and simultaneous measurement session could start, the system had to be 

calibrated. To achieve a good quality of the calibration the participant had to stand still for a few 

seconds and the room had to be clear of interfering objects. The participant’s height had to be 

provided to the program, so that the calculations (described in detail in 2.4.2) were more accurate.  

As soon as the participant was ready to perform again, the 25-minute DualFlow workout in the 

competition mode with seed was started. A seed is a pre-defined order of exercises, so that each 

participant has the same order of exercises and only the pace at which they occur is adjusted. The 

chosen seed number “0508” consisted of a total of 651.1 ± 29.6 exercises, depending on the 

performance level. Half of the exercises had to be performed on the right side and the other half on 

the left side. The distribution of exercises in the chosen seed can be seen in appendix A.   

A camera, recording with 60 frames per second, was placed behind the participant in the middle of 

the ExerCube room and approximately at the height of the participant’s knee joint. The video data 

was used to determine the start and end of each exercise. 

2.4.1 XSens MTw Awinda 

The XSens MTw Awinda (XSens Technologies, Enschede, Netherlands) is a system consisting of 

inertial magnetic units which are wirelessly connected to the computer program MVN Analyze. It is 

able to calculate joint angles based on position data from the sensors. Additionally, it can collect 

data about angular velocity, acceleration, earth magnetic field, and atmospheric pressure in 3D. 

Previously, it has been shown that XSens is a reliable tool to measure joint angles (Zhang, Novak, 

Brouwer, & Li, 2013). The XSens measuring system saves data at 60 Hertz. 

2.4.2 Calculations 

The MVN Analyze software accompanying the XSens MTw Awinda allows to export an mvnx-file 

containing information about position, velocity, angular velocity, acceleration, angular acceleration, 

centre of mass, time code, joint angle, motion tracker acceleration, motion tracker angular velocity, 

motion tracker orientation, and motion tracker magnetic field. Calculation of the joint angles by the 

MVN Analyze program occurs as follows. 

After calibration the MVN Analyze sets the right heel of the participant as origin (0,0,0) of the global 

coordinate system. For each joint a local coordination system is defined with the centre of rotation 

as origin, X pointing forward, Y pointing upward from joint to joint, and Z pointing to the right. Each 

functional axis is described as the rotation around the two adjacent axes, for example for the knee 

joint, of the lower leg with respect to the upper leg. Flexion/extension occurs around the Z-axis, 

abduction/adduction around the X-axis, and endo/exo rotation around the Y-axis. The MVN Analyze 

calculates joint angles according to the standards for rotation sequences of the International Society 

of Biomechanics. Joint angles are extracted as Euler angles with Z as flexion/extension, X as 

abduction/adduction, and Y as internal/external rotations, where the hip is the joint between the 
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pelvis and upper leg, and the knee is the joint between the upper leg and the lower leg (XSens 

Technologies, 2020). 

Therefore, knee and hip joint angles around the Z-axis in positive direction (= flexion) and knee joint 

angles around the X-axis in negative direction (= adduction) were exported into MATLAB (R2018b, 

The MathWorks Inc., Natick USA) for further analysis. First the start and end of each exercise, 

defined as the point where the participant is closest to a neutral, upright standing position (knees 

and hip fully extended, feet touching the ground and hip width apart, equally distributed weight) was 

determined through video analysis. All exercises which were visually correctly performed, even when 

the ExerCube did not consider them as correct (for example due to wrong timing), were used for 

analysis. In order to align the video data and the joint angle data, the frame difference between the 

two systems was calculated by comparison of the deepest point of the first squat in the video and 

the highest knee flexion angle. Even though the sampling frequency of each system was 60 Hertz, 

they did not transmit data at this constant rate. Therefore, the frame difference was calculated again 

for the last squat for comparison. Then the joint angle data of each lower body exercise (Squat, 

Jump, Lunge Right, Lunge Left, Burpee) was extracted and tested for plausibility. All non-plausible 

data or data where crosstalk was visible, was excluded. Since the pelvis belt rode up during the 

ExerCube training of all participants, its data is not reliable anymore. Therefore, the hip flexion angle 

was only qualitatively examined through video analysis. Data of five participants had to be excluded 

completely. In all of the remaining seven participants, crosstalk or non-plausible data was found in 

the data of one leg, which was excluded as well (final sample size: right leg n = 5, left leg n = 2). Due 

to implausible data with possible interactions of the XSens system and the tracking system of the 

