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ABSTRACT 

Performance analysis in cross-country skiing is constrained by the variability of 

environmental conditions and terrain, and complicated by frequent changing between sub-

techniques during competition. Snow conditions and skiing speed change constantly from day 

to day and often during the day, and competition courses vary in the length, gradient and 

distribution of hills from venue to venue. The aim of this body of work was to develop a new 

performance analysis method, using a single micro-sensor, to continuously detect skiing sub-

techniques and quantify the associated kinematic properties that describe a skier’s 

performance during training and competition. Of particular interest was the relative use of 

each sub-technique, together with velocity, cycle rate and cycle length characteristics 

collectively defined as cross-country skiing macro-kinematics. Over five studies this thesis 

explores proof of concept through detection of different sub-techniques, develops an 

algorithm for the quantification of macro-kinematic parameters during training, demonstrates 

the use of a refined algorithm to investigate performance demands and macro-kinematic 

variability over an entire competition, compares macro-kinematics between different types of 

event, and finally examines the implication for coaches arising from analysis throughout 

rounds of a sprint event. 

The first study (Chapter 3) in this research showed how the cycles of sub-techniques of both 

classical and freestyle technique could be identified using a single micro-sensor unit, 

containing an accelerometer, gyroscope and GPS sensors, mounted on the upper back. Data 

was collected from eight skiers (six male and two female), of which four were World Cup 

medallists, skiing at moderate velocity. Distinct movement patterns for four freestyle and 

three classical cyclical sub-techniques were clearly identified, while at the same time 

individual characteristics could be observed. 



iv 

The second study (Chapter 4) quantified macro-kinematics collected continuously from seven 

skiers (four female and three male) during an on-snow training session in the classical 

technique. Algorithms were developed to identify double poling (DP), diagonal striding (DS), 

kick-double poling (KDP), tucking (Tuck), and turning (Turn) sub-techniques, and technique 

duration, cycle rates (CR), and cycle counts were compared to video-derived data to assess 

detection accuracy. There was good reliability between micro-sensor and video calculated 

cycle rates for DP, DS, and KDP, while mean time spent performing each sub-technique was 

under-reported. Incorrect Turn detection was a major factor in technique cycle 

misclassification. 

The third study (Chapter 5) used an algorithm with improved Turn detection to measure 

macro-kinematics of eight male skiers continuously during a 10 km classical Distance 

competition. Accuracy of sub-technique classification was further enhanced using manual 

reclassification. DP was the predominant cyclical sub-technique utilised (43 ± 5% of total 

distance), followed by DS (16 ± 4%) and KDP (5 ± 4%), with the non-propulsive Tuck 

technique accounting for 24 ± 4% of the course. Large within-athlete variances in cycle length 

(CL) and CR occurred, particularly for DS (CV% = 25 ± 2% and CV% = 15 ± 2%, 

respectively). For all sub-techniques the mean CR on both laps and for the slower and faster 

skiers were similar. Overall velocity and mean DP-CL were significantly higher on Lap 1, 

with no significant change in KDP-CL or DS-CL between laps. Distinct individual velocity 

thresholds for transitions between sub-techniques were observed. 

In the fourth study (Chapter 6) macro-kinematics were compared between six female skiers 

competing in Sprint and Distance competitions in similar conditions on consecutive days, 

over a 1.0 km section of track using terrain common to both competitions to eliminate the 

influence of course topography. Mean race velocity, cyclical sub-technique velocities, and CR 
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were higher during the Sprint race, while Tuck and Turn velocities were similar. Velocities 

with KDP and DS were higher in the Sprint (KDP +12%, DS +23%) due to faster CR (KDP 

+8%, DS +11%) and longer CL (KDP +5%, DS +10%), while the DP velocity was higher 

(+8%) with faster CR (+16%) despite a shorter CL (-9%). During the Sprint the percentage of 

total distance covered using DP was greater (+15%), with less use of Tuck (-19%). Across all 

events and rounds, DP was the most used sub-technique in terms of distance, followed by 

Tuck, DS, Turn and KDP. KDP was employed relatively little, and during the Sprint by only 

half the participants. 

