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II. Abstract 

Competitive alpine ski racing is a spectacular and fascinating sport attracting the public interest. For 

many decades, substantial efforts have been undertaken to enhance the athlete’s performance by 

various players, such as national sport federations and equipment suppliers. As a consequence of 

exploring the limits of the sport, the incidence and severity of injuries have been become alarmingly 

high. From previous studies it is known that more than one third of the World Cup (WC) athletes 

are injured each season, and that up to 72 per cent have sustained at least one severe injury during 

their careers.[1, 2] Even though in recent years significant efforts have been made to reduce these 

injuries, preventive measures are still not as effective as they could be. This is due to the fact that 

the causes of injuries are still not well understood and the knowledge about the influence of 

potential prevention strategies on biomechanical variables related to injury risk is still poor. With 

respect to performance enhancement, there is a similar situation: even though alpine ski racing is a 

highly developed sport in terms of business, equipment, and training concepts, there is still a lack of 

functional and biomechanical understanding of the performance relevant factors. This lack of 

knowledge often leads to a situation that performance enhancement is only achieved occasionally 

by the principle of “trial and error”. Hence, there is an evident need for a more detailed 

understanding of biomechanical aspects related to performance enhancement and injury prevention 

in alpine ski racing. 

Therefore, this thesis has three main purposes: (1) to assess current performance 

prediction/enhancement concepts used in science and/or coaching; (2) to compile and to explore 

perceived key injury risk factors; and (3) to assess the potential injury prevention strategy of 

increasing the horizontal gate distance in order to reduce speed. For these purposes a video-based 

3D kinematic field measurement with a top world class athlete and explorative qualitative 

interviews with expert stakeholders were conducted. 

Regarding the first purpose, it was found that none of the existing performance 

prediction/enhancement concepts were able to entirely explain time differences between different 

performed turns of a top world class athlete. This might be explained by the fact that these concepts 

address only isolated aspects of ski racing performance. Hence, for both science and coaching, there 

is a need for more comprehensive approaches that include all variables influencing performance in 

one concept. Comparing the characteristics of fast and slow turns, it was found that the skier’s line 

and timing played a major role for time over short sections. Fast turns were initiated higher 

regarding the vertical position on the slope plane and were turned less out of the direction of the fall 

line. Concerning the second purpose, a total of 32 perceived risk factors categories were derived 

from the expert stakeholder interviews within the basic categories Athlete, Course, Equipment and 

Snow. Regarding their perceived impact on injury risk, the experts’ top five categories were found 

to be: system ski, binding, plate and boot; changing snow conditions; speed and course setting 

aspects; physical aspects of the athletes; and speed in general. Finally, in relation to the third 

purpose, it was found that in order to considerably reduce speed by increasing the horizontal gate 

distances, substantial course setting changes might be needed, since racers are able to adapt and 

partly compensate by changing their timing strategies. Furthermore, it was found that there might  
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be two safety drawbacks of controlling speed by increased horizontal gate distances: increased 

fatigue and higher risk of out-of-balance situations. 

In summary, this doctoral thesis has added a substantial contribution to the current body of 

knowledge and provided more detailed hypotheses for further studies that are based on both 

scientific indication and stakeholders’ knowledge. However, due to the explorative character of this 

thesis, further studies should verify the plausibility of the findings and investigate the more detailed 

hypotheses. 
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III. Abbreviations and Symbols 

General Abbreviations 

ACL     Anterior Cruciate Ligament 

COM     Centre of Mass 

DLT     Direct Linear Transformation 

FIS     Fédération International Ski 

GPS     Global Positioning System 

IMU     Inertial Measurement Unit 

IOC     International Olympic Committee 

WC     World Cup 

2D     Two Dimensional 

3D     Three Dimensional 

 

Thesis Specific Parameters 

dvert     Vertical Distance Ankle-COM 

λLean     Lean Angle 

dFore/Aft     Fore/Aft Position 

γSki     Skid Angle 

LCOM     COM Path Length 

RCOM     COM Turn Radius 

βCOM     COM Traverse Angle 

vCOM     COM Velocity 

Δemech/vin    Difference in Mechanical Energy divided by Entrance Velocity 

Fcp     Relative Centripetal Force 
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1 Introduction 

1.1 Background 

1.1.1 History of Alpine Ski Racing 

The following landmarks of alpine skiing history are based on the work of Polednik [3], Suttner [4] 

and Lauterwasser et al. [5], as well as on information on the websites of the International Ski 

Federation (FIS) [6], the FIS Ski-Museum Vaduz [7], and the International Olympic Committee 

(IOC) [8]: 

The history of alpine skiing goes back over 6000 years (Figure 1). Prehistoric wall paintings and 

fragments of antique skis found from that time document the heritage of skiing around 4000 B.C. In 

the very beginning, skis were mainly used by hunters for an efficient change of location in snow-

covered areas. Later, from 1200 AD on, skis were used for military purposes and battles. In this 

context, even long distance travels across Europe were reported (1517 AD). First descriptions of 

skiing techniques were published in military manuals around 1765 AD. 

 
Figure 1: Landmarks of skiing history. (own illustration based on the work and pictures of Polednik [3], Suttner [4] and 

Lauterwasser et al. [5], as well as on information on the websites of the International Ski Federation (FIS) [6], the FIS 

Ski-Museum Vaduz [7] and the International Olympic Committee (IOC) [8]). 

Despite the very long history of skiing, its sportive and competitive facet is quite “new”. The first 

skiing competitions were organized in Norway around 1850 AD by officers, students and 

countrymen. Originally, only jumping and cross-country competitions (“Nordic” disciplines) were  
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carried out, while downhill skiing was not a competitive discipline at that time. The rapid popularity 

gain of skiing as a sport spread from Scandinavia to the alpine countries in the 1870´s. The first 

popularity peak was reached in the 1890´s when the book of Fridtjof Nansen about his journey 

across Greenland was published. At the same time, in the alpine countries, the first ski clubs were 

established. An interesting aspect is the fact that originally the Alps were not believed to be suitable 

for skiing, since in order to break, the “Nordic” style of skiing required a flat and smoothly running 

out terrain. Consequently, during the time of the first attempts to ski in the Alps it was common to 

hike up the mountain by using skis and to descend without skis. However, over time more and more 

skiers reached the high alpine terrain and a new style of downhill skiing, “Alpine skiing” was 

developed. A milestone of this development was the publication of the teaching manual 

“Lilienfelder Skilauftechnik” in 1896 AD. This comprehensive manual suggested novel skiing 

techniques for steep and difficult descents. 

The first alpine skiing competition took place over 25 years later, in 1922 AD, in Mürren. Then, in 

1924 AD, the International Ski Federation (FIS) was established, and in 1936 AD, alpine ski racing 

was included in the Olympic program. From the 1940`s onwards, there was a constant development 

of competitive skiing in terms of business and coaching concepts. The most significant 

development to alpine ski racing likely occurred in the 1990`s with the introduction of the carving 

skis and binding plates. These changes enabled racers to reach even higher inclination angles and to 

carve tighter turns, which changed the appearance of the sport significantly. 

1.1.2 What is Alpine Ski Racing? 

Alpine ski racing, as it is known today, is a spectacular and fascinating sport. Basically, it consists 

of four disciplines, namely, slalom, giant slalom, super-g and downhill, which differ primarily in 

speed and the course/equipment regulative.[9] In addition, combined and team disciplines exist. The 

best racers in the world compete at the FIS World Cup (WC) circuit. Major events, such as the WC 

races in Kitzbühel, are public magnets attracting up to 100,000 spectators along the course.[10] 

Live TV-broadcasts and TV-reports of such events reach up to 262 million people.[10] Hence, these 

events not only generate high transaction volumes, but might also have sustainable effects on the 

image of associated brands or destinations. 

Facing these medial and therefore, economical dimensions, and knowing that only the best athletes 

are attractive for sponsors, it is understandable that there is an enormous interest in performance 

enhancement by various players, such as national sport federations and equipment suppliers (Figure 

2). National sport federations aim for developing competitive athletes; equipment suppliers aim for 

competitive equipment. Moreover, WC competition organizers, led by the FIS Race Directors, aim 

for spectacular, fair and safe course and snow conditions. However, performance and/or business 

enhancement strategies often do not meet safety efforts. Hence, conflicts of interest are inescapable 

and it is a major challenge for all involved players to keep the balance between performance and 

injury related aspects of alpine ski racing. In this context, the international competition rules and 

their executing body “FIS”, take over a governing function in the sport of alpine ski racing. 

 



1  Introduction  3 

 

 
Figure 2: What is alpine ski racing: a comprehensive overview (own illustration). 

In the sport of alpine ski racing, two central aspects are the athlete`s technique and tactic (choice of 

line). From a theoretical point of view, the skier’s technique can be quantified by four key 

movement components: vertical, lateral, fore/aft and rotational (Figure 3). They are the result of 

specific partial body movements and are characterized by the various joint angles. The skier`s 

vertical movement component is mainly depending on the joint angles of the lower body and has a 

direct effect on the weighting and un-weighting of the skis.[11] The skier`s lateral movement 

component is, together with hip- and knee- angulations, mainly responsible for the edging of the 

ski.[12-14] The skier`s movement component in the fore/aft direction has a direct influence on the 

pressure distribution on the ski, and therefore, on the bending line of the ski.[11] The sum of all 

rotational movements manifests in the ski axis orientation with respect to the instant direction of 

motion. This angle of divergence can be seen as an estimation of the degree of skidding.[15] 

The skier’s line can be quantified by five variables describing the placement of the turn, the instant 

direction of motion, as well as the path and timing characteristics (Figure 3). The placement of the 

beginning and end of the turn can be quantified by the positions of the crossing points of centre of 

mass (COM) line and ski line projected to the slope plane.[16] The skier’s instant direction of 

motion can be described by the instantaneous angle between the direction of motion and the 

direction of the fall line (traverse angle).[17] The path between the beginning and end of the turn 

can be characterised by the path length and the curvature of the path (turn radius).[14] The timing 

within the turn can be quantified by the percentage of each turn phase on the whole turn cycle, 

called turn cycle structure.[14] 

Finally, the skier`s technique and line are directly related to the skier’s energy and loading patterns 

(Figure 3); two essential factors in the context of performance and injury related aspects. 
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Figure 3: The characterisation of the skier’s technique and line (own illustration). 

1.2 Investigation Problems 

1.2.1 Performance Related Aspects of Alpine Ski Racing 

In competitive sports, reaching high performance is the base of any success. However, depending 

on the sport, the discipline and the specific competition, performance can have different meanings: 

short time, long distance, high speed, high score or high target accuracy. In alpine ski racing, 

performance is defined by competition rules as the shortest time from the start to the finish line of a 

predefined race course.[9] Hence, by definition a skier`s overall performance depends on the skier`s 

performance within the various sections of the course. However, it has to be pointed out that a high 

(instantaneous) performance within one section is not automatically advantageous for the overall 

performance.[18] Due to tactical reasons, in some cases even a lower instantaneous/section 

performance can be beneficial if it results in a disproportionally higher performance in the 

following section. Nevertheless, information about instantaneous/section performance can be very 

useful for the purpose of performance enhancement, since for shorter sections, external disturbances 

(wind, changing snow conditions, technical mistakes and tactical manoeuvres of the skier) are 

easier to control during test measurements. 

Status Quo of Literature: 

How to Enhance Sport Performance? 

Sport performance depends on a variety of interacting factors: (1) athlete related factors, such as 

physical, psychological, technical and tactical skills, as well as anthropometric and genetic 

predispositions;[19] (2) equipment related factors, such as the construction, setup and preparation of 

the sport equipment components;[20] and (3) competition related factors, such as weather, ground/ 
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floor conditions, terrain/course, and competition rules.[14] In this context, it is remarkable that in 

various sports time differences among top-level athletes are often only hundredths of a second. 

Since the competition related factors are given constraints, literature of performance enhancement 

in sport is mainly focused on athlete and equipment related aspects, as the example of alpine ski 

racing shows:[21-29] (1) systematic training and coaching strategies seek to increase the athletes’ 

physical, psychological, technical and tactical skills and (2) continuous equipment development and 

testing processes seek to increase the general equipment performance. A major challenge for the 

enhancement of both athlete and equipment performance is the fact that in field sports such as 

alpine ski racing, external constraints may vary between and within competitions. Depending on the 

specific conditions (course setting, terrain, snow temperature/humidity and snow preparation), there 

might be additional demands on the athlete and/or equipment. This makes it very difficult to 

understand the factors underlying performance, which is an essential pre-step for the 

prediction/enhancement of performance. As a consequence and due to the complexity of the 

variables influencing performance, most of the sports performance prediction/enhancement 

concepts are focused on isolated aspects of performance. 

Performance Enhancement Research in Alpine Ski Racing 

Reviewing the current literature of performance enhancement with respect to the athlete related 

aspects of technique and tactics, it is surprising how unbalanced the proportion between practical 

and scientific approaches is. While there has been a wide spectrum of articles and manuals based on 

“coaching experience” available for many decades, there is only a limited number of scientific 

papers dealing with competitive skiing. In scientific publications the main discussed points 

regarding skiing performance are: the air drag,[30-33] the skier’s technique,[14, 20, 23, 26, 34-39] 

the skier’s line,[13, 24, 40, 41] and the skier’s mechanical energy.[18, 42, 43] 

Aerodynamic drag has been suggested to play an important role for the performance of athletes in 

high velocity motion sports.[30-33] The aerodynamic drag is mainly dependent on the skier’s 

posture (frontal area / shape / surface) and the skier’s speed.[30] The differences in aerodynamic 

drag between dynamic postures and compact postures in giant slalom have been shown to be as 

much as 10%.[31] Since the aerodynamic drag is one factor influencing the skier’s mechanical 

energy,[43] compact postures are suggested as a general performance enhancement approach.[30] 

However, compact postures may negatively affect the function of the skier’s movement 

components. Moreover, in giant slalom the influence of ski friction has been shown to be more 

important than the influence of aerodynamic drag.[31, 33] 

The skier`s technique is related to the overall performance on two counts: first, by interacting with 

the equipment, the skier’s movement components have a major influence on the skier’s line [41] 

and on the skier’s mechanical energy.[23] Second, a stable technique is the main fundament for 

staying in dynamic equilibrium and avoiding mistakes.[11] Since the correction of mistakes 

normally results in considerably higher friction, overall performance might be negatively affected 

as well. 

The skier`s line is related to the overall performance, since the skier´s choice of line directly 

influences the path length and the balance between instant acceleration and deceleration. The  
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accelerating component of gravitational force primarily depends on the angle between the direction 

of motion and the direction of the fall line: the smaller the angle, the higher the acceleration.[13] 

This fact opens the opportunity for a tactical optimization regarding the choice of line: similar to the 

“brachistochrone” problem known from physics, the question of when and how potential energy is 

transformed to kinetic energy has a substantial influence on section performance.[13, 24, 40] Based 

on these theoretical considerations, a trajectory with a shape similar to the letter Z (strategy “short 

turning pull out straight”) has been suggested to be the path of the quickest descent.[13, 24, 40] 

Moreover, there is a common coaches’ doctrine that a short path length results in better 

performance. On the other hand, these line characteristics, including a short turn radius, are known 

to be related to high friction, a factor decreasing performance again.[18, 23, 43] 

The skier’s mechanical energy is related to performance as follows: starting with a certain amount 

of entrance velocity and potential energy and following a predefined course, potential energy is 

transformed into kinetic energy. During this transformation some of the potential energy is lost due 

to snow friction and air drag. One performance enhancement approach might be to aim for high 

section exit velocities and, therefore, high entrance velocities for the following sections. On the 

other hand, this strategy might be limited due to a kind of “velocity barrier” above which the athlete 

needs to control speed in order to avoid mistakes.[18] Another performance enhancement approach 

in this context might be to minimise energy dissipation, in particular, friction.[18, 43] In this 

context, avoiding the shortest turn radii and optimising the skier’s action with respect to friction 

have been suggested in order to increase performance.[18, 23, 26] 

Based on the aforementioned body of knowledge, current performance enhancement concepts can 

be summarised as illustrated in Figure 4. In summary, the main challenge for reaching high 

performance is to find the best individual and situational compromise of minimising energy losses 

while following the line strategy of “short turning – pull out straight”; two strategies that contradict 

each other. 