ExerCube (HTC Vive), the burpees of all participants were excluded for analysis. Except the lunge, 

where a distinction between front leg and back leg was made, all exercises were assumed as 

symmetrical. Therefore, data of one leg was considered enough for analysis. For each exercise it 

was determined which percentage of time the knee flexion angle was in the range between 10° to 

30°. Additionally, the number of milliseconds during which the participant was in the susceptible knee 

flexion angle, was calculated for every exercise. In each exercise the peak adduction angle was 

found and considered for analysis.  
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2.5 Statistics 
Statistics were calculated with R (Version 4.0.3, The R Foundation for Statistical Computing) and 

RStudio (Version 1.3.1093, RStudio PBC). For analysis of the effects of the ExerCube training on 

movement quality (knee flexion angle and knee adduction angle), a two-way within subject linear 

mixed model was used. It was assumed that the variables are normally distributed, and the fixed 

effects are time and exercise. This assumption was checked with a plot of the residuals. Since the 

number of datasets used for analysis is large, the assumption of the central limit theorem can be 

considered true. Several polynomial models of time with different degrees were made and compared 

with an ANOVA. The model, which fitted the real data the best was chosen for analysis. In order to 

compare the different exercises, contrasts were calculated. The level of significance was chosen as 

p < 0.05. 

To assess differences of the H/Q-ratio of the dominant and the non-dominant leg, a paired t-test was 

performed. Additionally, the relative peak torque of the knee flexor and the knee extensor was 

compared between the dominant and the non-dominant leg with a paired t-test. Since there are only 

12 participants, normal distribution of the data was assessed with a Shapiro-Wilk test which showed 

no significant difference. Furthermore, it was assessed whether data is skewed. This was not the 

case. In order to be significant, the p-value of a test had to be smaller than 0.05.  
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3. Results 

3.1 ExerCube Training 

3.1.1 Knee Flexion Angle 

The mean amount of time during which the knee flexion angle was between 10° and 30° varied 

between the exercises (Table 2). Most notably are the differences between the front and back leg of 

the left lunge, as well as front and back leg of the right lunge.  

Table 2: Mean time of the knee flexion angle in the susceptible range of 10° - 30° for each exercise. 

Exercise (number of 
measurements) 

Mean time [ms] with knee flexion angle between 
10° and 30° ± SD 

Jump (n = 432) 493.40 ± 189.71 

Lunge Left: front leg (n = 16) 392.16 ± 144.95 

Lunge Left: back leg (n = 38) 1541.67 ± 1986.74 

Lunge Right: front leg (n = 33) 1108.33 ± 1500.85 

Lunge Right: back leg (n = 14) 342.86 ± 217.77 

Squat (n = 390) 392.91 ± 275.89 

 

 

Figure 5: Mean percentage of exercise duration in which the participants were in the susceptible knee flexion angle. 
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Figure 5 shows the amount of time during which the participant’s knee flexion angle was in the 

susceptible range (between 10° and 30°) in comparison to the duration of the exercise. Even though 

the mean time in milliseconds suggests the back leg of the left lunge and the front leg of the right 

lunge were in the susceptible range the most, when the percentage is considered this observation 

is not true anymore (Figure 5). During the jump the knee was in the susceptible range in 34.61% of 

the whole exercise duration, which was the highest percentage of all exercises. The squat and the 

back leg of the left lunge were in the susceptible range for 23.68% respectively 21.35% of the total 

duration, while the front leg of the left lunge and the back leg of the right lunge were only 5.54% 

respectively 4.87% of the total duration in the susceptible flexion angle. 

No significant differences could be detected between jump and all the other exercises (jump vs. front 

leg of the right lunge p = .78, jump vs. back leg of the right lunge p = 1.00, jump vs. front leg of the 

left lunge p = 1.00, jump vs. back leg of the left lunge p = .55, jump vs. squat p = 1.00). The squat 

did not reveal any significant differences when compared to the front (p = 1.00) or back leg (p = .42) 

of the left lunge, nor in comparison to the front (p = .65) or back leg (p = 1.00) of the right lunge. 