The final case study (Chapter 7) focused on the insight coaches could gain from examining 

variations in individual macro-kinematics for six female skiers across three rounds of a classic 

Sprint competition. Individual macro-kinematic variations were influenced by personal 

strengths and preferences, pacing strategies, and by interactions with other skiers in the head-

to-head rounds. Potential coaching implications include using a range of CR and CL during 

training, modifying these parameters during training to work on weaknesses, and altering 

macro-kinematic race strategies depending on the course terrain, event round and on other 

skiers’ tactics. 

In conclusion this thesis outlines the development of a new cross-country skiing analysis 

method that uses a single micro-sensor and a unique algorithm to effectively measure macro-

kinematic parameters continuously during training and competition. This tool could be used 

by researchers, coaches and athletes to better understand training and competition demands 

and enhance performance. This research lays the ground-work for future research and 

practical applications, which could include daily training monitoring, course profiling, 

evaluation of sub-technique efficiency, and similar algorithm development for the Freestyle 

technique.  
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DEFINITION OF TERMS AND ABBREVIATIONS 

Sub-technique terms & abbreviations 

 

C Classic (also classical) 

DP Double pole 

DS Diagonal stride  

F Freestyle (also skating) 

G1 Diagonal skate  

G2 Offset skate  

G3 Double time skate  

G4 Single time skate  

G5 Free skate  

HB Herringbone  

KDP Kick double-pole  

Misc Miscellaneous techniques 

Tuck Tucking downhill techniques 

Turn Turning techniques 

 

General terms & abbreviations 

 

AG Australian group of participants 

CI Confidence interval 

CL Cycle length 

CR Cycle rate 

CV% Coefficient of variation 

Distance Cross-country skiing event of 5 km and over 

FIS International Ski Federation (Federation International d’Ski) 

GPS Global positioning system 

IA International group of participants 

L1 Low intensity distance training 

L3 Anaerobic threshold intensity training 

L5 Maximal aerobic training 
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Mdiff Mean differences 

Pitch Angular acceleration about the y-axis 

Roll Angular acceleration about the x-axis 

SD, s Standard deviation 

SPF Sprint final round 

SPQ Sprint qualifying round 

Sprint Cross-country skiing event of 1.0 to 1.8-km length with qualifying round 

and final head-to-head rounds 

SPS Sprint semi-final round 

T-time Time spent performing a particular sub-technique 

VO2 Aerobic capacity 

VO2max Maximal aerobic capacity 

XC Cross-Country 

Yaw Angular acceleration about the z-axis 

FwdA Forward/backward acceleration along the x-axis of the micro-sensor unit 

SideA Left/right acceleration along the y-axis of the micro-sensor unit 

UpA Up/down acceleration along the z-axis of the micro-sensor unit  
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1 INTRODUCTION 

1.1 Thesis Rationale  

Many sports have world and national records and personal best times that can be used for 

benchmark comparison during both competition and training. In cross-country skiing, 

however, comparisons can typically only be made against the fastest athletes on that course 

on a particular day, due to the variability of snow conditions from day to day and even during 

a race. In addition, every ski course has varied terrain, which has a large impact not only on 

skiing velocity but also on the selection of cross-country skiing sub-techniques that are 

changed frequently throughout an event. Performance analysis is thus typically limited to 

competition times, including mid-race timing splits. 

Recent studies [1-4] have shown that video-derived measurement of cross-country skiing 

kinematics, such as choice of ski technique, cycle length and cycle rates, can provide useful 

performance information for coaches and sport scientists. The ability to measure these 

parameters continuously in the field and during competition would greatly enhance 

performance analysis opportunities. In other sports technological advances using micro-

sensors have enabled continuous power measurement and performance analysis that was 

previously unavailable [5-8]. Initial work using micro-sensors in cross-country skiing [9] has 

demonstrated that this technology has the potential to make similar advances in cross-country 

skiing. Importantly, data collection using the micro-sensor units is non-invasive and athlete 

feedback has indicated that there would be no impediment for use during training or 

competition.  
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This research project has four key elements.  

Firstly, detection of the main cross-country skiing sub-techniques across a range of athletes 

and terrain using a single micro-sensor.  

Secondly, quantification of the macro-kinematic parameters for the various sub-techniques 

via the development of an algorithm to automatically process the micro-sensor data.  

Thirdly, field testing of the performance analysis methodology in different competition 

formats, in order to increase our knowledge of competition demands. 