 
Figure 4: Demands for performance enhancement (own illustration). 
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Missing Elements in Literature: 

Assessment of Current Performance Enhancement Concepts 

Based on the body of knowledge described above, various concepts explaining time differences 

have been suggested in science and/or coaching. Following these concepts, different coaching 

practices have been developed. However, most of them are focused on isolated aspects of 

performance, such as the skier’s speed or energy state, and might interfere with other important 

aspects. As described above, some of the concepts actually contradict each other. Hence, there is an 

evident need for an assessment of performance enhancement concepts common for top level 

competitive skiing from a global perspective. Moreover, it is not a priori clear which turn 

characteristics should be aimed for in a specific situation in order to reach a high performance. 

1.2.2 Injury Related Aspects of Alpine Ski Racing 

At a first glance, alpine ski racing might be associated with well-trained, brave and glorious athletes 

reaching tremendous speeds while skiing down steep and icy slopes, always having the dream of 

victory in mind. However, this glamorous public spectacle has another side of the coin as well: 

injuries. Injuries in WC alpine ski racing are frequent and, compared to other high performance 

sports, are alarmingly high.[1, 44] Over the last six WC seasons more than one third of the athletes 

were injured during each season.[1] Even more worrying is the fact that from all recorded injuries 

more than 30% were severe (> 28 days of absence).[1] Severe injuries may not only hinder the 

athletes from participating in competitions, but also may increase the risk of re-injury and long term 

adverse health effects, such as higher prevalence of early osteoarthritis.[45] Hence, there is an 

evident need to prevent these injuries. 

Status Quo of Literature: 

How to Prevent Sport Injuries? 

How sport injuries can efficiently be prevented often is not obvious at a first glance. Consequently, 

van Mechelen et al. [46] introduced a four step sequence for injury prevention research (Figure 5). 

In a first step, the extent of the injury problem should established by monitoring the incidence and 

severity of the injuries. In a second step, the injury causation should be clarified. Then, once the 

magnitude and causes of the injury problem are known, potential preventative measure should be 

introduced, and finally assessed regarding their effectiveness. 

 
Figure 5: Four step sequence of injury prevention (adapted from van Mechelen et al. [46] & Bahr and Krosshaug [47]). 
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One of the most challenging steps of this sequence is to establish a complete understanding of the 

causes of injury.[47] Therefore, a comprehensive model of injury causes (Figure 6) should account 

for all factors involved: the injury risk factors, as well as a precise description of the events leading 

to the injury situation and the injury mechanism itself.[47, 48] Even if at first glance, an injury 

seems to emerge from a single inciting event, the causation of injury is multi-factorial. Intrinsic risk 

factors, such as age, sex, body composition, or previous injuries, may predispose athletes to injury. 

In the case of an exposure to certain extrinsic risk factors such as weather/ground conditions, 

equipment, or competition rules, the athletes become susceptible to injuries. Finally, the inciting 

event is the last piece in the chain of factors and events leading to the injury. 

 
Figure 6: Model of injury causation (adapted from Meeuwisse [48] and Bahr and Krosshaug [47]). 

Injury prevention in high performance sports is not only a matter of knowledge, but also a matter of 

implementation. International sports governing bodies have a responsibility to identify the risks 

within their sports, as well as to provide guidance regarding the implementation of injury 

prevention.[49, 50] While these responsibilities are challenging, they are very important aspects. In 

fact, in the context of risk management, risk communication between researchers, physicians, 

physiotherapist, athletes, coaches and other stakeholders is probably one of the most important 

elements.[49] However, injury prevention is not always in line with personal interest regarding 

performance and business. Therefore, international sports governing bodies need also to supervise 

the implementation of injury prevention by their competition rules. 

Injury Prevention Research in Alpine Ski Racing 

Following the framework of injury prevention research, suggested by van Mechelen et al. [46], the 

aim of this section is to give the reader a general overview of the current body of scientific 

knowledge with respect to injury prevention in alpine ski racing. For recreational skiing the extent 

and causes of injuries, as well as potential injury prevention strategies have been well assessed over  
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many years.[51-63] In contrast, there is limited knowledge for elite competitive skiing.[1, 44, 64-

66] Regarding step 1 of the sequence by van Mechelen et al. [46], recent data from WC alpine ski 

racing illustrated an alarmingly high incidence of Anterior Cruciate Ligament (ACL)-injuries.[1] 

Regarding the causation of these injuries (step 2), recent studies focused on competitive WC alpine 

skiing provided a deeper understanding of the events leading to the injury situation and the injury 

mechanisms of the ACL ruptures.[64-66] Most of the ACL-injury mechanisms while turning 

developed from a technical/tactical mistake, where the athlete initially lost balance inward and 

backward.[66] Then while trying to regain the grip on the outer ski, the inner edge of either the 

outer or inner ski abruptly caught the snow.[65] Finally, this sudden catch of the edge forced the 

flexed knee within less than 100ms into valgus and internal rotation.[64] Based on these findings, 

factors that contribute to an aggressive ski-snow interaction, high skiing speeds, large forces and 

critical factors that lead to an out of balance situation were suggested to play a central role for ACL-

injury mechanisms.[65] 

An aggressive ski-snow interaction may increase injury risk on two counts: first, an aggressive and 

direct force transmission between ski and snow may increase the self-steering, and therefore, the 

self-dynamic behaviour of the ski. As a result, there is less room for errors [67] and the athlete is 

unable to control the skis in out-of-balance situations.[66, 68] Second, an aggressive ski-snow-

interaction favours the abrupt catch of the edge,[66] which is a crucial factor for ACL-injury 

mechanisms while turning. 

The existence of high skiing speeds may have an increasing impact on injury risk in three ways. 

First of all, theoretically, high skiing speeds lead to high total radial forces; therefore, to higher 

mechanical load of the body.[68] Second, high skiing speeds, and the resulting high kinetic energy, 

can induce serious injuries in the case of a quick energy conversion during injury mechanisms with 

or without falls. The magnitude of kinetic energy becomes even more important if the breaking 

distance is small, as in crashes, because kinetic energy will then be dissipated by force and distance. 

Third, the injury situation develops rapidly at high skiing speeds and the athlete may have too little 

time to react and/or correct.[65, 68] 

High turn forces may increase injury risk on two counts. First, if the acting forces are at the limit of 

the physical resources of the athletes, there may be a higher risk for an out-of-balance situation or a 

fall to occur. The higher risk could be explained by motor control mechanisms. Performing at the 

physical limitation, the degree of freedom of the motion patterns will be reduced and the joint 

stiffness will be increased for easier motor control. But this results in decreased manoeuvrability; 

consequently, decreased stability, because a variability regarding joint movements and segment 

positions is needed to enhance the perceptual and motor factors involved in maintaining postural 

stability.[69] Second, in a rapidly developing slip-catch situation of the ski, or during a dynamic 

snowplough injury mechanism, high radial forces may be transferred on one leg immediately 

forcing the knee into valgus and internal rotation, as described by Bere et al. [65]. 

Out-of-balance situations, backward and/or inward, are known as events leading to ACL-injury 

mechanisms.[64-66] Since the athlete is trained to stay in course after technical mistakes and not to 

give up, he intuitively tries to regain grip on the outer ski after an out-of balance situation. During  
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this corrective manoeuvre, the abrupt catch of the edge while regaining snow contact may force the 

knee into a fatal internal rotation and valgus position. 

Based on the aforementioned body of knowledge, the demands on potential preventative measures 

for ACL-injuries in alpine ski racing (step 3) can be summarised as described in Figure 7. 

 
Figure 7: Demands on potential injury prevention measures (own illustration). 

Missing Elements in Literature: 

Key Injury Risk Factors 

Based on the current body of knowledge described above, the factors that make the WC athletes 

predisposed and susceptible to these injuries (intrinsic and extrinsic risk factors) remain more or 

less unclear. More knowledge about these factors would be essential in order to be able to define 

potential preventative measures. Consequently, there is an evident need to investigate intrinsic and 

extrinsic injury risk factors in WC alpine ski racing. 

Assessment of Potential Injury Prevention Strategies 

An obvious potential preventative measure is course setting. Course setting is discussed in the ski 

racing community as a tool to control speed and the energy involved. However, it is not a priori 

clear whether course setting is able to meet the aforementioned demands on a potential preventative 

measure. For this reason, it becomes necessary to assess common course setting prevention 

interventions regarding their effectiveness. 
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2 Aims of the Thesis 

The limitations of the previous research in the field of performance enhancement in alpine ski 

racing led to the following specific aims for this doctoral thesis: 

1. To assess the ability of current performance enhancement concepts to explain time differences 

within a one turn section. 

2. To compare the characteristics of turns with fast and slow section times of top world class 

athlete and to address the possibility of their being advantageous. 

3. To assess whether similar characteristics can be observed for different course settings. 

 

The limitations of the previous research in the field of injury prevention in alpine ski racing led to 

the following aims for this doctoral thesis: 

4. To compile a list of perceived intrinsic and extrinsic key risk factors for severe injuries in WC 

alpine ski racing, and to explore them in order to provide more detailed hypotheses for further 

aetiological studies. 

5. To investigate the effect of specific course setting modifications as one potential preventative 

measure on selected biomechanical variables related to injury risk in alpine ski racing. 
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3 Video-based 3D Kinematics in Field 

In the sport of competitive alpine skiing there is a constant change of anatomical landmarks, and 

therefore, of COM in all three dimensions. In order to analyse the skier`s kinematics with respect to 

performance and/or injury related aspects, a precise three-dimensional reconstruction of a multi-

body segment model of the skier is needed. Therefore, a “video-based 3D kinematic field 

measurement” was conducted for the purposes of this thesis. The aim of the following chapters is 

to make the reader familiar with the advantages, the methodological procedure, and the limitations 

of this complex and highly sophisticated measurement method. 

3.1 Method Selection 

The purpose of this study was to analyse the skier`s three-dimensional (3D) kinematics with respect 

to functional biomechanical parameters related to performance and injury. This led to the following 

demands for an appropriate biomechanical measurement method: 

 The method should allow a highly accurate reconstruction of anatomical landmarks in 3D, as 

well as a sufficient precise estimation of COM position. 

 The method should represent an established, proven and validated measurement approach for 

the use of in-field and/or alpine skiing research. 

 The method should not interfere with the athlete in any way; he should be able to perform at his 

limit with his own equipment setup. 

Generally, there is a variety of measurement methods that have been suggested to quantify the 

skier`s kinematics in field: (1) optical systems (infrared-based or video-based 3D kinematics),[14, 

18, 34, 37-39, 70-73] (2) Global-Positioning-System (GPS) based systems,[74-78] (3) Inertial-

Measurement-Unit (IMU) based systems,[74, 75, 79, 80] and (4) goniometry.[35, 81, 82] Infrared-

based systems, such as VICON (Inc. Vicon Motion Systems, Oxford, UK), are known as the gold 

standard for analysing 3D kinematics of human movement under laboratory conditions. However, 

their application under field conditions (low temperature, wind, solar radiation, snow spraying) is 

limited.[70] Moreover, an enormous amount of cameras, up to 24, is needed in order to analyse the 

capture volume of one ski turn.[70] In contrast, video-based 3D kinematic measurements have been 

shown to be accurate and applicable under field conditions, in particular for a sufficient precise 

estimation of COM.[14, 18, 34, 37, 38, 72, 73, 77] In addition, this method implicates only minimal 

interference with the athlete and enables capture volumes of 1-2 giant slalom turns with only 5-6 

panned, tilted and zoomed cameras. Even if wearable systems, such as GPS/IMU-based systems, 

would allow analysing even wider sections and several turns,[75, 76, 78, 83] they have two major 

drawbacks with respect to the purposes of this study: (1) they are not validated for use in alpine 

skiing research, in particular regarding a sufficient estimation of COM, (2) they implicate 

substantially more interference for the athlete which might hinder him from performing at his limit. 

Based on these considerations, “video-based 3D kinematics” was identified as the most appropriate 

measurement method with respect to the purposes of this thesis. 
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3.2 Method Description 

3.2.1 Overview 

On-Hill Setup 

The on-hill setup of the video-based 3D kinematic field measurement that builds the fundament for 

this thesis had the following characteristics. Starting with a middle step section of six gates in order 

to accelerate up to normal GS speeds, the skier entered the five-gate section presented in Figure 8. 

Within this section there was a constant slope inclination (27.5°) and constant course set (26m 

vertical direction with an offset of 10m, respectively 12m). Finally, there was another five gates 

section in order to avoid tactical manoeuvres of the athletes within the analysed section. 

Surrounding the section of the analysed turn, cameras were placed on snow platforms with fixed 

tripods. In order to simulate icy WC-like snow conditions, the slope was prepared with water. Since 

a major aim of the on-hill setup was that the athlete performs at his limit, total run times were 

monitored using a commercial chronometry (Inc. Alge Timing). 

 
Figure 8: On-hill measurement setup (own illustration; photo: P. Chevalier). 

Methodological Procedure 

The main steps performed during the video-based 3D kinematics field measurement of the current 

thesis are summarized in Figure 9. First, a corridor with reference points positioned around the 

analysed turn was geodetically measured. Second, during motion capture, the skier was filmed by 

various panned, tilted and zoomed video cameras from different angles. Third, a multi-body 

segment model and the best visible reference points were manually digitized in each frame of each  
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camera. Fourth, based on the geodetically measured 3D space coordinates of the reference points 

and the corresponding 2D pixel-coordinates in the video image, the digitised segment model was 

reconstructed in 3D using a direct linear transformation (DLT)-based Panning Algorithm. Finally, 

the reconstructed global positions of the anatomical landmarks were post-processed and the specific 

parameters were calculated. 

 
Figure 9: Video-based 3D kinematics – An overview (own illustration; photos: P. Chevalier). 
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3.2.2 Geodetic Measurement 

For analysing the 3D kinematics of a skier in field, large capture volumes are required. 

Consequently, to be able to track the skier and to keep him in a sufficient size within the camera 

image, the use of panned, tilted and zoomed cameras is essential.[84] Since panning, tilting and 

zooming permanently changes the outer and inner orientation of the camera, the spatial coordinates 

of additional reference points and video cameras are needed in order to keep the cameras calibrated 

at every instant point in time.[84] For that reason, before and after the motion capture, the 3D space 

positions of all cameras and reference points were measured geodetically by theodolite (Tachymeter 

TCMR 1100 Series, Inc. Leica). 

As additional reference points, black tennis balls mounted on slalom poles of various lengths were 

used. The number and placement of these points were chosen based on the principle of increasing 

their visibility and recognisability while decreasing the disturbance of the skier’s performance. For 

the analysis of one giant slalom turn, a total of 78 reference points was required in order to calibrate 

a capture volume corridor of 52×12×2×m (Figure 10). 

 
 

Figure 10: Reference point corridor (photo: P. Chevalier). 

3.2.3 Motion Capture 

During motion capture, the skier was filmed from different angles by five analogue video cameras 

(4 Panasonic F15 and 1 Sony UVW-100PL, 50Hz), time synchronised by a gen-lock signal. Camera 

positions were defined, as suggested by Drenk [85], in the best compromise the subsequent 

demands: 

 

 

http://dict.leo.org/ende?lp=ende&p=DOKJAA&search=recognisability&trestr=0x8001
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1. A clear identification of the anatomical landmarks must be ensured by at least two camera 

perspectives over the entire capture volume. 

2. The optical axes of the cameras used for 3D reconstruction should ideally intersect 

rectangular over the entire capture volume (Figure 11). 

3. The cameras should be positioned as close to the analysed object as possible. 

4. Large panning angles should be avoided (max. ≈ 30°). 

 
Figure 11: The relation between camera-distance and capture volume size (adapted from Drenk [85] and Regensburger 

[86]) 

3.2.4 3D-Reconstruction 

Preparation 

In the beginning of the 3D reconstruction process, the analogue video capture of each camera was 

transformed into digital “.avi”-files. Then the video capture of each camera was cut into 1-trial 

sequences, time synchronised with the corresponding sequences of the other cameras. Following, all 

five video sequences of a specific trial were imported to the 3D video analysis software Peak Motus 

(Version 9, Inc. Vicon Motion Systems) and attached to a 3D-trial template. 

Manual Digitising 

In the software Peak Motus, a body segment model as well as the three best visible reference points 

were manually digitised in each frame of each camera for each trial (Figure 12). In order to 

minimise the errors of manually digitising, the following measures were applied: (1) the athletes 

were wearing special segment model suits simplifying the determination of the anatomical 

landmarks; (2) each anatomical landmark was digitised frame by frame over the entire trial, before 

starting with the next landmark. This allows a smoother digitising of the landmarks over time;[14] 

(3) the final passage of manual digitising was done by one person only. This was essential in order 

to reduce the inter-subjective variability in digitising anatomical landmarks. 
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Figure 12: Manual digitising of the body segment model and reference points (screen shot Peak Motus). 