Between the back and front leg of the right lunge (back leg vs. front leg p = .91) and the left lunge 

(back leg vs. front leg p = .84), no significant differences exist. Comparison of both the back leg 

between the right and left lunge (p = .80), and the front leg between the right and left lunge (p = .93) 

resulted in no significant differences. No significant difference as well was found in the comparison 

of the front leg of one side of the lunge with the back leg of the other lunge side (front leg left vs. 

back leg right p = 1.00, front leg right vs. back leg left p = 1.00).  

    

Figure 6: Mean time in the susceptible knee flexion angle for each subject. 
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Differences in the time during which participants were in the susceptible knee flexion angle were 

present (Figure 6). Whereas for the jump, front leg of the left lunge, back leg of the right lunge, and 

squat, no big difference can be detected visually between the participants, for the back leg of the left 

lunge and the front leg of the right lunge a difference from the other participants can be clearly seen 

in subject 14 and subject 18. 

Figure 7: Example of the knee flexion and the knee 
adduction angle of the right leg during a jump. 

 
Figure 8: Example of the knee flexion and the knee 
adduction angle of the right (back) leg during a left lunge. 

Figure 9: Example of the knee flexion and the knee 
adduction angle of the right (front) leg during a right lunge. 

Figure 10: Example of the knee flexion and the knee 
adduction angle of the right leg during a squat. 

The knee flexion angle, as well as the knee adduction angle of an example exercise of subject 1 can 

be seen in figure 7, figure 8, figure 9, and figure 10. During the lunges and the squat, knee flexion 

angles reached maximal values over 100°, while during the jump a maximal knee flexion angle only 

slightly bigger than 60° was measured. The duration of the lunges, with over 450 frames, which 

equals more than 7500 milliseconds, was much higher than the duration of the jump and squat, 

which was approximately 100 frames (= 1667 milliseconds).  
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3.1.2 Knee Adduction Angle 

A small difference between the exercises can be seen for the mean adduction angle of all participants 

(Table 3). Whereas the mean adduction angle for the back leg of the left lunge is much lower than 

the adduction angles for the right lunge, the mean adduction angle of the front leg of the left lunge is 

much higher than the adduction angles for the right lunge.  

Table 3: Mean knee adduction angle of all participants for each exercise in degrees. 

Exercise (number of measurements) Mean adduction angle [°] ± SD 

Jump (n = 432) 11.99 ± 9.31 

Lunge Left: front leg (n = 16) 36.18 ± 5.44 

Lunge Left: back leg (n = 38) 5.18 ± 6.35 

Lunge Right: front leg (n = 33) 20.47 ± 16.44 

Lunge Right: back leg (n = 14) 20.30 ± 18.74 

Squat (n = 390) 24.14 ± 16.93 

 

The differences in the knee adduction angle between jump and back leg of the left lunge (p = 1.00), 

jump and back leg of the right lunge (p = .96), back leg of the left and right lunge (p = .96), front leg 

of the left and right lunge (p = 1.00), plus front leg of the left lunge and back leg of the right lunge  

(p = .55) were not significant. No significant differences were found as well between the squat and 

front leg of the left lunge (p = .91), front and back leg of the right lunge (p = .79), back leg of the right 

lunge and squat (p = .95), and front leg of the right lunge and squat (p = .95). Differences between 

jump and front leg of the left lunge (p = .12), back and front leg of the left lunge (p = .18), jump and 

squat (p = .10), and back leg of the left lunge and squat (p = .14) are more likely, although not 

significant. Two comparisons (jump vs. front leg of the right lunge p = .04, back leg of the left lunge 

vs. front leg of the right lunge p = .04) led to significant differences. 

3.1.3 Trunk Inclination Angle 

A qualitative video analysis revealed that, even though the movement pattern differed between each 

participant and each exercise, during the squat all participants tilted their pelvis. Two participants 

(subject 2 and subject 9) lifted their heels off the ground when performing the squat. Six participants 

did not tilt their pelvis visibly when jumping, while five participants slightly tilted their pelvis, either 

during the countermovement or the landing phase. Only one participant did a squat (with hands 

beneath the ankles) as countermovement of the jump and therefore had a clearly visible trunk 

inclination. Most differences were observed during lunges, even within the same participants. When 

the system did not recognise the lunge, participants moved their trunk a lot in order to find the spot 

where the system registers the lunge. Therefore, no clear statement can be made for the lunges.  
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3.2 Strength Measurement 
The mean H/Q peak torque ratio for the dominant leg was 71.0% ± 9.65% and for the non-dominant 

leg 73.75% ± 14.56%. No significant differences of the H/Q peak torque ratio between the dominant 

and the non-dominant leg were found (t (11) = -0.67, p = .52).  