Finally, implications for researchers, coaches and athletes arising from insights gained from 

macro-kinematic performance analysis using micro-sensors, and how these can inform 

coaching practice and performance enhancement strategies. 

1.2 Significance of the Research 

The aim of this research was to enhance possibilities for cross country-skiing performance 

analysis in the daily training and competition environments. The successful development of a 

new method for macro-kinematic measurement using micro-sensors will provide coaches and 

researchers with previously unavailable performance information, thus enabling them to 

better understand training and competition demands, identify athlete strengths and weakness, 

and to evaluate outcomes from training interventions. 

To achieve this outcome this thesis sets out to: 

1) Establish proof of concept through the identification of sub-technique movement 

patterns using micro-sensors (Study 1: Chapter 3) 

2) Quantify macro-kinematic parameters via the development of algorithms to enable 

continuous measurement in the field (Study 2: Chapter 4). 
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3) Apply the performance analysis method and examine macro-kinematic demands within 

different competition formats (Studies 3-5: Chapter 5-7) 

Compare macro-kinematics between different competition formats (Study 4: Chapter 6).  

5) Evaluate coaching insight gained from examining macro-kinematics throughout the 

rounds of a sprint competition (Study 5: Chapter 7). 

1.3 Thesis Structure 

The rationale for this thesis is set in Chapter 1, which introduces the challenges in analysing 

cross-country skiing performance on-snow and proposes the continuous measurement of 

macro-kinematics using micro-sensors as a performance analysis tool. The literature review in 

Chapter 2 examines historical and current cross-country skiing performance analysis methods 

and observations, both in the laboratory and in the field, and investigates the use of micro-

sensors in analysis in other sports and their potential for use within cross-country skiing. The 

first study of this current research project then commences in Chapter 3, which sets out to 

identify the major movement patterns used in classical and freestyle cross-country skiing 

using a single micro-sensor position on a skier’s back. Chapter 4 reports on a study that uses 

an algorithm designed to measure macro-kinematic parameters during a classical interval 

training session on-snow. In Chapter 5 this performance analysis methodology is applied to 

quantify macro-kinematics throughout an entire 10 km classical cross-country skiing 

competition, and then Chapter 6 and Chapter 7 provide further competition analysis, 

comparing first macro-kinematics collected during sprint and distance competitions on 

consecutive days under the same snow conditions, and then examining macro-kinematic 

variables and strategies across three rounds of a classical sprint competition. Finally, Chapter 

8 summarises the findings of all five studies and discusses how these studies complement and 

expand on our knowledge of cross-country skiing macro-kinematics on-snow. This chapter 

highlights the effectiveness of the cross-country skiing performance analysis method using a 
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single micro-sensor to measure macro-kinematic parameters continuously during training and 

competition, while making recommendations for future research and potential applications of 

macro-kinematic performance analysis.  
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CHAPTER TWO 

Literature Review 
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2 LITERATURE REVIEW 

2.1 Introduction   

This chapter examines current methods of cross-country skiing performance analysis, 

including both direct measurements of competition performance and physiological indicators, 

explains the different cross-country skiing sub-techniques, explores current knowledge in the 

area of cross-country skiing macro-kinematics, investigates the use of micro-sensors and other 

technology in performance analysis in other sports, and, finally, evaluates the potential of 

micro-sensors for continuous measurement of macro-kinematic parameters during cross-

country skiing competition. 

2.1.1 Measurements of performance 

There are two main streams of International Ski Federation (FIS) cross-country skiing events, 

sprint and distance, which are conducted in two technique styles, classic and freestyle. 

Competition performances are difficult to compare due to variations in course topography and 

snow conditions, resulting in world rankings being based on percentages behind the winner’s 

time, rather than absolute times. Within a race, split-times are used to compare performances 

between laps and sections, examining whether individual skiers have gained or lost time on 

particular uphills, flats or downhills [10]. Parameters measurable during competition such as 

heart rate are very individual and provide little insight when comparing skiers. Consequently, 

coaches are interested in alternatives for evaluating competition performance which provide 

greater insight on both the individual athlete and the course skied.   
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2.1.2 Physiological indicators 

A number of physiological and biomechanical indicators of cross-country skiing performance 

have been investigated in the laboratory and in the field. Traditionally, the most important 

performance indicators have been maximal aerobic capacity (VO2max), maximal anaerobic 

capacity, and skiing economy [11-13]. Correlations with on-snow racing performance have 

also been sought with upper-body power measured using ski-ergometers, anaerobic threshold, 

maximal strength, high-speed capacity, a range of kinetic and kinematic factors and on-snow 

performance tests [14-16]. These physiological and biomechanical parameters have provided 

useful insight into the mechanisms behind on-snow performances and inform training 

practices, although there is still much to be learned about the macro-kinematic demands of 

competition. 