Segment Model 

For the current thesis a 28-point multi-segment body model, representing the skier, the skis and the 

ski poles, was used (Figure 13). Joint centres of the segment model were determined according to 

de Leva [87] (see Appendix). 

 

Digitized Points 

1. Head  11. Binding back right 21. Wrist right 

2. Neck 12. Binding back left 22. Wrist left 

3. Shoulder right 13. Binding front right 23. Hand middle right  

4. Shoulder left 14. Binding front left 24. Hand middle left 

5. Hip right 15. Ski tip right 25. Stick up right 

6. Hip left  16. Ski tip left 26. Stick up left 

7. Knee right 17. Ski tail right 27. Stick below right 

8. Knee left 18. Ski tail left 28. Stick below left 

9. Ankle right 19. Elbow right  

10. Ankle left 20. Elbow left  

 

Figure 13: The digitized points and the resulting segment model including the equipment (own illustration). 



3  Video-based 3D Kinematics in Field  18 

 

3D Reconstruction 

Traditional Photogrammetry (static, metric cameras) 

Using traditional photogrammetric measurement methods with metric cameras, the cameras’ inner 

orientation (parameters of the imaging process, such as focal length, lens distortion, principal point 

coordinate) and outer orientation (camera position in space and its view direction) must be 

known.[88] If this information is available, the cameras are calibrated and the 3D positions of the 

anatomical landmarks can be calculated based on already 2 camera perspectives. However, a direct 

measurement of the inner and outer orientation of the cameras is complex and error-prone. 

DLT-Method (static, non-metric cameras) 

In contrast, using the method of direct linear transformation (DLT), suggested by Abdel-Aziz and 

Karara [89], the inner and outer orientation of a camera can be calculated based on reference points 

with known positions. This method allows the use of standard video cameras, which were not priory 

calibrated for the use of measurement; a fact enabling the use of photogrammetry in a wider field of 

application. The DLT-Method is a mathematical transformation between a point in a two-

dimensional comparator coordinate system [u,v], in this case the digitised point in the 2D video 

image, and the real 3D space coordinates of the corresponding point [x,y,z] (Figure 14). The 

transformation is dependent on the position and orientation of the camera, characterised by the 11 

DLT-camera constants (L1…L11). The two linear DLT-equations are:[89] 

   
              

               
                    

              

               
 

 
Figure 14: Direct linear transformation (DLT) method (own illustration based on Abdel-Aziz and Karara [89] and 

Kwon [90]; photo: P. Chevalier). 
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Camera Calibration 

Using six or more reference points with known 3D space coordinates [x,y,x] and corresponding 2D 

comparator coordinates [u,v] (= 12 or more DLT-equations), the 11 unknown DLT-constants 

(L1…L11) can be resolved for each camera. 

3D Reconstruction of the Segment Model 

Once the DLT-constants (L1…L11) of all cameras are known and the cameras are calibrated. Then, 

the unknown 3D space coordinates [x,y,x] of the anatomical landmarks can be calculated based on 

the digitised points on the 2D video image [u,v] of at least two cameras (Figure 14). 

DLT-Method (panned, tilted, and zoomed, non-metric cameras) 

For the application of photogrammetry in sports with large capture volumes, such as alpine ski 

racing, the athlete must be tracked by the video cameras in order to keep him large enough in the 

image.[84] However, by panning, tilting and zooming, the inner and outer orientation of the camera 

is permanently changed.[84] As a consequence, each instant video frame has different DLT-camera 

constants (L1…L11).[84] Basically, there are three possible approaches to keep the video-cameras 

permanently calibrated: (1) by a “repeated” calibration of each frame using the standard DLT-

Method with six or more reference points, as described above; (2) by permanently measuring the 

changes of the outer orientation of the camera with instrumented tripods. Based on this information, 

the DLT-constants of the initial calibration frame can be transformed to the DLT-constants of the 

actual frame; and (3) by permanently transforming the DLT-constants of the initial calibration 

frame to the DLT-constants of the actual frame based on the information of additional digitised 

reference points. 

Following approach number (3), in the current thesis the plug-in software Panning by Drenk [85] 

has been used to determine the instant DLT-constants over time. The Panning algorithm calculates 

the DLT-constants of the actual image by transforming the DLT-constants of the initial camera 

calibration frame using additional reference points. Generally, this procedure is possible under the 

condition that the rotation of a camera occurs around a predefined panning or tilting axis of the 

tripod-head.[84] In this case, the required transformation matrix is known, if the following two 

presuppositions are met: (1) the positions of the panning and tilting axis are known from geodetic 

measurement; and (2) the change in panning angle, tilting angle and focal length has been 

iteratively calculated based on additional digitised reference points. In contrast to the “repeated” 

DLT-method where six or reference points are required for camera calibration, the Panning 

algorithm only needs two additional reference points. For the instant transformation of the DLT-

constants with three unknown transformation parameters (panning, tilting, zooming), in each 

camera frame, at least two additional reference points (= four equations) are required in order to 

determine the transformation matrix and to continuously calibrate the actual image over time. 
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3.2.5 Post Processing and Parameter Calculation 

Post-Processing 

After reconstruction, the 3D position data of the anatomical landmarks was interpolated using cubic 

splines in the motion analysis software Nexus (Inc. Vicon Systems). If the spline interpolation failed, 

an in Nexus implemented “pattern fill” algorithm was used. This algorithm fills the gaps with a 

trajectory similar to a marker that is part of the same rigid segment. 

Thereafter, 3D position data was filtered in all three dimensions using the “optimal method with 

prescribed limit” implemented in Peak Motus (Version 9, Inc. Vicon Motion Systems). This filtering 

algorithm uses a zero lag Butterworth Filter (4
th

 order) and calculates the optimal cut-off frequency 

for each curve and each dimension based on the analysis of the residual errors according to the 

Jackson Knee Method (user manual Peak Motus, Version 9): 

1. Calculation of the average residual difference (R) between raw data (X) and filtered data (X’). 

   √
∑       

   
 
   

 
 

2. Plotting the cut-off frequency (x-axis) against the average % residual difference (y-axis). 

3. Building the second derivative of the curve. 

4. Finding the “knee point” of the curve (first point where a group of three second derivatives is 

beneath the prescribed limit of 0.1). 

The aforementioned filtering algorithm has been suggested to be appropriate to filter random 

amplitude noise at a constant frequency, such as manual digitisation errors (user manual Peak 

Motus, Version 9). For the kinematic data of the current thesis, the optimal cut-off frequencies for 

all anatomical landmarks and all dimensions, calculated by Jackson Knee Method, were between 2 

and 5 Hz. 

Since the reconstructed kinematic data is affected by digitisation errors, the model’s segment 

lengths may vary throughout the movement.[91] Common filter algorithms mainly smooth 

digitisation errors of single landmarks, while the problem with varying segment lengths remains 

unsolved.[91] Therefore, a segment length normalisation routine, suggested by Smith [91] and 

adapted by Reid [14], was additionally applied to the current data. Using the information of the real 

measured segment lengths of the subject and using external constraints, the endpoints of the 

segments were corrected by an iterative normalisation routine. For further details, please see Reid 

[14]. 

COM Calculation 

The COM position was calculated based on a centre of mass model of Clauser et al. [92], adjusted 

with the skiing equipment. By adding the skier’s equipment (helmet: 200g, ski poles: 2×250g, 

ski/binding: 6600g) to the athlete’s body mass, a new total mass, as well as new absolute segment 

masses were defined. Based on this information, a new relative segment mass distribution, 

including the equipment, was calculated. The relative masses and the relative positions of the 

segment mass centres used for calculating the COM of the skier are summarised in Table 1. 
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Table 1: The relative masses and relative positions of the segment mass centres used for calculating COM 

Segment Proximal Point Distal Point % Distance % Mass 

Head (incl. Helmet) 4. Head 4. Head 100 6.2 

Trunk left 7. Shoulder left 9. Hip left 44 18.5 

Trunk right 6. Shoulder right 8. Hip right 44 18.5 

Upper Arm left 7. Shoulder left 23. Elbow left 47 2.3 

Upper Arm right 6. Shoulder right 22. Elbow right 47 2.3 

Forearm left 23. Elbow left 25. Wrist left 42 1.4 

Forearm right 22. Elbow right 24. Wrist right 42 1.4 

Hand left (incl. Ski Pole) 27. Hand middle left 27. Hand middle left 100 0.9 

Hand right (incl. Ski Pole) 26. Hand middle right 26. Hand middle right 100 0.9 

Thigh left 9. Hip left 11. Knee left 44 12.0 

Thigh right 8. Hip right 10. Knee right 44 12.0 

Shank left 11. Knee left 13. Ankle left 42 3.8 

Shank right 10. Knee right 12. Ankle right 42 3.8 

Foot left 13. Ankle left 17. Binding front left 44 1.2 

Foot right 12. Ankle right 16. Binding front right 44 1.2 

Ski/Binding/Boot left 13. Ankle left 17. Binding front left 27.6 6.8 

Ski/Binding/Boot right 12. Ankle right 16. Binding front right 27.6 6.8 

 

Parameter Calculation 

Finally parameters were calculated using the software package MATLAB R2009b (Inc. MathWorks). 

For the purposes of this thesis, several parameters characterising the skier’s technique, line, energy 

and loading patterns have been calculated based on the 3D position data of the anatomical 

landmarks and the different segment vectors. The skier`s vertical movement component was 

calculated as the Euclidian distance (dvert) between the instant ankle joint position of the outside ski 

and COM position, as it was suggested by Reid [14] (Figure 15). 

 
Figure 15: Parameter definition: Vertical Position (dvert) (own illustration). 
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Based on a local coordinate system at the ankle joint, as was suggested by Schiefermüller et al. 

[93], the overall lateral movement component and the component in fore/aft direction were 

quantified by the parameters Lean Angle (λLean) and fore/aft position (dFore/Aft). λLean was calculated 

as the angle between the z-axis and the average left/right ankle-COM vector projected to the y-z 

plane (Figure 16). dFore/Aft was defined to be equal to the cosine of the angle between z-axis and the 

outer ankle-COM vector projected to the x-z plane (Figure 16). (Please note: in order to enable a 

stable calculation of the projected angle between two 3D vectors for all 4 quadrants of the 

Cartesian coordinate system, the advanced MATLAB function atan2 was used instead of arc tan.) 

 

 
Figure 16: Parameter definition: Lean Angle (λLean) and Fore/Aft Position (dFore/Aft) (own illustration). 

The sum of all rotational movements was quantified as the angle between the ski axis and the 

direction of motion of the ankle joint, the Skid Angle (γSki) (Figure 17). (Please note: in order to 

enable a stable calculation of the projected angle between two 3D vectors for all 4 quadrants of the 

Cartesian coordinate system, the advanced MATLAB function atan2 was used instead of arc tan.) 

 
Figure 17: Parameter definition: Skid Angle (own illustration). 
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COM Line was characterized by the following five measures: (1) COM path length (LCOM), (2) 

COM turn radius (RCOM), (3) the angle between the instant direction of COM motion and the fall 

line, called COM traverse angle (βCOM) (Figure 18), and (4) the x,y position of COM at the 

beginning and the end of the turn. As suggested by Supej et al. [16], the beginning and the end of 

the turn was determined as the crossing points of the COM line projected to the slope plane and the 

ski line. Furthermore, based on characteristic points of ski and COM line, the turn was divided into 

different functional turn phases, as suggested by Reid [14], and the length distribution of the 

specific phases, called turn cycle structure, was used as an indicator for the timing of the skier`s 

technique and line within the turn. 

 
Figure 18: Parameter definition: Traverse Angle (own illustration). 

Using finite central differences, the skier’s energy characteristic was quantified by the COM speed 

(vCOM) and the energy losses were calculated as the difference in mechanical energy divided by 

entrance velocity (Δemech/vin):[18] 

            
      

     
 

The skier’s loading was quantified by the acting relative centripetal force (Fcp). Fcp was defined as 

the weight normalized centripetal force acting on COM and was calculated based on physical laws 

using the skier`s COM turn radius and COM speed. 

3.3 Method Limitations 

In various field sports such as alpine skiing, biomechanical analysis can only be performed in the 

normal sports’ settings and not under standardised laboratory conditions.[73] However, measuring 

3D kinematics under field conditions, the controllability of the environmental conditions is limited. 

Moreover, as is known for all measurement systems, systematic and random instrumental errors 

might come into play. Hence, there are some limitations relevant to the use of video-based 3D 

kinematics; in particular for their application in field, which the reader of this thesis should be 

aware of. 
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3.3.1 Accuracy 

Systematic Instrumental Errors (Validity) 

Camera Calibration Errors 

As described above, cameras are calibrated if their DLT-constants are known. In the current thesis, 

the cameras were permanently calibrated by transforming the DLT-constants of the initial 

calibration frame to the DLT-constants of the actual frame based on the information of additional 

digitised reference points, as suggested by Drenk [84]. Since the transformation algorithm by Drenk 

[85] has been proven to be highly accurate using model data,[84] the camera calibration error might 

be mainly depending on a systematic reconstruction error of the initial frame due to 

photogrammetric inaccuracy and non-linearity.[94] 

The camera calibration error has been shown to be negligible in a previous study, using an 

experimental on-hill set-up that is highly comparable to the one of the current study.[73] Moreover, 

in the current study, the applied software Panning by Drenk [85] included an optimisation feedback 

tool for choosing additional reference points (poor accuracy-values highlighted those reference 

point constellations which were not sufficient for the transformation of the DLT-constants). 

Photogrammetric Errors (Point Determination Accuracy) 

The photogrammetric error is the intrinsic error of the measurement system to calculate a 3D point 

from different perspectives of the panned, tilted and zoomed cameras.[73] Two test measures have 

been suggested to describe the photogrammetric error during video-based 3D kinematic field 

measurements:[70, 73] (1) the comparison between geodetically measured and reconstructed static 

reference points along the entire area of motion; (2) the comparison of the real measured and 

reconstructed length of a dynamic rigid body (e.g. a ski pole). 

The photogrammetric error in x-, y-, z- direction has been shown to be 11 mm, 9 mm, and 13 mm in 

a previous study that used an experimental on-hill set-up that is highly comparable to the one used 

in the current study.[73] In the same study, the resultant photogrammetric error was found to be 23 

mm.[73] 

Random Instrumental Errors (Reliability and Objectivity) 

Intra-Experimenter Digitisation Errors 

Due to the nature of manual digitising some amount of random errors might be introduced to the 

reconstructed 3D position data.[91] However, analysing the multiple digitisation of the same point 

by the same person has shown that intra-experimenter digitisation errors are less than 4 mm.[73] 

Moreover, for these kinds of normal-ranged digitisation errors resulting in noisy 3D point positions 

and varying segment lengths, filtering algorithms and iterative segment length normalization 

routines have shown to be highly effective.[91, 95] In addition, systematic errors in digitising can 

be overcome easily by systematic training sessions with the experimenter. 

As a result, the current study attempted to overcome the aforementioned limitations of reliability 

and objectivity as follows: (1) by using a zero lag Butterworth Filter (4
th

 order) which automatically  
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calculates the optimal cut-off frequency according to the Jackson Knee Method; (2) by applying an 

iterative segment length normalization routine, which corrects the segment end-points based on real 

measured segment lengths and external constraints;[91] and (3) by increasing the experimenters 

experience using the feedback of calculated segment lengths. 

Inter-Experimenter Digitization Errors 

In order to increase the reliability of detecting the 2D image point positions, the final passage of 

manual digitising was performed by one person only. Hence, inter-experimenter digitisation errors 

are negligible in the current study. In order to simultaneously ensure the objectivity of digitising, 

the experimenter passed through several digitisation training sessions using the feedback of 

calculated segment lengths. 

Total Measurement Error 

Based on the aforementioned considerations and the results of an earlier study using a highly 

comparable measurement method and on-hill setup,[73] the total measurement error for the 

reconstructed 3D positions of anatomical landmarks is expected to be less than 30 mm 

(photogrammetric error: ~23mm, intra-experimenter digitization error: ~4 mm). 

3.3.2 Error Propagation 

Generally, measurement errors are propagative and are amplified by derivation. Therefore, 

parameters calculated from the derivatives of 3D point position must be handled with caution when 

using the method of video-based 3D kinematics. In this case alternative measurement methods, 

which directly measure velocity (GPS/Doppler Effect) and/or acceleration (IMU) might provide 

even better accuracy. However, for the research purposes of the current thesis, an essential demand 

on the measurement method was to investigate velocity-based parameters, such as vCOM or 

Δemech/vin, with respect to COM motion and to discuss them in relation with the full body 

movements of the skier. Therefore, the method of video-based 3D kinematics was the most valid 

method available for the research purposes of this thesis. 