The mean relative peak torque for the knee flexor of the dominant leg was 144.58% Nmkg-1  

± 10.40% Nmkg-1 and for the non-dominant leg it was 145.85% Nmkg-1 ± 16.90% Nmkg-1. For the 

relative peak torque of the knee extensor mean values were 205.50% Nmkg-1 ± 27.32% Nmkg-1 for 

the dominant leg and 201.42% Nmkg-1 ± 32.37% Nmkg-1 for the non-dominant leg. When the relative 

peak torque values of the dominant and the non-dominant leg were compared, neither for the knee 

flexor (t (11) = -0.31, p = .76), nor for knee extensor (t (11) = 0.67, p = .52), a significant difference 

was found.   
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4. Discussion 

4.1 ExerCube Training 

4.1.1 Jump 

The highest percentage of the total duration of the exercise, during which participants were in a knee 

flexion angle between 10° and 30°, was found in the jump. It is most likely that participants had low 

flexion angles during the propulsion phase (between the bottom of the countermovement and the 

take-off including forceful extension of hips, knees and ankles), as well as the early landing phase 

(Figure 7). Especially the landing phase, or more specifically the position of the knee when landing, 

is crucial for ACL injury risk since a typical non-contact injury occurs when landing from a jump with 

the knee near full extension and in a valgus position (Kaeding et al., 2017; Leppänen, Pasanen, 

Kujala, et al., 2017). When landing, participants often had a small knee flexion angle and their upper 

body was upright. This suggests a high load on the ACL. Whereas the peak adduction angle, which 

represents the knee valgus, peaked during the countermovement and the post-landing phase and 

was around zero during the transition phases, does not add to a higher risk for ACL re-rupture 

(Figure 7).   

Even though the representations of knee flexion and adduction angle in the example exercise of 

subject 1 (Figure 7) do not suggest it, it is possible that the cognitive task of the ExerCube and the 

physical challenge (due to previous and following exercises) led to altered pre-landing biomechanics 

with a peak strain on the ACL during pre-landing as in the study of Dai et al. (2018). Additionally, the 

level of the ExerCube, which determines the speed of the exercise sequence, could play a role in 

ACL injury risk since according to Escamilla et al. (2012) higher deceleration results in bigger ACL 

loading. The load on the ACL could be reduced by a proper landing technique which includes 

adequate knee flexion, forward trunk tilt, controlled knee valgus, hip adduction, and internal rotation 

(Escamilla et al., 2012; Leppänen, Pasanen, Krosshaug, et al., 2017).  

Because an increased trunk flexion when landing leads to increased muscle forces of the hamstrings 

and gluteus maximus which in turn reduces knee extension and valgus moment associated with 

decreased loading on the ACL (Hughes, 2014), it is favourable to land with an inclined trunk. 

Observations through video analysis found that participants did not execute the landing in a 

favourable way, which could increase ACL injury risk. 

The collected data suggests that both investigated risk factors for an ACL injury are present when 

performing the jump during the ExerCube training. Therefore, especially during the early phases of 

rehabilitation, it is not recommended to perform this exercise. During later stages of the rehabilitation, 

the exercise may be performed with low speed and adequate teaching of the proper landing 

technique. Additionally, a supervisor (e.g. physical therapist) should be present in order to remind 

the patient of the correct landing technique in case the patient gets distracted by the game or the 

competition associated with it. 
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4.1.2 Lunges 

The flexion angle of the back leg increased steadily until the final position of the lunge is reached 