2.1.3 Macro-kinematic performance characteristics 

Cross-country skiing locomotion in both classic and freestyle events is achieved by skiers 

utilising a number of distinctive cyclical sub-techniques. Macro-kinematics are concerned 

with the full cycle characteristics of these sub-techniques, in particular cycle lengths (CL), 

cycle rates (CR), and velocities, which are a product of the other two parameters. 

Investigations into the interactions and influences of cross-country skiing macro-kinematics 

have provided insight into performance demands, both on rollerskis [17-19] and on snow [20-

22]. Both CL and CR may be altered to control velocity and each can vary considerably 

depending on the sub-technique used. Sub-technique selection appears to be influenced by a 

range of factors including but not limited to velocity, course incline and perceived efficiency 

[23-26]. Competition data of the macro-kinematics has been predominantly limited to 

information from short sections of track [3, 27-29], due to the challenges in following 

individual skiers around extended courses. Trail-blazing work was undertaken by Andersson 

and colleagues [1], when they extracted macro-kinematic characteristics throughout the entire 
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course of a 1.4 km simulated sprint time trial, revealing the proportions of sub-techniques 

used and their inherent cycle characteristics. The continuous data collection was made 

possible by a combination of Global Positioning System (GPS) technology carried by the 

athletes and filming each skier throughout the time trial from a following snow-mobile. As it 

is not practical to use this video data collection method during actual competition, the 

development of technology to enable the collection of macro-kinematic data during 

competition would greatly enhance analysis possibilities.   

2.1.4 Performance analysis using micro-sensors 

Technological advances have enabled continuous power measurement and in-the-field 

performance analysis in a number of sports [5-8]. Road cycling in particular has similarities to 

cross country skiing in the variability of course topography and layout, and subsequent 

difficulties of comparing performance times between events. The SRM© crank power 

measurement tool in cycling is now almost universally used as a performance metric in both 

training and competition [30]. In sports such as swimming and kayaking inertial sensors are 

being used to measure kick-rate [7] and paddling stroke rate [31] respectively, while in a 

number of team sports micro-sensors have become commonplace in quantifying the number 

and level of sprint efforts as well as the distance travelled and player locations during matches 

[32, 33]. To date direct power measurement or other forms of continuous performance 

measurement are not yet optimised for use in cross-country skiing training or competition. 

2.1.5 Continuous measurement of cross-country macro-kinematics using micro-sensors 

The first steps towards continuous macro-kinematic measurement in cross-country skiing 

without the need for video footage were made by Myklebust and co-workers [9] using five 

accelerometer sensors mounted on skiers’ bodies and equipment to detect ski and pole snow 

contact and determine the amount of each sub-technique used during a simulated sprint time 
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trial. Subsequently, configurations using two inertial sensors on the arm and chest [34], four 

sensors on arms and roller-skis [35, 36], and mobile phone technology [37] have been used to 

detect sub-technique use and extract macro-kinematic data during time trials. Although these 

methodologies have great potential, not all have been validated for use on-snow and the 

number of micro-sensor units required is impractical for use in the daily training environment 

or during competition. 

What follows in Sections 2.2 – 2.5 is an in-depth literature review that explores key aspects of 

cross-country skiing. It outlines the unique features of the sport, evaluates current 

performance measurements and indicators, examines the concept of macro-kinematic 

performance analysis, and identifies potential future developments that could better inform 

researchers, coaches and athletes in order to inform training methods and enhance competition 

performance. 

2.2 Measurements of performance 

Cross-country skiing currently has six medal events for both women and men at the World 

Championships and Winter Olympics. Four of these are classified as distance events, with 

individual race distances ranging from 10 km for women to 50 km for men; and two are 

classified as sprint events (Table 2-1). All events are held in either classic or freestyle 

technique, with four event formats – Sprint, Team Sprint, Interval Start and Mass Start – 

alternating between these techniques at every World Championships and Winter Olympics. 