3.3.3 Capture Volume 

A major limitation of video-based 3D kinematics might be that the capture volume is limited to a 

single- or two-gate-analysis in alpine ski racing research. On the one hand, this limits the sensitivity 

of the measurement method to detect tactical aspects, such as the choice of line, over longer 

sections or the entire course. In particular, for the sport of alpine ski racing tactical aspects play a 

very important role. On the other hand, to detect the small, yet substantial differences in line tactics 

at top level ski racing, a high degree of accuracy for COM reconstruction is indispensable. Since the 

second argument was of higher importance for the purposes of the current study, the use of video-

based 3D kinematics can be argued to be appropriate despite this major limitation. 
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3.3.4 Substantial Resource Efforts 

Another major limitation of the method of video-based 3D kinematics is the fact that substantial 

resource efforts are required for its application in field. Since both data collection and analysis are 

very time-consuming and require high personal and financial resources, the total amount of 

analysable data (subjects/trials/conditions) is strongly limited. For the field measurement building 

the fundament of the current thesis, for example, a total of 20 people were involved in an entire 

week of data collection. Furthermore, the data analysis of the 16 turns investigated for the purpose 

of the current thesis, took more than one year of work. Nevertheless, the complexity of analysable 

parameters using video-based 3D kinematics meets the complexity of alpine skiing performance 

and/or injury related aspects best and was, therefore, of higher importance for the current thesis. 
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ABSTRACT

Recently, four concepts explaining time differences in alpine ski racing have

been suggested. Since the demands on a “well performed” turn are

contradicting among these concepts, it is unclear which turn

characteristics a skier should aim for in a specific giant slalom situation.

During a video-based 3D-kinematic field measurement, single repetitive

runs of a world class athlete were compared regarding section times over

one turn and variables explaining time differences. None of the existing

concepts was able to entirely explain time differences between different

performed turns. However, it was found that the skier’s line and timing

played an important role for time over short sections. Hence, for both

science and coaching, there is a need for more comprehensive

approaches that include all variables influencing performance in one

concept. In coaching, one such approach could be the training of implicit

adaptation mechanisms in terms of situation-dependent line and/or timing

strategies.

Key words: Alpine Ski Racing, Giant Slalom, Kinematics, Section Times

INTRODUCTION
Alpine ski racing is a highly developed sport in terms of business and training concepts.
However, there is still a lack of functional and biomechanical understanding of the
performance relevant parameters. Only a limited number of studies have used a
comprehensive biomechanical approach to investigate the influence of skier’s actions and
tactics on performance.1-7 By rules, performance is defined as the shortest time from start
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line to finish line.8 In contrast, a high section performance can have different meanings: a
short section time, a high velocity exiting the section, high velocity gain (exit velocity –
entrance velocity) or low energy dissipation over the section. Since section performance also
depends on the performance in the previous section,6 in some cases, even a lower section
performance may be advantageous if it results in a disproportionately higher performance in
the following section.

Regarding section time as the parameter of performance, recently, four basic concepts
explaining time differences have been suggested in science and/or coaching: 1) entrance
velocity; 2) path length; 3) energy dissipation; and 4) the theoretical concept of the “quickest
path of descent”. A first explanation for shorter section times could be higher entrance
velocities.6 On the one hand, for consecutive sections, this would mean that a skier should
aim for high section exit velocities in order to increase the performance of the following
sections. On the other hand, there also might be a kind of “velocity barrier” above which the
athlete needs to control speed to avoid mistakes,6 which limits this strategy markedly. A
second explanation could be the common coaches’ doctrine that a shorter path length may
result in a shorter sector time. However, a shorter path length requires shorter turn radii and
may therefore lead to a loss of speed. A third explanation for shorter sector times could be
found in lower mechanical energy dissipation (EDISS) – calculated as the change in the skier’s
total mechanical energy per change in meter altitude and mass. EDISS was introduced as a
parameter to estimate the quality of a turn and provides information about how much energy
is lost due to snow friction and air drag.9 Consequently, the difference in total mechanical
energy per mass and entrance velocity (∆emech/vin) was suggested as a predictor of
performance in slalom.6 Based on this parameter, a well performed turn is a turn with the
lowest energy dissipation possible in relation to entrance velocity.6 Since high energy
dissipation has been associated with high turning forces, and thus with short turn radii, it was
suggested that choosing a smooth round line between the gates would lead to better
performance than skiing a more direct line from gate to gate.6 A fourth explanation for short
section times could be found in the theoretical concept that models the centre of mass
trajectory (COM line) of the quickest descent in a ski turn. This concept suggests that the
fastest line does not have the characteristics of a smooth, round track; rather, it has a shape
somewhat similar to the letter Z (Z-trajectory; “short turning-pull out straight”).10-12

Comparing these concepts, the COM line characteristics, suggested by the concept of the
“shortest path length” or the theoretical concept of the “quickest path of descent”, contradict
the concept of minimizing energy dissipation to increase performance. Moreover, the
influence of entrance velocity on section time may depend, due to aspects of the “velocity
barrier”, on the situation as well.6 Therefore, it is not a priori clear which turn characteristics
should be aimed for in a specific giant slalom situation for a high section performance.

The purposes of this case study were threefold. The first purpose was to assess the ability
of the aforementioned concepts to explain time differences observed in a one-turn section in
a giant slalom course. The second purpose was to compare COM line characteristics of turns
with fast and slow section times and to discuss their plausibility to be advantageous. Since
course setting varies from race to race in alpine ski racing, a third purpose of this study was
to compare turns with fast and slow section times for two different course settings and to
assess if similar line characteristics were observable.

METHOD
A top world-class athlete (world champion in giant slalom within the same year) performed
a total of 12 runs on two different course settings. For the first six runs, the vertical gate
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distances were 26 m with an offset of 12 m. For another six runs, the offset was changed to
10 m (Fig. 1). A total of 78 reference points, geodetic measured by theodolite, were used to
calibrate a capture volume corridor of approximately 52×12×2 m (Fig. 1). In this area, the
skier was filmed with a system of five panned, tilted and zoomed cameras (Panasonic F15,
50Hz, 460 line resolution, time synchronized by a gen-lock signal). All runs were recorded
in a manner in which the skier covered approximately two-thirds of the picture. In each frame
of each camera, a segment model with 28 points on the skier, the skis and the ski poles, as
well as the three best visible reference points were manually digitized. The joint centres of
the segment model were defined according to de Leva 13. The skier’s 3D position data were
reconstructed using the software PEAK MOTUS and a DLT-based PANNING ALGORITHM
by Drenk 14. Post processing and parameter calculation were performed in the software
MATLAB R2009b. Collecting kinematic data on a ski track with panning, tilting and zoomed
cameras, as was performed in the present study, has been shown to be reliable and
comparable to the accuracy under laboratory conditions in an earlier study.15 The current
study was approved by the Ethics Committee of the Department of Sport Science and
Kinesiology at the University of Salzburg.

The COM line was calculated based on the centre mass model of Clauser et al. 16, adjusted
for the skiing equipment. Ski line was defined as the trajectory of the midpoint between the
ankle joints, projected to the slope plane (x,y-plane). The x-axis was orientated in the
direction of the highest gradient on the slope plane (fall line). Line strategies were analysed
with regard to timing and placement characteristics of the turn in relation to the gate. For
parameter calculation, five characteristic points in COM / ski lines were defined (Fig. 1). The
beginning (a) and end (e) of the turn were determined by the crossing points of the COM line
and the ski line projected to the slope plane (x,y-plane), as proposed by Supej et al.17 The
point where COM begins to substantially change its direction (COM turn radius ≤ 30 m) (b),
the point of the COM passing the gate (c), and the point where COM stops substantially
changing its direction (COM turn radius ≤ 30 m) (d) were defined similarly to the definitions
of Reid et al.5 Based on these points, three turn phases were defined (Fig. 1): Initiation
(a→b), COM Direction Change (b→d), and Completion (d→e). Moreover, the turn was
divided into two sections (Fig. 1): Pre Gate Section (a→c) and Post Gate Section (c→e). The
turn cycle structure was calculated as the percentage of each turn phase or turn section in
relation to the whole turn. The placement of the turn was described as the distance in x- / y-
direction from the position of the beginning of the turn to the gate (∆xa / ∆ya), and the
distance in x- /- y direction from the end of the turn to the gate (∆xe / ∆ye) on the slope plane
(Fig. 3).
COM path length (LCOM), COM turn radius (RCOM), and COM speed (v) were calculated
numerically based on the COM-line using the four- and five-point finite central formulae.18

Total mechanical energy (Emech) was calculated as the sum of kinetic energy and potential
energy. The change in specific mechanical energy per entrance velocity (∆emech/vin), as a
measure for energy dissipation, was calculated according to Supej et al. 6 using finite central
differences, eqn (I):

(I)

COM traverse angle (βCOM) was defined as the angle between the instant direction of
COM motion and the fall-line (x-axis) (Fig. 2). Skid angle (γSki), as a measure to estimate the
degree of skidding, was defined as the angle between ski axis and the instant direction of
motion of the ankle joint (velocity vector) of the outer leg (Fig. 2).
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Figure 1. Overview of the Measurement Setup (top)
Characteristic Line Points and Definition of Turn Phases and Turn Sections
(bottom)

Figure 2. Angle Definitions: COM Traverse Angle (βCOM) (left); Skid Angle
(γSki) (right); Velocity Vector (v)



Turn time was defined as the time from the beginning to the end of the turn. Since the
actual positions of the starting and end points on the slope plane varied between the runs,
virtual start and finish lines were constructed, as suggested by Reid 19. Start and finish lines
were defined by calculating the average COM position and the average direction of the COM
velocity vector at the starting / end points of all analysed trials. Next, the lines through the
average position on the slope plane and perpendicular to the average velocity vector were
used as virtual start and finish lines to calculate tturn (Fig. 1). Entrance speed (vin) and exit
speed (vout) were calculated as the instant values of COM speed while passing the virtual start
/ finish lines (Fig. 1). Path lengths (LCOM), as well as the averages of the other performance
related parameters (Table 1), were calculated for the section between the virtual start and
finish lines. In order to ensure a constant performance over a larger than the analyzed section,
times from the last gate contact before the analyzed turn until the next gate contact after the
analyzed turn (t2-gates) were determined based on high-speed video (100 Hz) captured from
the opposite hillside (Fig. 1).

For assessing the ability of the current concepts to explain time differences, the turn with
the fastest tturn on the 26/12 m course was compared to the slowest turn (Table 1). For the
comparison of COM line characteristics and turn cycle structures, the two single values of
the fastest turns regarding tturn (1st and 2nd ranked) were compared to the two single values
of the slowest turns (5th and 6th ranked) (Table 2). The 3rd and 4th ranked turns were not
considered for the analysis in order to clearly separate performance groups.
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Table 1. Comparison of Turn Characteristics Between the Fastest and the
Slowest Trial Regarding tturn on the 26/12m Course: (turn) Average Start to
Finish Line; (pre) Average Start Line to Gate; (post) Average Gate to Finish Line

Fastest Trial Slowest Trial
tturn [s] 1.68 1.74

vin [m/s] 17.58 17.29

vout [m/s] 17.79 17.16

LCOM [m] 29.86 29.53

∆emech/vin
(turn) [Js/kg/m] -3.96 -3.96

∆emech/vin
(pre) [Js/kg/m] -4.51 -5.44

∆emech/vin
(post) [Js/kg/m] -3.37 -2.81

γSki
(turn) [°] 12.0 12.7

γSki
(pre) [°] 17.3 24.0

γSki
(post) [°] 6.4 3.8

RCOM
(turn) [m] 20.57 20.13

RCOM
(pre) [m] 19.80 19.61

RCOM
(post) [m] 21.20 20.45

βCOM
(turn) [°] 21.9 22.7

βCOM
(pre) [°] 23.1 24.3

βCOM
(post) [°] 20.6 21.4

COM: centre of mass; tturn: section time from start to finish line; vin: entrance velocity at the start line; vout: exit
velocity at the finish line; LCOM: Centre of mass path length from start to finish line; ∆emech/vin: difference in
mechanical energy divided by entrance velocity; γSki: Skid Angle of the outside ski; RCOM: Centre of mass turn
radius; βCOM: Centre of mass traverse angle.



Since using time to define performance over short sections is limited by the performance of
the previous section and, therefore, by the entrance velocity,6 a correlation analysis was
performed. In order to critically discuss tturn as a parameter for performance definition in the
current study, Spearman’s rank correlation between tturn and t2-gates, tturn and vin, and vin and
vout-vin was calculated. A p-value of 0.05 was chosen as the level of statistical significance.

RESULTS
COMPARISON OF THE FASTEST VS. SLOWEST TURN ON THE 26/12 m
COURSE REGARDING PARAMETERS EXPLAINING TIME DIFFERENCES
The parameters explaining the differences in section time between the fastest and the slowest
trial on the 26/12 m course are presented in Table 1. The fastest and the slowest trial on the
26/12 m course differed 3.6% in tturn. LCOM from the start to the finish line was 1.1% longer
for the fastest trial. Entrance velocity (vin) was 1.7% higher, and exit velocity (vout) was 3.7%
higher for the fastest trial. The change in velocity from entrance to exit was +0.21 m/s for the
fastest and -0.13 m/s for the slowest trial. For ∆emech/vin, the turn average (start to finish line)
was the same for both trials, whereas there was a 20.6% lower value for the pre gate average
and a 16.6% higher value for the post gate average in the fastest trial. A similar trend
regarding turn sections was found for γSki, although in total, there was a 5.8% lower turn
average (start to finish line) in the fastest trial. RCOM was larger and βCOM was smaller
throughout the turn in the fastest trial. The largest differences between the fastest and the
slowest trial regarding performance relevant parameters were found in the pre gate average
and post gate average for ∆emech/vin and γSki, whereas in turn average (start to finish line),
similar values for these parameters were observed.
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Figure 3. a) Comparison of COM Lines Between the Fastest and Slowest
Trial Over One Turn Cycle at the 26/12m Course Setting (black: fastest,
grey slowest)



COMPARISON OF THE FASTEST VS. SLOWEST TRIAL ON THE 26/12 m
COURSE REGARDING COM LINE CHARACTERISTICS AND TURN CYCLE
STRUCTURE
Comparing the COM line characteristics on the 26/12 m course, the fastest turn was initiated
1.60 m and terminated 1.98 m higher on the slope plane regarding the distance to the gate in
x-direction (∆xa / ∆xe) than the slowest turn (Fig. 3). ∆ya was 0.39 m greater and ∆ye was
0.94 m smaller in the fastest turn (Fig. 3). The fastest turn had a 2.5% longer Initiation, a
1.2% longer COM Direction Change, a 3.7% shorter Completion and an 8% longer Pre Gate
Section (Fig. 4).

COMPARISON OF FAST VS. SLOW TRIALS FOR TWO DIFFERENT COURSE
SETTINGS REGARDING COM LINE CHARACTERISTICS AND TURN CYCLE
STRUCTURE
COM line characteristics and turn cycle structure of the two fastest and the two slowest trials
for two different course settings are presented in Table 2. Fast trials (1st and 2nd regarding
tturn) differed from slow trials (5th and 6th regarding tturn) by not less than 0.04 s for the 
26/12 m course and not less than 0.02 s for the 26/10 m course. This is a 2.3% difference for
the 26/12 m course, and a 1.2 % difference for the 26/10 m course.

Regarding x-direction, fast turns were initiated farther from the gate and were terminated
nearer the gate at both course settings. The differences of ∆xa between single values of fast
and slow trials were not less than 0.45 m for the 26/12 m course, and not less than 1.13 m
for the 26/10 m course. The differences of ∆xe between the single values of fast and slow
trials were not less than 0.30 m for the 26/12 m course, and not less than 0.05 m for the 26/10
m course. Regarding the distance in y-direction (∆ya, ∆ye) for both course settings, fast turns
were initiated farther from the gate and terminated closer to the gate than slower turns. The
differences of ∆ya between the single values of fast and slow trials were not less than 0.06 m
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Figure 4. Comparison of Turn Cycle Structures Between the Fastest and
the Slowest Trial at the 26/12m Course Setting (black: fastest, grey
slowest)
For turn phase / section definition, see Figure 1.



for the 26/12 m course, and not less than 0.20 m for the 26/10 m course. The differences of
∆ye between the single values of fast and slow trials were not less than 0.44 m for the 26/12
m course. At the 26/10 m course the performance groups overlapped slightly.