(Figure 8). In contrast, the front leg flexion angle first increased when lifting the foot off the ground 

for the forward step and then decreased when the weight was shifted forward. Afterwards it 

increased steadily until the final position of the lunge was reached (Figure 9). When returning to the 

upright standing position from the lunge, both the back leg and the front leg first decreased in knee 

flexion angle and then increased again when the step back was made. A big difference in the mean 

knee flexion angle was found between the front and back leg of both lunges. This difference could 

be explained by different techniques because data for the front leg and the back leg is from different 

participants. Two participants had a much higher number of milliseconds in the susceptible knee 

flexion angle range, which can be attributed to different techniques as well (Figure 6). The affected 

participants either flexed the knee of the front leg to a great extent while having their back leg almost 

at full extension (subject 14) or only slightly flexed both knees (subject 18). In contrast, other 

participants mainly flexed their back leg while the front leg was almost fully extended, or they flexed 

both knees to the same extent. Therefore, it is likely that a great variability in technique resulted in 

different results or even led to a shift of the mean. Furthermore, the amount of data sets for lunges, 

especially for the front leg of the left lunge and the back leg of the right lunge with data from two 

participants, was very low. Also, the other lunge variables did not have a high quantity of data from 

only five participants. Results of the lunges have therefore to be interpreted with caution. 

Knee adduction angles of the left lunge differed greatly between the front and the back leg which 

can likely be attributed to different techniques. Additionally, balance problems may likely have 

influenced knee adduction angles. When the leg is stretched, balance problems are less likely to 

occur. Because the two participants with almost fully extended back legs (subject 14 and subject 18) 

were part of the group for the back leg of the left lunge, the adduction angle there might be so low. 

On the other hand, the data for the front leg of the left lunge consisted only of data from two 

participants, who may have had balance problems and shifted their knee to the right and left. This 

might result in such a big mean angle. In the right lunge, the mean adduction angles of the back leg 

and the front leg were almost identical. This suggests a symmetrical movement of both legs in the 

lateral direction from different participants. When no balance problems occurred, the knee adduction 

angles were almost constant during the whole duration of the lunge (Figure 8, Figure 9). It can be 

noted that a small abduction of the back leg (left lunge) occurred while a small adduction of the front 

leg (right lunge) occurred in the example participant.  

Movements of the trunk during performance of the lunge in both, the right and the left corner, varied 

greatly between and within the participants. Even though, co-activation of the hamstrings can be 

assumed during a lunge, no clear statements regarding trunk flexion angle can be made.  
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Although there is a statistically significant difference between the back leg of the left lunge and the 

front leg of the right lunge, as well as between the jump and the front leg of the right lunge, it must 

be interpreted cautiously due to the low amount of data. The difference between the back leg of the 

left lunge and the front leg of the right lunge could be explained by a stable back leg of the left lunge 

and an unstable front leg of the right lunge, for example due to balance problems. Landing from a 

jump may be an anticipated movement and therefore result in smaller peak adduction angles. 

Furthermore, the front leg of the right lunge could have been very unstable in the lateral direction. 

These are two potential explanations of the significant difference between the jump and the front leg 

of the right lunge. Additionally, during the jump the ExerCube recognises the lifted arms in the flight 

phase which means the athlete can fully concentrate on a correct landing, while during the lunge, 

the arms have to be in the optimal position in the ExerCube space and in front of the chest for the 

system to recognise it. Therefore, the participant might be concentrating on the correct arm position 

during the lunge and not be aware of the position of the legs. 

Even if the participants used different techniques, Escamilla et al. (2012) stated that ACL loading is 

minimal during the forward lunge. This fact is supported by the low percentage of the whole exercise 

duration during which the knee flexion angle was between 10° and 30°. When no balance problems 

occurred during the lunge, the knee flexion angle and knee adduction angle remained constant as 

soon as the participant was in the correct position (Figure 8, Figure 9). 

Since only a very low amount of time is spent in the susceptible knee flexion angle range and the 

lunge can be performed without having as much time pressure as in all other exercises, it should 

also be possible to perform when rehabilitating from an ACL injury. Because early after surgery, due 

to swelling, the ROM of the knee is not high enough to perform the lunge, it is recommended that 

this exercise is performed as soon as the required flexion range can be achieved. 