Unlike many Olympic sports, cross-country skiing events have no recorded World 

Championship or Olympic records – a reflection of the variability in performance times 

across locations and even from day to day. This Section examines some of the influences on 

these performance times and the ways in which international performances are compared.  
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Table 2-1. Cross-country skiing events at the 2018 Winter Olympic Games. C = Classic technique, F = Freestyle 

technique. 

Events Women Men 

Sprint  
1.4 km Sprint C 1.6 km Sprint C 
Team Sprint F Team Sprint F 

Distance 

15 km Skiathlon 
(7.5 km C / 7.5 km F) 

30 km Skiathlon 
(15 km C / 15 km F) 

10 km F Interval Start 15 km F Interval Start 
30 km C Mass Start 50 km C Mass Start 

4 by 5 km Relay 
(2 x 5 km C / 2 x 5 km F) 

4 by 10 km Relay 
(2 x 10 km C / 2 x 10 km F) 

 

2.2.1 External factors impacting on ski race times 

Athletic performance aside, cross-country skiing performance times are affected 

predominantly by the competition courses and by gliding speed, which is influenced by snow 

and air friction [38]. The layout and topography of international standard race courses are 

dictated by the available terrain and homologation guidelines provided by FIS [39]. These 

guidelines specify a required amount of vertical elevation and different categories of climbs of 

different gradients, with a very general breakdown of 1/3 uphills, downhills and 

flat/undulating terrain. For example, a standard FIS 5 km course should have a total of 150 - 

210 m of vertical climb, and at least one A-category hill with 30 – 80 m of elevation and 

average gradient between 6 – 12°. An A-category climb should consist mostly of uphill with a 

gradient of 9 – 18°, normally broken up by sections of undulating terrain less than 200 m in 

length. B-category climbs have the same gradient, with vertical elevation less than 30 m, 

while C-category climbs are short sections with gradients over 18°. The rest of a course is 

composed of descents and undulating terrain (Figure 2-2). Sprint events (Figure 2-1) have 

similar course total climb specifications, but do not have a mandatory A-climb and can even 

be flat in the case of freestyle city-sprints. In isolation the gradient of each section of track has 
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a direct effect on skiers’ speed, but so too does the location and combination of ascents, 

descents and corners along the course. Skier speed on a flat section at that top of a long uphill 

will be slower than on a flat immediately after the start, and similarly a sharp corner following 

a descent will cause skiers to carry less momentum into a flat or uphill than a straight run-out. 

Aside from the climb and gradient specifications, the main requirements in the FIS 

homologation guidelines regarding layout are that courses should be safe, use the natural 

terrain, avoid monotony, challenge skiers both technical and physically, include uphills in the 

latter part of the course, and “promote the joy of skiing” [39] (p6).

 

Figure 2-1.  Sample course height profile for FIS Sprint event. A = A-category climb, B = B-category climb, C 

= C-category climb, U = undulating terrain, D = descents. 
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Figure 2-2.  Sample course height profile for FIS 5 km event. A = A-category climb (major uphills), B = B-

category climb (short uphills), C = C-category climb (steep uphills), U = Undulating terrain, D = Descents.  

Ski gliding speed is determined by complex variations in the friction between the snow and 

the ski, due on the snow side to air/snow temperature, air/snow humidity and snow crystal 

age/shape/size, and on the ski side by ski camber (the pressure distribution through the ski), 

base material, structure, ski wax and the weight of the skier [38, 40-42]. Added to this is the 

pre-existing speed of the ski and the skier’s momentum, which affect both the snow friction 

and aerodynamic drag [38]. In some conditions the difference between ski speed for different 

athletes in the same race is minimal, while in others (particular wet and new falling snow) ski 

speed can vary considerably and cause medal favourites to have no chance of making the 

podium [43, 44]. Measuring gliding speed in Winter Olympic competition, Street and 

Gregory [45] suggested that higher velocities were primarily due to reduced snow friction, 

although advantageous effects of drafting behind other skiers have been observed [46]. 