Fast turns showed a longer Initiation for both course settings, whereas the percentage
values were higher and the differences to slow turns were greater on the 26/10 m course.
Regarding Initiation, the differences between the single values of fast and slow trials were
not less than 0.5% for the 26/12 m course and 1.9% for the 26/10 m course. Single values of
COM Direction Change were not less than 2.7% smaller in fast trials on the 26/10 m course,
while there were no clear differences between the single values of fast and slow trials found
for the 26/12m course. Pre Gate Section was longer for fast turns at both course settings: the
differences between the single values of fast and slow trials were not less than 1.2% for the
26/12m course, and not less than 2.4% for the 26/10m course. Regarding Completion, the
differences between fast and slow trials for the 26/10 m course were not less than 0.8%,
while there were no clear group differences observed at the 26/12 m.

RELATIONSHIPS AMONG PARAMETERS DEFINING PERFORMANCE
The relationships among parameters defining performance are presented in Table 3. For both
course settings a positive relationship between tturn and t2-gates was found. While tturn was
explainable by vin only to 1.5% (r2 = 0.015) on the 26/12 m course, there was a negative
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Table 2. Comparison of Fast vs. Slow Trials for Two Different Course
Settings Regarding COM Line Characteristics and Turn Cycle Structure

26/12 m course 26/10 m course
Fast Trials Slow Trials Fast Trials Slow Trials
(1st / 2nd) (5th / 6th) (1st / 2nd) (5th / 6th)

tturn [s] 1.68 1.72 1.68 1.70
1.68 1.74 1.68 1.70

∆xa [m] -14.06 -13.39 -14.34 -13.21
-13.84 -12.46 -14.95 -13.21

∆xe [m] 13.00 13.31 12.32 12.86
13.01 14.98 12.36 12.41

∆ya [m] 5.66 5.51 5.19 4.80
5.57 5.27 5.00 4.64

∆ye [m] 4.63 5.14 4.58 4.57
4.70 5.57 4.40 4.74

Initiation [%] 21.4 20.9 24.1 22.2
22.6 18.9 25.3 22.2

COM Direction Change [%] 67.9 61.6 57.8 60.5
61.9 66.7 56.6 60.5

Pre Gate Section [%] 52.4 48.8 53.0 49.4
50.0 44.4 54.2 50.6

Completion [%] 10.7 17.4 18.1 17.3
15.5 14.4 18.1 17.3

COM: centre of mass; 1st: first ranked trial; 2nd: second ranked trial; 5th: fifth ranked trial; 6th: sixth ranked trial; tturn:
section time from start to finish line; ∆xa: position on the slope plane in x-direction at the beginning of the turn; ∆xe:
position on the slope plane in x-direction at the end of the turn, ∆ya: position on the slope plane in y-direction at the
beginning of the turn; ∆ye: position on the slope plane in y-direction at the end of the turn.



relationship between tturn and vin on the 26/10 m course. Between vin and vout-vin, a negative
relationship was found for both course settings.

Table 3. Spearman’s Rank Correlation Coefficients for the Parameters
Defining Performance

26/12 m course 26/10 m course
t2-gates vin vout-vin t2-gates vin vout-vin

tturn 0.984** -0.123 tturn 0.894* -0.828* -
vin -0.771 vin - - -1.000**

*p<0.05; **p<0.01; ***p<0,001; tturn: section time from start to finish line; t2-gates: times from the last gate contact
before the analyzed turn until the next gate contact after the analyzed turn; vin: entrance velocity at the start line;
vout: exit velocity at the finish line.

DISCUSSION
The main findings were: 1) none of the four current performance prediction concepts was
able to give a singular explanation for the difference in section time between the fastest and
the slowest turn; 2) differences were found in COM line characteristics and turn cycle
structures between trials with fast and slow section times; 3) similar COM line characteristic
and turn cycle structure differences were found between trials with fast and slow section
times for two different course settings representing both extremes of the course setting
spectrum.

COMPARISON OF THE FASTEST VS. SLOWEST TURN ON THE 26/12 m
COURSE REGARDING PARAMETERS EXPLAINING TIME DIFFERENCES
Performance Difference
In the current study, a difference of 3.6% in tturn between the fastest and the slowest trial was
found within the same athlete (Table 1). Time differences for short sections between different
athletes in World Cup competitions were reported to vary by 10%.20 Knowing that over an
entire race course, differences of hundredths of a second often determine who wins a race the
potential that improvements in sector time might affect the outcome of a race is quite high.

Explanation 1: Entrance Velocity
In the example of the fastest and the slowest turn on the 26/12m course, vin was slightly
higher for the fastest trial (Table 1); thus, it could have been influencing performance.
However, it is not the sole determinant in our example. Even if entrance velocity (vin) had
been maintained over the whole path length of the turn (LCOM), it only would explain 0.01s
of the 0.06 s difference in tturn.

Explanation 2: Path Length
A shorter path length does not serve as an explanation for the differences in section time
between the fastest and the slowest trial on the 26/12 m course (Table 1). One reason for this
finding could be that the advantages of a shorter COM line do not compensate for the costs
concerning energy losses due to snow friction while following this track. Another reason
could be that a direct line at one gate may result in a longer line at the next gate. Hence, the
costs of a more direct line would be paid at the next gate; therefore, this strategy is intuitively
avoided by the athlete. This argument is in line with the findings of Lešnik and Zv̌an 3.

International Journal of Sports Science & Coaching Volume 7 · Number 4 · 2012 655



Explanation 3: Energy Dissipation
Comparing the fastest and slowest turn on the 26/12 m course, there is no difference
regarding ∆emech/vin turn average, while tturn differs 3.6% (Table 1.) Surprisingly, it is
possible to reach a higher performance despite the same energy dissipation throughout the
turn. This indicates that ∆emech/vin alone cannot predict performance in every case. A first
reason for the observed phenomenon could be that even fast skiers will need to dissipate
excess kinetic energy at certain time points.5 There might be a kind of “velocity barrier”
above which the athlete needs to control speed to avoid mistakes.6 A second reason could be
that this concept, due to its simplifications, is only applicable for larger differences such as
technical mistakes or differences between athletes,6 but is not sensitive for smaller
differences, like different strategies used by one athlete. A third reason could be found in the
distribution of energy dissipation over the turn sections. At the fastest trial, ∆emech/vin was
lower in the pre gate section, and higher in the post gate section (Table 1). A similar
distribution for the turn sections was found for γSki (Table 1). For a short section time, less
energy dissipation / drifting and, therefore, higher velocity at the beginning of the turn may
be more advantageous, since this high velocity is acting over a longer part of the turn.

Explanation 4: “Path of the Quickest Descent”
The concept of the “path of the quickest descent” 10-12 illustrates, similar to the
“brachistochrone problem” in physics, that the question of when and how much potential
energy is transformed into kinetic energy within a certain part of the turn, is one key for time
optimization. Under the assumption of neglecting energy dissipation due to snow friction, the
driving component of gravitational force and, therefore, the transformation of potential
energy into kinetic energy, mainly depends on the traverse angle 21: the smaller the angle, the
closer the direction of motion to the fall line and, therefore, the higher the transfer rate of
potential energy into kinetic energy. Comparing the fastest and the slowest trial at the 26/12m
course, βCOM is smaller throughout the turn (Table 1). This implies that the acceleration due
to gravity is higher over the whole turn for the fastest trial and can be explained by the line
characteristic of turning less out of the direction (Fig. 3). However, RCOM was constantly
larger throughout the turn at the fastest trial. This does not indicate a more pronounced
strategy of a Z-trajectory (“short turning - pull out straight”), which was suggested to be the
fastest line.10-12 One explanation for this finding could be that this concept neglects snow
friction; therefore, it is only partly applicable for skiing in reality.

Summary
This example shows the limitations of the existing concepts of performance enhancement to
explain performance differences in section times. In order to give effective advice regarding
performance enhancement, they would have to be balanced among each other. Therefore,
there is an evident need for improvement of the existing concepts by combining them into
one comprehensive concept explaining performance differences.

COMPARISON OF FAST VS. SLOW TRIALS REGARDING COM LINE
CHARACTERISTICS AND TURN CYCLE STRUCTURE
Comparing the fastest and the slowest trial at the 26/12 m course turns differed in the
placement of the COM line in relation to the gate and the timing within the turn cycle. The
fastest turn was initiated and terminated higher regarding the vertical position on the slope
plane and was turning less out of the direction of the fall line at the end of the turn (Fig. 3).
Consequently, a higher percentage of the turn was executed before passing the gate in the
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fastest turn, and the Initiation was prolonged while the Completion was shorter (Fig. 4).
Similar COM line and turn cycle differences were observed for other trials and both course
settings (Table 2).

These findings are in line with the observations of Nachbauer 1, who found that a high
initiation and a high termination of the turn are related to a reduction of time. In contrast to
Nachbauer 1, the findings of this study indicate that a longer, not a shorter, initiation phase
resulted in the best performance. This may be explained either by the different definition of
the turn phases (kinetic vs. kinematic criteria), or the fact that due to the present day side cut
of the ski, there are more possibilities to adapt timing by sharper turns after an elongated
initiation. The observed differences in COM line characteristics and turn cycle structure
seem likely to be related to short section time. As demonstrated on the example of the fastest
and the slowest trial on the 26/12 m course, a higher initiation and termination of the turn
needs less drifting (∆Ski) and provokes less energy dissipation (∆emech/vin) prior to the gate
(Table 1).

METHODOLOGICAL CONSIDERATIONS
Single-Subject Analysis
One limitation of the current study might be that only one subject was used. This limits the
possibilities of generalising the study findings. However, there are two reasons why a single-
subject-design may be a reasonable alternative approach to a group-design for the current
research question. First, it is known that, due to differences in athletes’ strengths, technical
abilities or tactical reasons, different individual strategies can lead to the same performance.
In this case it is problematic to conclude “the average” of different athletes (group
performance) to be the best strategy for every individual.22 Second, especially in high
performance sports, effective learning strategies are mainly focused on individuals.23

Single-Gate-Analysis
Another limitation of the current study might be that a single-gate-analysis neglects tactical
aspects regarding the choice of line down a course. Depending on the course setting before
and after the analyzed section, there might be different demands on a well performed turn
than a short section time. However, to detect the small, yet substantial differences at top level
ski racing, a high degree of accuracy is needed, and the use of video-based 3D kinematics,
is indispensable.15, 24 This limits the capture volume to 1 giant slalom turn.

Performance Definition
A third limitation of the current study might be to define section time as a performance
measure for short sections. This measure is influenced by the performance in the previous
section and has the following drawbacks:6 1) section time is influenced by the skier’s initial
velocity, position and orientation; 2) a mistake close to the end has only a small impact on
the analyzed section; and 3) high exit velocity, as well as the skier’s position and orientation
at the end of the turn has marginal influence on the analyzed section, but may be important
for the following section. 

In the current study there was for both course settings a strong positive relationship
between tturn and t2-gates and negative relationship between tturn and vin on the 26/10 m course
(Table 3). Therefore, it is plausible that the performance of the skier was relatively constant
over a wide section  and there might be only a marginal influence of entrance velocity on
section time on the 26/12 m course. In contrast, on the 26/10 m course which is turning less
out of the direction of the fall line, there might be a more substantial influence.
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An alternative would have been to use a section performance measure which is normalized
with vin instead of section time, as it was recently suggested.6 However, in the current study,
there was a negative correlation between vin and vout-vin for both course settings (Table 3).
This means that trials with low entrance velocity are gaining disproportionately more
velocity throughout the turn. Therefore, it is questionable whether normalization with
entrance velocity would have been an improvement for the problem of performance
definition over short sections in our study.

CONCLUSION
This article illustrates the challenge for both scientists and coaches to understand the very
complex relationship between parameters underlying performance in alpine ski racing. One
reason for this problem might be the fact that the definition of a well performed turn may
have different meanings depending on the skiing situation. Another reason might be that the
current performance prediction concepts address only one aspect of a very complex
relationship. In the specific case studied here, the line and/or timing aspects were critical for
decreasing the turn time. Future scientific work and coaching should aim for more
comprehensive approaches which consider all variables influencing performance in one
concept. In science, looking at instantaneous performance rather than at section performance,
as recently suggested by Federolf 25, may open new possibilities of combining different
variables related to performance at the same time. In coaching, the training of the implicit
adaptation mechanisms in terms of situation depending line and/or timing strategies may be
an alternative approach to address different variables influencing performance at the same
time.
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ABSTRACT
Background There is limited knowledge about key
injury risk factors in alpine ski racing, particularly for
World Cup (WC) athletes.
Objective This study was undertaken to compile and
explore perceived intrinsic and extrinsic risk factors for
severe injuries in WC alpine ski racing.
Methods Qualitative study. Interviews were conducted
with 61 expert stakeholders of the WC ski racing
community. Experts’ statements were collected,
paraphrased and loaded into a database with inductively
derived risk factor categories (Risk Factor Analysis). At
the end of the interviews, experts were asked to name
those risk factors they believed to have a high potential
impact on injury risk and to rank them according to their
priority of impact (Risk Factor Rating).
Results In total, 32 perceived risk factors categories
were derived from the interviews within the basic
categories Athlete, Course, Equipment and Snow.
Regarding their perceived impact on injury risk, the
experts’ top five categories were: system ski, binding,
plate and boot; changing snow conditions; physical
aspects of the athletes; speed and course setting
aspects and speed in general.
Conclusions Severe injuries in WC alpine ski racing can
have various causes. This study compiled a list of
perceived intrinsic and extrinsic risk factors and explored
those factors with the highest believed impact on injury
risk. Hence, by using more detailed hypotheses derived
from this explorative study, further studies should verify
the plausibility of these factors as true risk factors for
severe injuries in WC alpine ski racing.

INTRODUCTION
World Cup (WC) alpine ski racing is known as a
high-risk sport.1–3 Injury rates over the WC
seasons 2006/2007 and 2007/2008 were found to
be 36.7 per 100 athletes, which was alarmingly
high.1 Slightly over 30% of all recorded injuries
were severe (>28 days of absence).1 Severe injuries
may hinder the athlete from returning to the sport
and they also may increase the risk of reinjury.4

Moreover, long-term adverse health effects are
possible, such as a higher prevalence of early
osteoarthritis.4

To be able to develop effective prevention strat-
egies for these injuries, a comprehensive model for
injury causation should be used.5 Such a model
should account for all the factors involved (figure 1):
the intrinsic and extrinsic risk factors, as well as a
precise description of the inciting event (injury situ-
ation and injury mechanism).5 6 Regarding anterior
cruciate ligament injuries, the dominant injury type

in WC alpine ski racing,1 recent studies provided a
deeper understanding of the injury mechanisms.7–9

Furthermore, the skiing situation leading to these
injuries has been described based on experts’ visual
analyses.10 On the basis of these analyses, athletes’
technical mistakes, inappropriate tactical choices,
visibility and snow conditions were suggested to be
the main contributors leading up to injury situa-
tions.10 However, the factors that make the athletes
predisposed and susceptible to injuries (intrinsic and
extrinsic risk factors) are rather unclear for WC
alpine ski racing. These factors may be completely
different than the risk factors for recreational
skiing.11–14 This said, knowing the factors that
make the athletes predisposed and susceptible to
injuries is essential for their prevention.5 6

Recently, significant changes to many aspects of
WC ski racing have occurred; the introduction of
carving skis and water-injected slopes being two
of the most prominent.15 16 As a consequence of
these changes, the course settings and the athlete’s
technique and physical preparation changed as
well.17–19 These numerous changes have added to
the complexity of the injury problem. This makes
it difficult to determine the key risk factors for
severe injuries based on retrospective study
designs. Moreover, prospective designs are cur-
rently limited by the lack of detailed hypotheses
about potential key risk factors. Therefore, a quali-
tative interview approach with expert stakeholders
of the WC ski racing community was chosen for
this study. The aim of this explorative study is to
compile a list of perceived intrinsic and extrinsic
risk factors for severe injuries in alpine WC ski
racing. Furthermore, it is to derive precise qualita-
tive statements about those factors that are
thought to have the highest impact on injury risk
in order to provide more detailed hypotheses for
further studies.