4.1.3 Squat 

Because the squat is such a quickly performed exercise, even though the mean time in the 

susceptible knee flexion angle was low, the percentage of the whole exercise duration in the 

susceptible angle for the squat had the second highest number. The example participant had a 

slightly increased flexion angle at the beginning of the exercise which shortly decreased before it 

increased again (Figure 10). This was because the example participant did a step to the left to 

increase the distance between the feet before squatting down which resulted in the slightly bigger 

flexion angle of the right leg at the beginning of the exercise. When the optimal position for the squat 

was reached, the knee flexion angle increased steadily until the hands were touching the ground. 

Then it decreased continuously until the body was in an upright position. Small differences between 

the participants exist which can be attributed to difference techniques. Some participants sat down 

on their heels while simultaneously lifting the heels off the ground, and others showed great flexibility 

because they touched the ground with hardly any flexion of the knee. These technique variations 
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could lead to a different loading on the ACL. Primarily, lifting the heels off the ground which leads to 

a big forward knee movement beyond the toes and a greater knee flexion angle, could increase the 

load on the ACL over three times when compared to a squat with the heels on the ground (Escamilla 

et al., 2012).  

Even though figure 10 suggests that the knee adduction angle was constant during the whole 

duration of the squat, the mean peak knee adduction angle of all participants was much higher. This 

could be attributed to different techniques as mentioned above. Another possible influence factor 

could be that the different systems (HTC Vive trackers and XSens sensors) influenced each other 

due to close proximity to one another when in a squat, even though no systematic measurement 

error could be detected in the plausibility graphs. An almost significant difference was found between 

the jump and the squat, which might have resulted from either different techniques and the great 

variation resulting from it or from the anticipation of the landing which was present in the jump while 

during the squat participants already concentrated on the next exercise. 

All participants, except the two who sat on their heels when squatting, had a clearly inclined trunk. 

While doing a squat with a tilted trunk leads to a decrease of ACL loading, doing a squat with an 

upright trunk results in more loading on the ACL (Escamilla et al., 2012). This is likely due to the fact 

that hamstrings are activated when the trunk is tilted forward while quadriceps muscles are more 

activated when the trunk is upright (Ohkoshi, Yasuda, Kaneda, Wada, & Yamanaka, 1991).  

Overall, the squat does not lead to high strain on the ACL, especially when the trunk is tilted forward 

to decrease loading and can therefore be performed during rehabilitation after ACLR. Since the ROM 

early after surgery is decreased and the ExerCube might not recognise a squat with a limited ROM, 

it is not recommended during early stages of rehabilitation. During later rehabilitation phases the 

squat is a suitable exercise. Because the ExerCube environment leads to an external focus of 

attention, participants have to be carefully instructed on how to perform the exercises correctly 

because the technique is crucial to ACL loading. Furthermore, the speed of the ExerCube may have 

to be reduced that the athlete has enough time to focus on the performance of the exercise and does 

not have to rush uncontrollably into the next exercise.  
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4.2 Strength Measurement 
Other studies (Andrade Mdos et al., 2012; Buchanan & Vardaxis, 2009; Lund-Hanssen, Gannon, 

Engebretsen, Holen, & Hammer, 1996; Pincivero, Gandaio, & Ito, 2003; Risberg et al., 2018) 

investigating recreational and elite female athletes of basketball, handball, soccer, or various types 

of sport, found H/Q-ratios ranging from 50 - 59.4%. Therefore, the mean H/Q-ratio of this study 

population was much higher which means that the mean peak knee flexor strength of this study 

population was higher than average, or the mean peak knee extensor strength was lower. 

Comparison of the absolute and relative knee strength revealed that the participants in this study 

had lower peak knee extensor strength and similar peak knee flexor strength than the reference 

population of elite athletes (Risberg et al., 2018). A reduced knee extensor strength is not favourable 

for ACL injury risk because it limits the potential to protect the ligaments through co-contraction 

(Hewett et al., 2006). The reduced knee extensor strength could also be due to the effect of gravity, 

which was not corrected by the dynamometer. Reference studies found only a small or no difference 

between the dominant and the non-dominant leg which coincides with the results found in this study. 