Estimations of snow friction and air friction coefficients have been made for the purpose of 

calculating mechanical efficiency [47, 48]. Although these friction coefficients are not 

typically calculated for each competition, official Winter Olympic and World Cup race results 

include snow and air temperature and a brief snow condition description, and ski wax 
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companies often report the environmental conditions in more detail (Table 2-2). At this level 

of event instantaneous snapshots of gliding speed are sometime shown as TV graphics, 

though typically this data is not published. 

Table 2-2. An example of reported snow conditions from the Pyeongchang Winter Olympics 

Snow and weather info Measurement time: 19:05 

     Air temperature (°C) : -4.5      Clouds (sky parts covered): 0/8 
     Snow temperature (°C): -1.5      Visibility: Unlimited 
     Snow humidity (re. Doser): 23      Wind: Light 
     Air humidity (% rH): 42      Precipitation: None 

Artificial Snow Natural Snow Grain Size Snow 
Humidity 

Track 
Hardness 

Track 
Consistence 

Falling snow Falling new 0.0-0.2 mm Extra fine Dry Very soft Partly shiny 
New New 0.2-0.5 mm Very fine Moist Soft Shiny 
Irreg. dir new Irreg. dir. new 0.5-1.0 mm Fine Wet Med. hard  
Irreg. dir. transf. Irreg. dir. transf. 1.0-2.0 mm Average Very wet Hard Partly dirty 
Tranformed Transformed 2.0-4.0 mm Coarse Slush Very hard Dirty 
  0.0-0.2 mm Very coarse  Ice  
Data extracted from Swix Wax Test Info #15,  20/02/2018   [49]. 

Despite limited published research on ski waxing and some questions regarding the pseudo-

science behind it [50], ski waxing at the elite international level has become an expensive and 

intensive business, with major skiing nations employing numerous technicians to test skis, ski 

wax and ski structure at major events [51]. For any given combination of snow age, 

temperature and humidity, hundreds of waxing and structure alternatives can be (and are) 

tested to find the perceived fastest combination [42, 52].  

Given this plethora of variables with unknown impact, analysis of cross-country skiing 

performance in competitions has traditionally been limited to comparisons of relative overall 

times, lap times or split times for sections of the course within a single race. As such 

comparisons between races are made using points systems, as described in Section 2.2.2.  
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2.2.2 World ranking systems 

Cross-county skiing’s international governing body FIS has two different point systems for 

determining world rankings. World Cup points are awarded according to the final result order 

in each World Cup competition, with the top 30 finishers scoring points from 100 down to 1 

in a normal World Cup event (and other points in Stage World Cup events). The World Cup 

champion is the skier who accumulates the most points in a season, which typically includes 

around 30-32 races for both men and women. In parallel to World Cup points, FIS points are 

awarded to all competitors in every FIS event around the world. In the 2017-2018 season 

alone there were 10,000+ registered competitors, taking part in 1200+ events in 44 nations 

[53]. 

FIS points are calculated using the percentage of each skier’s time behind the winner’s time 

together with a calculation factor to account for different event formats, and a penalty system 

to attempt to compare standards of events. In contrast to World Cup points, the fastest skiers 

in a race receive the lowest FIS points. All World Cup, Winter Olympic and World 

Championship events have a zero penalty, as they are comparing the world’s best athletes on 

any particular day. Lower levels of competitions have a point penalty that is based on 

points/ranking of the fastest five athletes on the day, as well as a minimum penalty.  

The FIS point calculation formula is as follows: 

PX = ((TX / TO) – 1) * F 

PX = Race points of skier X, TX = Time of the skier X in seconds, TO = Time of the winner in 

seconds, F = calculation factor (see Table 2-3). 

A skiers’ FIS points for any given race is then the race points added to the race penalty: 

PFIS = PX + PPENALTY 



17 

Table 2-3. Calculation factor table - from FIS Point Rules Cross-Country [54] 

Competition Format Calculation factor (F) 

Interval start events 800 

Sprints and Pursuit events 1200 

Mass start and Skiathlon events 1400 

Rollerski and Popular events 2800 

 

To calculate the PPENALTY, the FIS points of the top five competitors in the race from the 

current FIS points list are considered, with the three best values added then divided by 3.75 

[54]. 

The calculation factors are based on historical data, attempting to normalise the different 

events formats. Mass start events have the highest factor, based on the top athletes in this type 

of event typically finishing closer together; interval start events have the lowest factor, 

recognising that results in this type of format are spread further apart; and Sprint events are in 

between, with a relative spread of finishing times that are closer together than interval starts 

and further apart than for mass starts. 