METHODS
Interview participants
The analysis involved individual interviews with
representatives from different expert stakeholder
groups (table 1). The participation on the study
was voluntary. The sampling was chosen based on
the principle of maximal variation of perspectives
and was enlarged as long as new perspectives were
obtained.20 However, compared to WC coaches,
WC athletes, males in particular, demonstrated
lower interest for participating in the interview
process. Therefore, the gender-specific perspectives
were unbalanced within the expert group ‘WC
athletes’ (female: n=7, male: n=4).
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Interview collection
The individual interviews took place in 2010, with two concen-
trated phases during the WC events in Kvitfjell and the WC
finals in Garmisch. Each Interview lasted 40–70 min and was
conducted by a native speaker in either German or English. All
interviews were recorded using a digital voice recorder (Olympus
VN-6800PC; Olympus Corporation, Tokyo, Japan) to ensure
accuracy in analysis. The interviews were semistructured with
prepared questions; however, certain areas were examined
through improvisation based on the responses of the inter-
viewee,20–22 with each interview ultimately covering the same
material. Generally, the interviews were broken down into
two parts and moved from general to specific questioning
(table 2).22

In the first part of the interview (Risk Factor Analysis—
RFA), general, detailed and specific questions were posed regard-
ing whether they saw any noticeable problems or distinct fea-
tures that are related to severe injuries (>28 days of absence as

defined by Fuller et al23). The general section was left open to
allow the interviewee the opportunity to address any area they
considered to be problematic. Circular questioning was used to
draw out as many ideas from the interviewees as possible with
minimal influence from the interviewer.20 Each basic category
(Equipment, Course Setting, Snow and Athlete) not mentioned
by the interviewee in the general section was asked in the
detailed section. For the specific section, a checklist with per-
ceived risk factors was used by the interviewer to keep track of
the topics covered. Any topic from this checklist not mentioned
during previous questioning was asked in this section. This
checklist with perceived risk factors was established through
trial interviews with coaches, athletes and research team
members, and was dynamically enhanced throughout the data
collection process based on the interviews previously con-
ducted.20 In the second part of the interview (Risk Factor
Rating—RFR), participants were asked to name and rank, out
of all the perceived injury risk factors discussed in the

Figure 1 Model for injury causation (adapted from Meeuwisse and Bahr et al).5 6

Table 1 Description of the interview participants

Expert group Inclusion criteria Perspective n

WC athletes Top 15 athletes’ WC ranking All disciplines (‘Allrounder’) (n=7) n=11
Speed disciplines only (n=3)
Technical disciplines only (n=1)

WC coaches Top 8 nations’ WC ranking Head coaches (n=8) n=19
Group coaches (n=11)

Officials/race organisers Responsible for WC courses FIS race directors (n=5) n=11
TD (WC organizer) (n=5)
Slope engineer (n=1)

Representatives ski equipment companies Top 5 WC ranking of ski equipment suppliers Head engineers (n=5) n=10
Service-men (n=5)

Topic specific experts Expert with a superior specific background Science (n=3) n=10
Expert ski equipment (n=1)
Expert safety equipment course (n=1)
Expert snow preparation (n=1)
Expert physical training (n=1)
Expert youth ski racing (n=1)
Disabled former WC athlete (n=1)
Parent of severely injured WC athlete (n=1)
Total n=61

FIS, International Ski Federation; TD, Technical Delegated; WC, World Cup.
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interview, the factors they believed had high potential impacts
on the risk of severe injuries.

Interview analysis
Risk Factor Analysis
The RFA sections of the interviews were processed with
methods of qualitative research20 21 by native speakers in either
German or English. At the beginning of the process, 15 audio-
taped interviews, which were randomly chosen within the
expert groups, were fully transcribed word for word based on
common transcription rules. Thereafter, a process of reduction
was used to take the full transcripts and create concise summar-
ies of the statements (paraphrasing).20 The paraphrased state-
ments, in either German or English, were then separated into
basic categories, as well as three subcategory levels based on
their similarities and their distinctions. Finally, the coded state-
ments were entered into a digital database in their particular cat-
egories (named in English). Later, during the evaluation process,
paraphrased statements from the remaining 46 interviews were
extracted from the audio files without full transcriptions and
were entered into the database. The categories of the database
were dynamically enhanced during the analysis process based on
the statements, as long as new perspectives were obtained.20

Risk Factor Rating
For the RFR section of the interview, in principal, the same data
processing as for the RFA section was performed (audio file →
transcription → paraphrasing) and paraphrased statements were
entered into categories of the same name. For this analysis all 61
interviews were considered. In the RFR section, the interviewees
were asked to select, out of all mentioned risk factors, the ones
with high potential impact on injury risk, and to rank them in
order of their perceived priority. All interviewees identified
between one and six risk factors believed to have high impact on

injury risk, whereby the majority named two or three factors.
Depending on which impact on injury risk the interviewee
assigned each perceived key risk factor, a ranking number was
given to each statement. A lower ranking number means a
higher potential impact of the risk factor, with ranking number
‘1’ given to the highest impact. For each perceived key risk factor
that was named in the RFR section, the frequency of mention
and the mean of the rank numbers given by the experts were
analysed. Then, a rank order for the frequency of mention and a
rank order of the assigned mean rankings were created. Finally,
based on the sum of these two rank orders, an overall ranking
list of perceived key injury risk factors was defined.

RESULTS
RFA—derivation of inductive categories
The experts’ perceived injury risk factor categories are presented
in alphabetic order in table 3. Within the basic categories
Athlete, Course, Equipment and Snow, a total of 32 risk factor
categories were inductively derived from the qualitative analysis
of the interviews.

RFR—quantitative analysis of the categories
The experts’ priorities of perceived key injury risk factor cat-
egories regarding their potential impact on injury risk are pre-
sented in table 4. A total of 25 risk factors categories were
suggested to play a key role for injury causation.

RFA—qualitative content analysis of the categories
Owing to space restrictions in this article, the results of the
qualitative content analysis are only presented for the experts’
top five key injury risk factors. An overview of the correspond-
ing quote categories and example quotes are given in table 5.

DISCUSSION
This study was undertaken to compile and explore perceived
intrinsic and extrinsic injury risk factors for severe injuries in
WC alpine ski racing. The inductively derived risk factor cat-
egories were presented in table 3. This list may serve as a

Table 3 Risk Factor Analysis: perceived injury risk factor categories
derived from the interviews within the basic categories Athelte, Course,
Equipment and Snow (in alphabetic order)

Athlete Course
Aspects of body temperature Poor visibility
Athlete’s adaptability Course maintenance during race
Athlete’s crash behaviour Course setting in general
Athlete’s individual responsibility Jumps
Athlete’s race preparation Level of course difficulty
Fatigue Safety net position and spill zone
Genetics and anthropometry Speed and course setting aspects
Physical aspects Speed and topographic aspects
Psychological aspects Speed in general
Preinjury aspects Topography in general
Skiing technique and tactics

Equipment Snow
Binding/plate Aggressive snow conditions
Gates (panels and poles) Changing snow conditions
Protectors and helmets Smooth snow surface
Racing suits Techniques of snow preparation
Ski
Ski boot
System ski, plate, binding, boot

Table 2 Layout and questions for the interview process: part 1 moves
from general to specific questions about distinct features or noticeable
problems related to severe injuries in alpine ski racing; part 2 compiles
and ranks key risk factors

1

General
questions

Considering severe injuries in alpine ski racing, from
your experience and perspective can you see or do you
notice any distinct features or noticeable problems?

RFADetailed
questions

In addition to the points you have mentioned, others also
see problems in the basic categories of…(Equipment,
Course Setting, Snow and Athlete—only asking about
those areas not already mentioned). Considering this area
and severe injuries in alpine ski racing, from your
experience and perspective can you see or do you notice
any distinct features or noticeable problems?

2

Specific
questions

If we return again to the area of … (Equipment, Course
Setting, Snow and Athlete)…often the points… (asking
about specific aspects of each area listed in the
checklist and only asking about those specific areas not
already mentioned)…are mentioned

RFRConsidering this area and severe injuries in alpine ski
racing, from your experience and perspective can you
see or do you notice any distinct features or noticeable
problems?

Ratings We have been talking about a variety of aspects relating
to severe injuries in alpine ski racing. If you think about
your previous statements, what do you consider the key
risk factors and how would your rank them?

RFA, risk factor analysis; RFR, risk factor rating.
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guideline for further studies. Regarding their perceived impact
on injury risk, the experts’ top five risk factor categories were:
system of ski, binding, plate and boot; changing snow condi-
tions; speed and course setting aspects; physical aspects; and,
speed in general. Owing to space restrictions in this article,
only these five risk factor categories are discussed in depth. In
the following synopsis, the experts’ direct quotes are high-
lighted with quote signs and italic font.

System ski, binding, plate and boot
According to the experts’ rating, the ‘system of ski, binding,
plate and boot’ is too direct in force transmission, too aggres-
sive in the ski–snow interaction, and too difficult to get off the
edge once the ski is carving. As a result, as argued by some
experts, the equipment is not controllable if the athlete loses
his/her balance due to its unpredictable self-dynamic behaviour.
Driving factors for these equipment handling problems may be:
(1) the skis’ side-cut

“Less side-cut means less force and less violence in injury situations.”

(2) the skis’ width

“Wider skis make it harder to get up on and off the edge”

(3) the skis’ length

“Longer skis are safer and you feel more comfortable at high speed
runs.”

(4) a homogenous bending line of the skis

“The binding plate takes partly the responsibility for today ’s injury
frequency, since it significantly influences the bending line of the ski
and causes that the ski does a less likely break-away or slides.”

(5) the skis’ torsional stiffness

“There is a possibility to make the skis more aggressive by chan-
ging the torsional stiffness”

and (6) the weight of the whole equipment system

“…if this mass once is accelerated, it can lead to an uncontrolled
self-dynamic behaviour of the equipment.”

Furthermore, stiff boots and high standing heights are believed
to play a central role for injuries

“Boots are too stiff…especially at low temperatures boots get very
direct regarding force transmission.”

“Standing high plays a central role, which must be reduced.
Nowadays, unhealthy lever arms result in high forces which act on
the body.”

All suggested driving factors are plausible and are in line with
the mechanical theory of skiing.24–27 Furthermore, both high
standing heights and strong side-cuts of the skis have been sug-
gested to favour a sudden catch of the edge while skiing,15

which is a crucial factor leading up to the injury mechanisms
specific for WC alpine ski racing.7

Changing snow conditions
Widely discussed among the ski racing community, changing
snow conditions, in particular within one run, requires great
effort for the athlete to adapt immediately and it is difficult to
set up and prepare the equipment for all different conditions.
Generally, injected snow and icy conditions are believed to be
safer than aggressive snow conditions.

Table 4 Risk Factor Rating (RFR): experts’ priorities of perceived key injury risk factor categories regarding their potential impact on injury risk

Perceived priority Potential key injury risk factor Mentions in RFR Rank Mean rank RFR Rank ∑ Rank points

1 System ski, plate, binding, boot 22 1 1.73 2 3
2 Changing snow conditions 17 2 1.79 4 6
3 Speed and course setting aspects 9 6 2.00 7 13
4 Physical aspects 6 9 1.92 6 15
4 Speed in general 11 4 2.23 11 15

6 Techniques of snow preparation 9 6 2.28 12 18
7 Aggressive snow conditions 8 8 2.31 13 21
7 Fatigue 15 3 2.83 18 21
7 Skiing technique and tactics 3 16 1.83 5 21
10 Athletes’ race preparation 2 20 1.75 3 23
10 Preinjury aspects 1 22 1.00 1 23
12 Bad visibility 3 16 2.00 8 24
12 Speed and topographic aspects 5 10 2.60 14 24
14 Jumps 11 4 3.45 24 28
15 Course setting in general 5 10 2.90 20 30
15 Gates (panels and poles) 5 10 2.90 20 30
17 Athletes’ individual responsibility 3 16 2.67 15 31
17 Psychological aspects 1 22 2.00 9 31
17 Racing suit 3 16 2.67 15 31
20 Binding/plate 5 10 3.00 22 32
20 Level of course difficulty 1 22 2.00 10 32
22 Safety net position and spill zone 4 14 2.88 19 33
23 Ski 4 14 3.13 23 37
23 Ski boot 2 20 2.75 17 37
25 Protectors and helmets 1 22 4.50 25 47

Mentions in RFR: number of subjects which mentioned a specific factor to have superior impact on injury risk (key risk factor). Mean rank RFR: mean value of the ranks given to
a specific key risk factor by the experts. A low mean rank means high priority.
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“Icy snow conditions are safer than aggressive snow, because the
equipment does not react as fast”

Moreover, according to some experts, snow injection reduces
the changes due to bib number (traces) and, therefore, may
increase safety. However, partial injection is suggested to be
problematic since it changes the mechanical proprieties of the
snow,16 and the equipment is set up and prepared for the iciest
part. Consequently, the ski–snow interaction is too direct in
force transmission when entering a section with ‘grippy ’ artifi-
cial snow

“If on a slope with aggressive snow only a couple of turns are
injected, the setup must be tuned in a manner that allows skiing
on ice…in doing so the set-up gets too aggressive in sections
without ice.”

Hence, the influence of the slope preparation and maintenance
on the ski–snow interaction seems to be an important key for a
better understanding of injuries in WC alpine ski racing.7 10

Speed and course setting aspects
According to the experts, in carved turns speed in combin-
ation with small turn radii leads to high forces on the body.
This is theoretically plausible and coincides with the litera-
ture.15 25 Generally, some experts feel that speed in turns has
increased in the last years

“The big difference today with the carving skis is that you do not
loose so much speed through a turn making it more risky for
injuries.”

Typically, the reduction or control of speed in turns is
attempted by course settings that turn more out of the direc-
tion of the fall line. However, according to the experts, this is
not the key for risk reduction in every case. As long as the turn
still can be carved and more skidding is not provoked, speed
control by course setting may not be very effective; rather,
higher forces may occur due to smaller turn radii at a similar
speed. An alternative approach may be course settings that

Table 5 Qualitative content analysis: generalised quote categories and example quotes of the top five perceived injury risk factor categories derived
from the interviews

Risk factor and quote categories Example quotes

System ski, plate, binding, boot
System is too aggressive in ski–snow interaction “The system ski, boot, binding, plate is too aggressive and there should be more

room for mistakes”
System is too direct in force transmission to the body “It is always tried to make the force transmission more direct … but this

development could go at the expense of safety”
System is difficult to control “It happens often, that if you lose the grip on the outer ski the inner ski catches the

edge and catapults you out of the turn”
System has a strong self-dynamic/self-steering behaviour “If the equipment is once out of control, it develops a certain self-dynamic

behaviour and the athlete does not get rid of the edge”
Changing snow conditions

Changing conditions from run to run make it difficult for the athletes to adapt “Every injected slope is different making it hard to have the proper equipment”
Changing conditions within one run make it difficult for the athletes to adapt “A mix of injected and aggressive snow on the same slope is a problem for injury

as it is hard to setup the equipment for both situations”
Changing conditions due to bib-number can be a safety problem “Changes of the slope during the race mainly affect racers with lower levels”

Speed and course setting aspects
Speed in combination with small turn radii is dangerous “Speed in combination with tight turns is more dangerous than a more opened turn

at high speed”
Speed in combination with small turn radii leads to higher forces “As result of the high turn speed, there are acting high external forces”
Speed in turns is higher today than in the past “The increase of turn speed was in the last few years disproportionately higher

than the increase in athletes’ strength”
Speed can be controlled through course setting “Speed control must be done by course setting”
Speed control through course setting can be problematic “A tighter course set does not decrease the risk, since forces are increased.

Therefore, speed reduction by course setting is not wise”
Speed cannot be controlled through course setting in every case “Speed control through tighter course setting is useless as long as the athlete is

still able to carve the tighter radius”
Physical aspects

High fitness level is important to reduce injury risk “Physical training is very important for athletes to avoid injuries”
Athletes’ fitness levels are not always sufficient “A lot of younger athletes (women in particular) don’t get enough time to work on

their conditioning as they are selected at young age and have pressure to move up
in the ranks”

Athletes’ fitness levels are already at the limit and cannot be further improved “The physical conditioning of the human body reaches its limit earlier than the
equipment development”

Forces acting on the body are too high and must be reduced “The forces are too high for the human body and should be reduced in reasonable
degree”

Too specialised physical training is a safety problem “Physical training usually aims on reaching with a minimal effort a maximum for
the competition, so that there are reserves left”

Speed in general
High speed increases the ‘destructive potential’ of the energy involved “Crashes at high speed lead more frequently to injuries than crashes at low speed”
Constantly high speed over a long sector is a injury risk factor “The factor speed is a huge problem, especially a constantly high speed, which

deceives the senses”
Speed in general should be lowered for safety reasons “A speed reduction of 20–30km/h would make sense”
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locally slow down the racers in a substantial manner before key
sections

“…it should be given more importance to tactical aspects, so that
the athlete really has to decide where to slow down and to pass
with full speed.”