This also supports the assumption of symmetry which was made. However, results for the non-

dominant leg were slightly higher which could be due to the learning effect since the non-dominant 

leg was tested after the dominant leg. Additionally, three trial repetitions could have been too little to 

accustom to the testing procedure and testing conditions which may have led to lower strength 

results, or three repetitions may not have been enough to reach peak strength values.  
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4.3 Limitations and Outlook 
Several limitations were present in this study. Biomechanical risk factors were only analysed during 

the exercises and not during the time between the exercises, where the risk factors could be present 

as well. Additionally, symmetry of both legs when performing the movements had to be assumed 

because data of only one leg could be analysed which in turn led to a lower amount of data and 

therefore low generalization of the results. There are other unknown factors like motivation and 

physical or cognitive fatigue which could have influenced the movement quality. Even though it is 

known that the ExerCube environment is generally motivating (Martin-Niedecken et al., 2019), the 

fact that the system sometimes did not recognise the exercise, although it seemed to be performed 

correctly, could have demotivated participants. Another potential demotivator could have been that 

the system slowed down when an exercise was not performed correctly. Effects of fatigue were not 

investigated, but it is possible that its effect was compensated by more mistakes of the participants 

which then led to slowing down of the pace at which new exercises appeared in the ExerCube or 

that fatigue led to a decreased movement quality and therefore altered biomechanics. Because no 

balance of the type of sports is present in the study population, different experience, training 

regimens, or demands of a type of sport could have led to confounded results. On the one hand for 

example in volleyball, players often perform jumps while shuffle steps are not performed often and 

on the other hand floorball players frequently use shuffle steps while jumps are performed 

infrequently. Another limitation was the duration of the continuous measurement (25 minutes), which 

resulted in drift of the XSens position data (same drift for all sensors). Furthermore, even though the 

sensors were firmly attached to the skin, their position could have changed slightly during the 

measurement session which could have resulted in inaccurate measurements. The start and end of 

each exercise was determined through video analysis which might have led to investigator bias. 

Moreover, the XSens measuring system did not always transmit the data at a constant rate while the 

video camera recorded constantly, which resulted in a frameshift. Although this frameshift was 

corrected, it might not be perfectly accurate and have resulted in slightly skewed data. Besides, 

hormonal levels and therefore the ROM of the knee or knee laxity could have differed between the 

participants and resulted in different movement patterns. Limitations of the strength measurements 

were that the effect of gravity was not corrected and that only three repetitions were made at each 

angular velocity. Overall, a low amount of data was analysed which is normal for a pilot study, but it 

results in the fact that the data has to be interpreted cautiously.  

To determine whether a training in the ExerCube is safe and suitable for patients after ACLR, more 

research is needed. The biomechanics of the knee between the different exercises has to be 

investigated as well as the biomechanics of the knee during the exercises with more participants. 

Additionally, it would be favourable not to manually determine the beginning and end of each 

exercise since this may lead to investigator bias. Due to different movement patterns after ACLR, an 

investigation of the biomechanics of the knee as well as pain levels during the ExerCube training 
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with former ACL injury patients who already returned to sports is needed. Furthermore, movement 

patterns of the hip and ankle may influence knee biomechanics and have therefore to be investigated 

as well. Strength of the knee flexor and extensor is lower after ACLR compared to healthy 

participants, which also might play a role in the biomechanical movement patterns. Depending on 

the type of graft used, muscle recruitment could be different. For example with the hamstrings graft, 

knee flexor strength is reduced for up to 24 months after the surgery (Pappas, Zampeli, Xergia, & 

Georgoulis, 2013). Therefore, co-activation of the hamstrings is not favoured even though it 

decreases ACL loading. Hence, further investigations after ACLR including type of graft used and 

strength assessments are needed to determine the safety of the ExerCube training during ACL 

rehabilitation. Additionally, a study including only participants of the same sport could give insight 

into previously trained sport-specific mechanisms and reduce differences of physical and cognitive 

demands specific to one type of sport. 
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Conclusion 
The aim of this thesis was to conduct a biomechanical quality assessment during an ExerCube 

training by investigating two biomechanical risk factors and a biomechanical protective factor for an 

ACL (re-) rupture. It can be concluded that even though in all exercises the knee flexion angle was 

in the susceptible range, a knee valgus position was present, and the trunk was not inclined enough, 

during later stages of rehabilitation and with supervision, the squat and lunges should be safe to be 

performed by patients. Both exercises can be performed with a high amount of neuromuscular 

control and the body weight is distributed between the healthy and the injured leg which leads to a 

smaller load on the injured ACL. The amount of available data for the lunge was low, which leads to 

a low generalizability. According to literature the squat should be safe to be performed during 

rehabilitation after ACLR, but the different circumstances of the ExerCube environment lead to small 

risks. The jump has the highest amount of risk since it does fulfil the two investigated risk factors 