Sometimes the FIS point system can produce anomalies whereby it is easier to score lower 

points in one race than in another. For example, FIS points in mass start races are weighted 

towards skiers that finish close to the winner race penalty calculations can also be 

significantly affected by late registration of skiers, or by high/low ranked skiers finish just 

inside/outside the top five. Despite these flaws, FIS points are the only available method that 

the international ski racing community has to compare athletes racing in different events all 

over the world under varying conditions ,and are commonly used to describe the calibre of 

athletes when evaluating research findings. 
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2.2.3 Race velocities 

Acknowledging the variability of race times from event to event, what do we know about 

typical velocities achieved by athletes during competition? An analysis of FIS international 

competition results between 2007-2017 reveals mean winning velocities of between 5.5 to 7.4 

m∙s-1 for different categories of FIS events from women’s classic events to men’s sprint 

events, and 5.9 to 8.6 m∙s-1 in the same event categories in World Cup, World Championship 

and Winter Olympic events (Table 2-4). These elite level performances are similar to the 

mean winning velocities that Stöggl et al. [55] reported for 1999-2008, noting for that period 

there was a general increase in velocity for freestyle sprints only and no significant change for 

classic sprints or distance events in either technique. This was in contrast to the observations 

of Losnegard et al. [56] for the 20-year period 1991-2010, where a general increase of ~5-8% 

in average distance race speed in World Cups between 1991-2010 was reported. This general 

increase in racing speed was attributed to better track preparation, equipment advancements, 

and more effective training [57]. A challenge in determining precise velocity data from 

published results is that the listed competition distances in the FIS database are not always 

exact, particularly for lower level competitions. Often small adjustments in race courses and 

stadium layouts can be made due to available snow conditions or other factors, which are not 

then updated into the official race distances. 

These typical winning race velocities for different event formats provide benchmarks from 

which to compare velocity data reported from research in the field or in a controlled 

environment. What is not apparent from the mean race velocities from published race results 

is the range and variation of skiing velocity throughout a race.  Section 2.2.4 explores more 

closely the pacing strategies and velocities within cross country skiing events.  



19 

Table 2-4. Mean winning times in FIS competitions 2007-2017 

Event Formats* 

Mean velocity of race winners (m∙s-1) 

All FIS Races World Races** 

Women Men Women Men 

Sprint 
*** 

Freestyle 
6.7 ± 1.3 
n = 371 

7.4 ± 1.4 
n = 417 

7.7 ± 0.7 
n = 66 

8.6 ± 0.9 
n = 66 

Classic 
5.9 ± 1.0 
n = 269 

6.7 ± 1.2 
n = 270 

6.7 ± 0.5 
n = 53 

7.5 ± 0.7 
n = 53 

Distance 
**** 

Freestyle 
6.0 ± 0.9 
n = 860 

6.9 ± 0.7 
n = 889 

6.6 ± 0.4 
n = 48 

7.3 ± 0.5 
n = 48 

Classic 
5.5 ± 0.7 
n = 789 

6.3 ± 0.7 
n = 815 

5.9 ± 0.4 
n = 68 

6.5 ± 0.5 
n = 68 

* Does not include results from Skiathlon, Pursuit, Marathon, Worldloppet or Junior events; ** Includes World 

Cup, World Championships and Winter Olympic Events; *** Sprint events had to have the course length 

specified; **** Distance races included events of minimum distance 5 km to a maximum of 50 km. Data 

compiled from FIS results 2007-2017 [58]. 

2.2.4 Lap times and split times 

Within a race, split-times are used to compare performances between laps and sections, 

examining whether individual skiers have gained or lost time on particular uphills, flats or 

downhills [10]. This is particularly useful for interval start events, where competitors are 

racing against the clock, and rely on split-times provided by coaches on the track to know 

how they are faring against the rest of the field. Lap times are commonly published with race 

results, with split times also published at major events including World Cup, World 

Championships and Winter Olympic Games. 