Physical aspects
According to the experts, a superior fitness level is one of the
most important perceived factors for injury prevention

“Physically weak athletes have a higher risk for injuries.”

Even though the importance of a superior fitness level for
injury prevention is widely accepted in practice, no definite
conclusions can be made based on the existing literature.28

However, fatigue is known to have a negative impact on
balance control,29 and physical fitness has an effect on reaction
time during exercise.30 Therefore, it seems to be reasonable that
a lack of fitness and early fatigue could be risk factors for injur-
ies. According to the experts, there are actually two main pro-
blems in alpine WC ski racing regarding ‘physical aspects’ of
the athletes: (1) the fitness level of today’s top athletes reaches
physical limitation and cannot be further improved in order to
resist the outer forces and (2) younger athletes, in particular
women, are not always sufficiently prepared to enter the WC.

Speed in general
According to the experts, high skiing speed is a general perceived
risk factor for injuries, in particular, if speed is constantly high.
They argue that this deceives the senses and results in a loss of
concentration. In addition, the athlete may have too little time
to react and/or correct if an injury situation develops rapidly at
high skiing speeds.7 15 High skiing speeds mean high kinetic
energy and, as a result, can induce serious injuries in the event of
a quick energy conversion during injury events or crashes

“…technical mistakes do not have as fatal consequences at lower
speed.”

Therefore, some experts think that speed in general should be
reduced.

Methodological considerations
The qualitative approach used in this study contributes to the
theoretical and conceptual body of knowledge and adds new
perspectives regarding perceived injury risk factors in alpine ski
racing. However, there are some dangers/limitations related to
the study design used.

First, the applied study design does not allow for verification
of whether the perceived injury risk factors are true risk
factors. These factors primarily need to be validated against
formal aetiological studies in order to confirm their status as
injury risk factors.

Second, the quality of results depends on the quality of the
interviews, as well as on the expertise and degree of reflection of
the interviewees. Therefore, it was attempted to provide a com-
fortable environment in which to conduct the interviews, and
each individual interview started with an open-ended question
in order to encourage the interviewee to speak freely.20 In order
to maximise the richness of data, the sample was chosen in an
attempt to maximise the variation of expertise and perspec-
tives.20 However, due to the voluntary character of this study,
some limitations remain with respect to an unbalanced sam-
pling, especially, for the quantitative analysis of the interviews.

Third, the qualitative interview approach includes the danger
of subjectivity. Therefore, three different researchers were

involved in conducting and analysing the interviews: (1) the
first five interviews were conducted and processed by all three
researchers together and (2) for all interviews, the classification
of the paraphrased statements into risk factor categories was
performed by all researchers together in a permanent exchange
of perspectives.
Fourth, the results were not stratified by discipline. This may

limit the representation of the findings for specific disciplines
since the perceived risk factors and, in particular, their perceived
priority, may be different.

CONCLUSION
As shown in this paper, injuries in WC alpine ski racing can
have various intrinsic and extrinsic risk factors. In order to
decrease injury rates in alpine ski racing effectively, a compre-
hensive perspective might be needed. It is conceivable that a
change of one factor alone may not improve the injury
problem substantially, and several risk factors have to be
approached by prevention interventions. Nevertheless, not all
risk factors have the same impact on injury risk. This study
compiled and explored those perceived risk factors with the
highest believed impact on injury risk. Hence, further studies
should verify the plausibility of these factors as true risk
factors by using more detailed hypotheses derived from this
explorative study.

What this study adds

▸ This study compiles a list of perceived intrinsic and
extrinsic injury risk factors for severe injuries in World Cup
alpine ski racing. This list may serve as a guideline for
further studies with respect to injuries in alpine ski racing.

▸ This study explores those perceived risk factors with the
highest believed impact on injury risk. With its qualitative
character, it provides a base for more detailed hypotheses
for further aetiological studies in alpine ski racing.
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ABSTRACT
Background Course setting has often been discussed
as a potential preventative measure in the World Cup ski-
racing community. However, there is limited
understanding of how it is related to injury risk.
Objective This study was undertaken to investigate the
effect of increased horizontal gate distance on energy-
related and injury mechanism-related variables.
Methods During a video-based three-dimensional
(3D)-kinematic field measurement, a top world-class
racer performed giant slalom runs at two course settings
with different horizontal gate distances. A full-body
segment model was reconstructed in 3D and selected
biomechanical parameters were calculated.
Results For the analysed turn, no significant differences
were found in turn speed for increased horizontal gate
distance. However, a large effect size was observed for
speed reduction towards the end of the turn. Turn forces
were by tendency higher at the beginning and
significantly higher towards the end of the turn.
Additionally, significant differences were found in higher
inward leaning, and large effect sizes were observed for
a decreased fore/aft position after gate passage.
Conclusions On the basis of the data of this study, no
final conclusion can be made about whether, for a
section of consecutive turns, increasing horizontal gate
distance is an effective tool for speed reduction.
However, this study pointed out two major drawbacks of
this course setting modification: (1) it may increase
fatigue as a consequence of loading forces acting over a
longer duration; (2) it may increase the risk of out-of-
balance situations by forcing the athlete to exhaust his
backward and inward leaning spectrum.

INTRODUCTION
Injuries in alpine skiing have been a serious
concern since the very beginning of the sport.
Assessed over many decades, incidence, severity,
aetiology and injury prevention strategies for recre-
ational skiers are well documented.1–13 In contrast,
there are only a few papers addressing the area of
elite competitive ski racing.14–18

Data by the International Ski Federation (FIS)
Injury Surveillance System (ISS) illustrated an
alarmingly high injury risk for World Cup (WC)
alpine ski racers. Over the WC seasons 2006/2007
and 2007/2008 injury rates of 36.7 per 100 athletes
were reported.15 The most commonly injured body
part was found to be the knee (35.6%), and the
rupture of the anterior cruciate ligament (ACL) was
the most frequent specific diagnosis.15 Recently,
three distinctive mechanisms of ACL injuries in
WC ski racing were identified: ‘slip-catch’, ‘dynamic

snowplough’ and ‘landing back weighted’.17

Characteristically, for the ‘slip-catch’ and ‘dynamic
snowplough’ mechanisms, the racer initially lost
balance backward and inward. Then, while trying
to regain grip, the inside edge of either the outer or
inner ski caught abruptly in the snow, forcing the
knee into valgus and internal rotation. In order to
reduce the risk of these injury mechanisms, mea-
sures that can reduce the energy involved in the
injury situations, may be effective prevention
clues.17 18 Moreover, high skiing speeds, large forces
and critical factors that contribute to out-of-
balance situations were suggested to play a central
role in ACL injury mechanisms.17 18

One potential preventative measure that
approaches the energy involved and that is widely
discussed among the ski racing community, is
course setting.19 Course setting has already been
shown to influence skiers’ energy in an earlier
study of alpine skiing technique in slalom.20 In the
context of injury prevention, course setting
became even more important with the introduc-
tion of side cut to racing skis, which allowed the
racers to carve tighter turns with less friction and
to retain speed in situations where previously they
skidded and lost speed.21 In an attempt to keep
speed within a safe range in giant slalom (GS),
horizontal gate distances became apparently
greater over the last decade and the racers had to
turn more out of the direction of the fall line.
However, it is neither obvious how increased hori-
zontal gate distance influences energy-related vari-
ables such as turn speed, nor how it effects injury
mechanism-related variables like acting forces and
uncontrolled backward and/or inward leaning. The
current study is the first study to address this
topic in the context of injury prevention; there-
fore, the purpose of this explorative case study was
to investigate the effect of increased horizontal
gate distance on energy-related and injury
mechanism-related variables in GS.

METHODS
Data collection
During a three-dimensional (3D) kinematic field
measurement using a system of five panned, tilted
and zoomed video cameras (50 Hz, time synchro-
nised by a gen-lock signal) a top world-class racer
performed a total of 12 runs on an injected 15 gate
course. After six gates accelerating the racer up to
average GS speeds, the racer entered a five-gate
section with constant slope inclination of 27.5°.
Within this section, gate distances were modified
after the first six runs. Initial gate distances were
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26 m in vertical direction with an offset of 12 m and were
changed for another six runs to 26/10 m (figure 1). These two
course settings represent the two extremes of the horizontal
gate distance spectrum, common for similar conditions in WC
ski racing. In order to determine the skier ’s 3D position data, a
total of 78 reference points were geodetically measured and
used to calibrate a capture volume corridor of 52×12×2 m
around the analysed turn, which was situated in the middle
of the modified five-gate section (figure 1). A 28-point body
segment model and the three best visible geodetic measured ref-
erence points were manually digitised in each frame of each
camera. Joint centres of the segment model were defined
according to de Leva.22 Finally, the skier ’s segment model was
reconstructed in 3D, using the software PEAK MOTUS and a
direct linear transformation (DLT)-based Panning Algorithm by
Drenk.23

Parameter calculation
Parameter calculation was performed using the software
MATLAB R2009b. Centre of mass (COM) was calculated based
on the model of Clauser et al,24 adapted with the skiing equip-
ment. Based on the COM line deviations, COM turn radius
(RCOM) and COM speed (vCOM) were calculated numerically.25

As proposed by Supej et al,26 the crossing points of the COM
line projected to the slope plane and the ski line were defined
as the beginning (a) and end (e) of the turn (figure 2).
Furthermore, the first point where RCOM was ≤30 m (b), the
point where the COM passed the gate (c) and the last point
where RCOM was ≤30 m (d) were defined according to Reid
et al27 with the RCOM-criterion adapted for GS. Based on these
five characteristic points of the COM line and ski line, turns
were divided into four turn phases and their percentages during
the whole turn cycle were calculated: Initiation (a!b), COM
Direction Change I (b!c), COM Direction Change II (c!d) and
Completion (d!e) (figure 2). For the calculation of the lean
angle (λLean) and fore/aft position (dFore/Aft), a local coordinate
system (x0y0z0) at the ankle joint of the outside ski was used, as
proposed by Schiefermüller et al28 (figure 3). x0 was defined by
the joint ankle and the direction of the longitudinal axis of the
ski. z0 was defined to be perpendicular to the slope plane and y0

was defined as forming a right-handed triad with x0 and z0.

λLean was then calculated as the angle between the z-axis
and the ski-COM vector projected to the y−z plane (figure 3).
dFore/Aft was defined as the cosine of the fore/aft angle, which is
the angle between the z-axis and the ski-COM vector projected
to the x−z plane (figure 3). Instant relative centripetal force
(Fcp) was calculated based on vCOM and RCOM.

Statistical analysis
Owing to the explorative character of this study, the following
steps of statistical analysis were performed: (1) turn average
and peak values of the selected parameters were described with

Figure 1 Schema of the
measurement setup (CAM 1–5:
positions of the panned, tilted and
zoomed camcorders).

Figure 2 Definition of characteristic line points and turn phases:
(COM) centre of mass; (a) beginning of the turn (crossing points of the
COM line projected to the slope plane and the ski line); (b) first point
where COM turn radius ≤30 m; (c) point where the COM passes the
gate; (d) last point where COM turn radius ≤30 m; (e) end of the turn
(crossing points of the COM line projected to the slope plane and the
ski line).
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mean±SD, and differences between the two course settings
were determined using several unpaired t tests (p<0.05)
and effect sizes (Cohen’s d); (2) the uncertainty around
the estimate of the mean was visualised as the area between
the SE boundaries, and potential differences were located with
respect to the specific functional phases of the turn; (3) poten-
tial differences in specific functional turn phases were tested for
significance using several unpaired t tests (p<0.05) and effect
sizes (Cohen’s d).

RESULTS
Differences over the entire turn cycle
The statistics comparing the two course settings with regard
to parameter differences over the entire turn cycle are presented
in table 1. Regarding vCOM, no significant differences in turn
averages and peak values were found for the analysed turn.
However, for increased horizontal gate distances, a medium
effect for higher vCOM turn averages was observable.
Furthermore, on the 26/12 m course, large effect sizes were
observed for higher average Fcp, lower average dFore/Aft and
lower minimum dFore/Aft. A significant difference was found
in higher average λLean. With respect to vCOM, the difference

between exit speed and entrance speed (vout−vin) differed by
0.32 m/s in mean (26/10 m: 0.41±0.58; 26/12 m: 0.09±0.71,
d=0.476).

Differences in parameter progressions
The progressions of the selected parameters for the two course
settings cycle are presented in figure 4. For an increased hori-
zontal gate distance, the following potential differences in the
selected parameters may exist: (1) decreased vCOM during
Completion; (2) increased Fcp during Initiation and Completion and
(3) decreased dFore/Aft and increased λLean during the turn phases
after gate passage (COM Direction Change II and Completion).

Differences over specific turn phases
The statistics comparing the two course settings with regard to
parameter differences over specific turn phases are presented in
table 2. Regarding vCOM, a large effect for a lower phase
average was observed during Completion on the 26/12 m course.
A medium-to-large effect for higher average Fcp was found
during Initiation. Moreover, Fcp was significantly increased
during Completion. For the turn phases after gate passage, a
large effect was found for decreased dFore/Aft on the 26/12 m
course and λLean was significantly increased.

Differences in turn cycle structure
The horizontal course setting modification changed the ath-
lete’s turn cycle structure significantly (figure 5). On the
26/12 m course, the percentage of the turn cycle where RCOM

was ≤30 m (COM Direction Change I&II) was higher than on
the 26/10 m course (26/10 m: 58.5±1.9; 26/12 m: 64.8±2.5**,
d=2.777).

DISCUSSION
The main findings for increased horizontal gate distances were
as follows: (1) vCOM was not significantly reduced over the ana-
lysed turn cycle; however, a large effect towards speed reduc-
tion during Completion was observed; (2) Fcp was by tendency
higher during Initiation (medium−large effect) and Fcp was sig-
nificantly increased during Completion; (3) large effect sizes were
found for a decreased dFore/Aft during the turn phases after gate
passage and for minimum dFore/Aft; (4) λLean was significantly
increased during the turn phases after gate passage and (5) the

Table 1 Mean±SD and Cohen’s d for turn averages and peak values
of selected parameters related to injury risk at two different course
settings

26/10 m course
(mean±SD)

26/12 m course
(mean±SD)

Effect sizes
(Cohen’s d)

Turn averages
vCOM
(Turn) (m/s) 17.63±0.23 17.47±0.32 0.564
Fcp
(Turn) (N/BW) 1.14±0.03 1.18±0.04 1.000
dFore/Aft
(Turn) (m) 0.12±0.04 0.08±0.03 1.011

λLean
(Turn) (°) 42.5±0.3 43.4±0.7* 1.643

Peak values
vCOM
(max) (m/s) 18.14±0.21 18.09±0.31 0.174
Fcp
(max) (N/BW) 2.17±0.20 2.21±0.19 0.199
dFore/Aft
(min) (m) −0.08±0.03 −0.11±0.04 0.874

λLean
(max) (°) 58.6±1.8 58.9±1.1 0.187

*p<0.05, **p<0.001, significantly different from 26/10 m course.
d≈0.20, small effect size; d≈0.50, medium effect size; d≈0.80, large effect size.
COM, centre of mass; dFore/Aft, fore/aft position; Fcp, relative centripetal force;
λLean, lean angle; vCOM, COM speed.

Figure 3 Parameter definition using a local coordinate system at the
ankle joint of the outside ski: COM, centre of mass; λLean, lean angle;
dFore/Aft, fore/aft position.
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turn cycle structure was significantly changed towards a longer
COM Direction Change.

Course setting and speed control
Despite a substantial increase in horizontal gate distance, vCOM

was not significantly reduced over the analysed turn cycle

(table 1). However, looking at the progression of vCOM within
the turn cycle, it is obvious that during Initiation and COM
Direction Change I&II, vCOM remained more or less unchanged,
while during Completion, vCOM was reduced (figure 4 and
table 2). Consequently, the differences in vCOM might be negli-
gible for the analysed turn, although they might have more
influence on the following section. Under the assumption that,
for the following turns, speed would be reduced by the same
rate of vout−vin as in the analysed turn (0.32 m/s), a substantial
speed reduction would be already accumulated after a couple of
gates. However, recent studies showed that, owing to tactical
reasons, skiers with high vin were losing disproportionally more
speed than skiers with low vin while turning.29 30 As a result, it
is questionable as to whether the observed effects in vCOM

would be accumulated over several consecutive turns. Hence,
based on the current data, it remains speculative as to whether
the analysed course setting modification is able to reduce speed
substantially or not. However, further studies with wearable
measurement systems capturing several turns per run may
provide a deeper understanding of this important question.