(knee flexion angle between 10° and 30°, knee adduction angle) and does not fulfil the protective 

factor (trunk inclination angle between 30° and 40°). The time between the exercises, when the 

speed is high, could even be riskier because movements are often uncontrolled, and participants 

jump from side to side. Due to the high acceleration, explosive movements create high muscular 

effort and potentially increase the loading of the ACL, especially at low knee flexion angles. This 

leads to the conclusion that the jump is the most dangerous exercise. However, biomechanical and 

muscular properties differ greatly between the healthy participants of this study and patients after 

ACLR. Healthy participants have higher muscle strength, different movement patterns, and a full 

ROM since no swelling or pain restricts movements. Therefore, the results cannot be directly 

translated to rehabilitating patients. Many factors which potentially play a role in movement quality 

and biomechanics of the lower body during an ExerCube training remain unknown and have to be 

further investigated in order to determine if an ExerCube training is applicable during ACL 

rehabilitation. But it provides great potential since many factors currently lacking in rehabilitation 

programs such as training of reaction time or visual-motor control is possible with the ExerCube. 
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Appendix 

Appendix A: ExerCube Training Session 

 

Figure 11: Tracker position on the ankle (left) and wrist (right). (spheryfitnessgaming, 2020)  

 

Figure 12: Calibration of the HTC Vive system. (spheryfitnessgaming, 2020) 

 

Figure 13: ExerCube just before the start. (spheryfitnessgaming, 2020) 

All exercises start and end in the centre of the ExerCube at the level of the touch points. 
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Table 4: Description of the different exercises performed during an ExerCube training. (spheryfitnessgaming, 2020)  

Exercise Name Description of Movement Picture 

Touch 

 Sidestep to the right or left wall 
 Touch of the right or left wall in 

the middle of the wall’s height 
 Sidestep back to the centre 

 

Low Touch 

 Sidestep to the right or left wall 
 Touch of the right or left wall at 

the bottom of the wall’s height 
 Sidestep back to the centre 

 

High Touch 

 Sidestep to the right or left wall 
 Touch of the right or left wall at 

the top of the wall’s height 
 Sidestep back to the centre 

 

Squat 

 Sumo squat in the centre of the 
ExerCube space with hands 

touching the ground between the 
legs 

 The upper body is kept straight 

 

Jump 

 Stretch jump in the centre of the 
ExerCube space with use of the 

swing of the arms to jump as 
high as possible 

 



III 

 

Burpee 

 Jump into the air with both 
hands as high as possible 

 Going directly into the plank 
position 

 Holding the position until the 
speaker says “get up now” 

 

Tripples 

 Sprint with arms and legs on the 
spot (centre of the ExerCube 

space) 
 The more evenly the movement 

is, the faster the progress bar 
fills up 

 

Punch 

 Sidestep to the right or left wall 
 Rotation of the upper body 
 Punching of the wall at the 

middle target 
 Sidestep back to the centre 

 

Lunge 

 Aiming at the corner with the 
respective foot and holding the 
arms in place with the hands in 

front of the chest 
 Position of the upper body is at 

the level of the targets 
 

 

Figure 14: Finish of the ExerCube training. (spheryfitnessgaming, 2020) 
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Figure 15: Mean number of repetitions per exercise of all participants.  
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Appendix B: Participant Information and Informed Consent 
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Appendix C: Questionnaire 
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Appendix D: Placement of MTw Awinda Sensors 
 

 

Figure 16: MTw Awinda right foot sensor placement in the 

middle on top of the foot (XSens Technologies, 2017). 

 

Figure 17: MTw Awinda pelvis sensor placement flat on the 

sacrum (XSens Technologies, 2017). 

 

Figure 18: MTw Awinda right lower leg sensor placement 

flat on the shin bone (XSens Technologies, 2017). 

 

Figure 19: MTw Awinda right upper leg sensor placement 

on the lateral side above the knee (XSens Technologies, 

2017). 
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