Course setting and parameters related to ACL
injury mechanisms
While the increase in horizontal gate distance had only a mar-
ginal effect on Fcp peak values (table 1), Fcp was by tendency
higher during Initiation and Fcp significantly increased during
Completion on the 26/12 m course (table 2.) In the context of
injury risk, this means that due to a longer substantial change
of direction high loading forces are acting over a longer duration
of the turn cycle, which might increase the athlete’s fatigue.
Since high external loads and fatigue are known to have a nega-
tive impact on balance control,31 32 this may increase the risk
for an out-of-balance situation or a fall to occur.
Out-of-balance situations, backward and/or inward, are

known to lead to ACL-injury mechanisms.17 Regarding balance
control in the direction fore/aft, dFore/Aft was not significantly
different; however, it did show a clear trend towards a reduced
forward position during the turn phases after gate passage and
in minimum values at the end of the turn on the 26/12 m
course (table 2). Concerning the lateral direction, λLean was
significantly higher during the turn phases after gate passage
for the 26/12 m course setting intervention (table 1).
Consequently, there are fewer buffers to critical backward and
inward positions on the ‘tighter ’ 26/12 m course set, and the
racer is forced to use his full backward and inward leaning cap-
acities. Based on these findings, the risk for an out-of-balance

Figure 4 Areas of uncertainty around the estimate of the mean (±SE)
for selected parameters related to injury risk at two different course
settings; grey: 26/12 m course; black: 26/10 m course. COM, centre of
mass; dFore/Aft, fore/aft position; Fcp, relative centripetal force; vCOM,
COM speed; λLean, lean angle.

Table 2 Mean±SD and Cohen’s d for turn phase averages of selected
parameters related to injury risk at two different course settings

26/10 m
course
(mean±SD)

26/12 m
course
(mean±SD)

Effect sizes
(Cohen’s d)

vCOM
(Completion) (m/s) 17.88±0.10 17.36±0.52 1.304
Fcp
(Initiation) (N/BW) 0.43±0.05 0.46±0.04 0.700
Fcp
(Completion) (N/BW) 0.37±0.07 0.64±0.21* 1.615
dFore/Aft
(COM Direction Change II & Completion) (m) 0.11±0.04 0.06±0.04 1.309
λLean
(COM Direction Change II & Completion) (°) 44.4±1.0 46.6±1.6* 1.628

*p<0.05, **p<0.001, significantly different from 26/10 m course.
d≈0.20, small effect size; d≈0.50, medium effect size; d≈0.80, large effect size.
COM, centre of mass; Fcp, relative centripetal force; dFore/Aft, fore/aft position;
λLean, lean angle; vCOM, COM speed.
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situation backward and/or inward tends to be higher for the
26/12 m course than for the 26/10 m.

However, maintaining balance in a biomechanical sense is,
from the perspective of motor control, not a static, but rather a
dynamic task. Therefore, a deeper understanding of the events
leading up to an out-of-balance situation might be found in the
variability of the motor system. From a dynamic systems per-
spective, balance may be ensured best by maintaining a central/
front position with low variability of COM changes (control
variable) while having high variability regarding the joint move-
ments and segment positions (input variables).33 34 An interest-
ing finding in this context is that towards the end of the turn,
wider areas of uncertainty around the estimate of the mean
(±SE) were observed for vCOM, Fcp and dFore/Aft on the 26/12 m
course (figure 4). This may be interpreted as a trend for higher
variability in the racer ’s movement pattern on the course with
increased horizontal gate distances. Hence, looking at variabil-
ity aspects of movement might be a promising approach for
further studies in the context of injury mechanisms related
out-of-balance situations in alpine ski racing.

Course setting and athlete’s timing characteristics
Although on a first view the athlete’s timing characteristics
seem not to be directly related to injury risk, the differences in
turn cycle structure may provide a deeper understanding of the
mechanisms underlying the selected parameters related to
injury risk. On the 26/12 m course, turn cycle structure was
significantly changed towards a higher percentage of the turn
cycle where RCOM was ≤30 m (COM Direction Change I&II).
This change of the athlete’s strategy might explain the fact
that vCOM remains more or less unchanged over a wide section
of the turn cycle, while during Completion, speed was lower for
increased horizontal gate distance (figure 4). Owing to a longer
COM Direction Change I&II the racer might be able to compen-
sate for the course setting changes without having to change
the average amount of energy dissipation over a wide range of
the turn cycle. However, towards the end of the turn, the later
termination of COM Direction Change II and the shorter dis-
tance to the next gate may force the athlete to perform more
at his limit, making him more susceptible to technical mis-
takes. Furthermore, at the end of the turn, the shorter duration
where RCOM is >30 m (Completion) may limit the racer ’s speed
uptake due to a shorter straight transition of COM. Hence,
these aspects may serve as an explanation for the lower speed
towards the end of the turn and the higher variability in vCOM,
Fcp and dFore/Aft on 26/12 m course.

Methodological considerations
Study design
At first glance, one limitation of the present study might be the
fact that for the analysis, the focus was only on one subject.

This choice can be considered from two different perspectives:
On the one hand, analysing more subjects would strengthen
the possibilities for generalising the results. On the other hand,
using a single subject design reduced the variability between
the single trials; therefore, it increased the power to detect dif-
ferences between the two course settings. Furthermore, it has
to be pointed out that different course settings can be adapted
by athletes with different individual strategies regarding line
and timing. This directly influences the variables related to
injury risk. An individual-subject-analysis design is needed
when the variations in movement are the result of different
strategies to perform the same task by individual subjects, and
not the result of more or less variations among individuals.35

Accordingly, the use of an individual-subject-analysis design
can be argued to be appropriate for the present explorative
research question.

Data collection
The reliability and accuracy of the method that was used for
collecting kinematic data in the field have been shown to be
comparable to laboratory conditions in an earlier study.36

However, measuring 3D kinematics in alpine ski racing under
field conditions is affected by changing snow conditions and an
athlete’s fatigue due to repetitive runs, wind, temperature and
solar radiation. This limits the time where the environmental
conditions are constant and, therefore, the maximal number of
reliable trials. However, the time period of 3 h used in this
study had nearly constant meteorological conditions and the
total of 12 trials on the same course was, therefore, in an
acceptable range regarding these limitations.

Statistical analysis
A further limitation of the study was the small data sample
that was used for the statistical analysis of differences between
the two course settings. However, provided that the variability
between the trials was small and that for the interpretation of
the results effect sizes (Cohen’s d) were also considered, this
procedure may be justified for the purpose of an explorative
case study.

CONCLUSION
On the basis of the data of this study, no final conclusion can
be made whether, for a section of consecutive turns, increasing
horizontal gate distance is an effective tool for speed reduction.
Therefore, further studies using wearable measurement systems
should investigate this aspect more systematically for several
gates, different gate combinations and/or under race conditions.
Nevertheless, the current study illustrated that as long as the
course setting changes are not substantial enough, speed might
not be reduced considerably, since racers are still able to adapt
and partly compensate by changing their timing strategy.
Moreover, the study pointed out two major safety drawbacks

Figure 5 Turn cycle structures as a
measure for the athletes timing at the
two different course settings. COM,
centre of mass.
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of controlling speed by consecutively increasing horizontal gate
distances: (1) it may increase fatigue due to a longer substantial
change of direction and high loading forces acting over a longer
duration of the turn cycle and (2) it may increase the risk of
out-of-balance situations by forcing the athlete to exhaust his
backward and inward leaning spectrum. Hence, course settings
that locally slow down a racer (perhaps in a substantial
manner) before terrain changes or key sectors, or alterations in
vertical gate distance might be a more appropriate way to
reduce speed without the aforementioned drawbacks.
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WHAT THIS STUDY ADDS

▸ For a considerably speed reduction by increasing the
horizontal gate distances, substantial course setting
changes might be needed, since racers are able to adapt
and partly compensate by changing their timing strategy.

▸ There might be two safety drawbacks of controlling speed
by increased horizontal gate distances: (1) increased fatigue
and (2) higher risk of out-of-balance situations.
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5 Conclusions 

The purpose of this doctoral thesis was to investigate biomechanical aspects of performance 

enhancement and injury prevention, two central aspects in the sport of alpine ski racing. The main 

conclusions with respect to the different project parts (Part 1-3) and the specific aims of the thesis 

(1-5) were as follows: 

Part 1: Performance Enhancement in Alpine Ski Racing 

1. To assess the ability of current performance enhancement concepts to explain time differences 

within a one turn section. 

Comparing fast and slow GS turns of a top world class racer, none of the current performance 

prediction/enhancement concepts were able to solely explain the time differences between different 

performed turns. This might be explained by the fact that these concepts address only isolated 

aspects of ski racing performance, such as the skier’s speed, energy or line. These factors are 

merely single aspects of a very complex relationship. For a practical application in alpine ski racing, 

they should be combined into one comprehensive concept balancing the performance related factors 

among each other. In science, looking at instantaneous performance time might pose new 

possibilities of combining different influencing factors in one approach. For practice, this might 

bring new insights into the very complex interaction between technical/tactical aspects and 

performance, an essential pre-step of performance enhancement. 

2. To compare the characteristics of turns with fast and slow section times of top world class 

athlete and to address the possibility of their being advantageous. 

The fastest and slowest turn of a top world class athlete mainly differed in the placement of COM 

line to the gate and the timing within the turn cycle. The fastest turn was initiated higher regarding 

the vertical position on the slope plane, and was turning less out of the direction of the fall line. As 

a consequence, a higher percentage of the turn cycle was executed before the turn. These line and 

timing characteristics are considered to be advantageous, since they require less drifting and, 

therefore, less energy dissipation prior the gate. 

3. To assess whether similar characteristics can be observed for different course settings. 

Similar line and timing characteristics were observed for other trials and two different course 

settings representing both extremes of the course setting spectrum for similar conditions in WC 

alpine ski racing. These findings indicate that line and timing characteristics play a central role for 

the understanding of the individual and situational compromise between the accelerating and 

decelerating effects of gravity, as well as energy loss. Moreover, the training of the implicit 

adaptation mechanisms in terms of situation dependent line/timing strategies might be an essential 

part in performance orientated technical/tactical training. 
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Part 2: Injury Risk Factors in Alpine Ski Racing 

4. To compile a list of perceived intrinsic and extrinsic key risk factors for severe injuries in WC 

alpine ski racing, and to explore them in order to provide more detailed hypotheses for further 

aetiological studies. 

In total, 32 perceived risk factor categories were derived from expert stakeholders’ interviews 

within the basic categories of Athlete, Course, Equipment, and Snow. With respect to their 

perceived impact on injury risk, the experts’ perceived top five key injury risk factors were: 

System, ski binding, plate, and boot 

According to the experts’ the current equipment is too aggressive and too direct in the ski-snow 

interaction favouring self-dynamic behaviour of the ski in the case of an uncontrolled out-of-

balance situation. 

Changing snow conditions 

Changing snow conditions, in particular within the same run, were believed to increase the 

injury risk since it is difficult to set-up and prepare the equipment for all different conditions. 

Speed and course setting aspects 

Among the experts, course setting was discussed as a potential preventative measure to reduce 

speed, and therefore, the energy involved. However, in carved turns, speed in combination with 

small turn radii was believed to result in high turn forces, and as a result increase injury risk. 

Moreover, the experts’ stated that course settings that increase the general amount of skidding 

might be necessary for an effective speed control. 

Physical aspects of the athletes 

A lack of physical fitness was suggested to increase the injury risk. While this might be a 

potential risk factor, in particular for younger athletes, the experts pointed out that at the top 

WC level, athletes have already reached their limitations and that physical fitness cannot be 

further improved. 

Speed in general 

According to the experts, speed is a general risk factor, since it increases the energy involved 

and decreases the ability of the athlete to react and/or correct mistakes. 

Part 3: Injury Prevention in Alpine Ski Racing 

5. To investigate the effect of specific course setting modifications as one potential preventative 

measure on selected biomechanical variables related to injury risk in alpine ski racing. 

For the analysed turn, no significant differences were found in turn speed for increased horizontal 

gate distance. In order to considerably reduce speed, more substantial course setting changes might 

be needed, since the racers are able to adapt and partly compensate by changing their timing 

strategy. However, controlling speed by increased horizontal gate distance might have two essential 

safety drawbacks: (1) increased fatigue, and (2) higher risk of out-of-balance situations. 
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6 Outlook 

Based on the current body of knowledge and the findings of this doctoral thesis, future scientific 

investigation should be focused on the following aspects: 

Biomechanical Aspects of Performance Enhancement 

Performance in alpine ski racing is from a biomechanical perspective basically influenced by two 

factors: speed and the choice of line between the gates.[42] While some studies provided theoretical 

models calculating the “path of the quickest descent” down a course while neglecting the skier’s 

energy dissipation,[13, 24, 40] other studies primarily focused minimising the skier’s energy 

dissipation while neglecting the theoretical aspects of the “path of the quickest descent”.[18, 23] 

However, none of the current performance prediction/enhancement concepts combined these two 

aspects into one comprehensive concept balancing the performance relevant factors (speed and line) 

among each other. This shortcoming was illustrated in the current thesis on the example of the turn 

characteristics of a top world class athlete. 

Therefore, future research should focus on the following three steps: (1) finding predictors of 

performance that account for both speed and the choice of line. One such approach might be found 

in the time loss per elevation difference dt/dz, as suggested by Federolf [42]; (2) assessing these 

new concepts for their ability to predict overall performance time (= time needed for a certain 

section or an entire course); and (3) investigating the influence of the skier’s movement patterns and 

line characteristics on those performance predictors which are the most representatives for overall 

performance. Based on these three steps, it might be possible to define performance enhancement 

concepts that are more effective for coaching practice than the current concepts. However, it has to 

be pointed out that for the applicability of performance enhancement research in coaching practice, 

number 3 above, is the most important and the most challenging step. Without knowing the 

corresponding skier’s movement and/or line characteristics in detail, the information “whether” and 

“where” time is lost or gained is useless for coaching practice; the central question is the “why”. 

Biomechanical Aspects of Injury Prevention 

With regards to the first step of the sequence of injury prevention research suggested by van 

Mechelen et al. [46], recent data of the FIS Injury Surveillance System showed an alarmingly high 

incidence of severe injuries in alpine ski racing.[1] Hence, there is an evident need for improving 

injury prevention in alpine ski racing. While the understanding of the injury causes (step 2) was 

substantially improved by recent studies [64-66] and this doctoral thesis, there is still a lack of 

knowledge with respect to potential preventative measures. 

For the perceived preventative measure “course setting”, this thesis provided a first explorative step 

towards a deeper understanding of how it influences biomechanical variables related to injury risk. 

However, further studies should investigate these aspects more systematically for several gates, 

different gate combinations or under race conditions. In addition, there is an evident need for the 

assessment of potential preventative measures within other risk factor areas. Based on the findings 

of this thesis, other areas with high impact on injury risk might be the equipment (ski, plate, binding  
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and boot), changing snow conditions, physical aspects of the athletes and the skiers speed. Once 

there is more knowledge in the aforementioned areas available, it might be possible to introduce 

effective injury prevention strategies to competitive WC alpine skiing (step 3). Finally, these injury 

prevention strategies should be assessed for their effectiveness by retrospective studies (step 4). 

Therefore, future injury prevention research should also be focused on a consistent monitoring of 

the incidence and severity of injuries in competitive WC alpine skiing, and the extension of these 

statistics on lower levels, such as European Cup or FIS-Races. 

 



A  Appendix  a 

A. Appendix 

Measurement of Segment Lengths 

(according to de Leva
1
) 

First, joint centres were determined based on the following instruction. Second, joint centres were 

marked. Third, segment lengths were calculated. 

Knee Joint: 

- Ski boot joint – Condylus lateralis femoris + 8,9 % 

- Trochanter major – Condylus lateralis femoris – 7,4 % 

Hip Joint: 

- Trochanter major – Condylus lateralis femoris + 0,7 % 

- From Trochanter major (outest palpation point) 54 mm medial, 30 mm proximal 

Elbow Joint: 

- Acromion – Radius lateral point – 4,3 % 

- Epicondylus medialis humeri 

Shoulder: 

- Acromion – Radius lateral point – 10,4 % 

Wrist: 

- Intersection point: Processus styloideus radii (outer bone) und Metacarpal III 

 

 
 

                                                 
1
 Leva, P. Joint centre longitudinal positions computed from a selected subset of Chandler’s Data. J Biomech. 

1996;29(9):1231-1233. 
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