Analysis of lap times reported in a number of research studies involving single simulated and 

actual competitions on-snow have often revealed a positive pacing strategy (e.g. first half 

faster than second half) [1, 4, 27, 59]. Losnegard et al. [60] undertook a review of lap times 

from 36 Word Cup races between 2002 and 2014, which in addition to confirming positive 

pacing strategies for both men and women, demonstrated that slower male skiers started more 
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quickly and finished more slowly than faster male skiers, relative to their average race 

velocity. Within each lap or in one-lap races, cross country skiers also commonly exhibit a 

variable pacing strategy [61, 62] in which skiers use a higher intensity on uphill sections 

relative to flat terrain. 

Split times for sections of courses have demonstrated that the majority of time spent in a race 

is on uphills in both classic and freestyle events [1, 59], despite the distance on uphills often 

only being around 1/3 of the race course, due to skier speed being lowest on steeper gradients 

and highest on downhills. Bolger et al. [59] used GPS to take split timing to a more refined 

level, collecting velocities continuously over an entire event; more details of this investigation 

are examined in Section 2.5.3. Though this work and similar studies on pacing using GPS 

provided useful information on pacing, no insight was provided into the relative use of cycle 

characteristics for the sub-techniques used to generate the time. However, the authors noted 

that analysis of these variables would greatly improve knowledge of what contributes to 

performance. 

2.2.5 Summary of measurements of performance 

With cross-country skiing performance measurements constrained by the variability of 

environmental conditions and terrain, comparisons between performances are for the most 

part made relative to other competitors in each race. Overall race times and split times for 

sections of the course are the main parameters compared. With limited information on the 

demands of competition provide by such measures, alternative methods for evaluating and 

predicting performance are sought by coaches. 
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2.3 Physiological indicators of performance 

Cross country skiing is widely regarded as a highly demanding endurance sport, with the 

entire body contributing towards propulsion via complex movement patterns, and the 

physiological demands have frequently been investigated in both the laboratory and in the 

field [63]. A question commonly posed by researchers is how these physiological factors 

impact on racing performance. This Section examines a number of physiological parameters 

regularly measured, and their effectiveness as indicators of on-snow performances. 

2.3.1 Aerobic capacity 

Maximal aerobic capacity (VO2max), also known as maximal aerobic power and maximal O2 

uptake, is traditionally the physiological parameter most commonly used as an indicator of 

cross-country skiing on-snow performance [12, 57, 64-68], with cross-country skiers reported 

to have the largest relative VO2max in the world relative to body weight [57, 69]. VO2max for 

cross-country skiers is commonly recorded in the laboratory using rollerskiing on a treadmill 

or other forms of ski-simulation [64, 67, 70-72], but has also been captured directly in the 

field using portable apparatus [73-75]. A common hypothesis is that the best indicator of on-

snow performance is to divide a skiers’ VO2max by their weight to the power of 2/3 [12, 65-67, 

76], reflecting both the need to carry body mass up steeper hills used on typical championship 

race courses and an advantage for heavier skiers on moderate inclines. However VO2max 

relative to body weight does not appear to be as critical on flatter sections of courses or for 

marathon events where the total climb is much less relative to the race length (or conversely, 

that it becomes more important as inclines increase [77]). Larsson and Henriksson-Larsén 

[73] used GPS and a portable metabolic gas analyser to measure VO2 relative to velocity and 

position on the course, demonstrating that absolute VO2 was a better indicator of performance 

on all but the steepest hills. Peak VO2 has also been shown to correlate well with performance 
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in sprint events [47, 78], and although Stöggl et. al. [79] concluded that VO2max wasn’t a 

distinguishing factor for performance during a simulated sprint on a treadmill, they 

emphasised that all participants had a high aerobic capacity. Generally, sprint specialists tend 

to have a lower VO2max than distance skiers relative to body weight [57]. While having a high 

aerobic capacity remains a desirable characteristic for cross country ski racers, other 

physiological factors such as anaerobic capacity, upper-body power and finishing speed also 

contribute significantly towards competition success [57]. 

2.3.2 Anaerobic capacity 

High anaerobic capacities are required in traditional cross country skiing distance events 

because the hilly course profiles used for championship events both cause maximal aerobic 

demands to be exceeded on uphills and allow for recovery on downhills [12]. In addition, 

newer event formats such as sprints and mass starts (requiring in the first instance shorter 3-4 

minute efforts and fast finishing speeds) place more emphasis on anaerobic requirements [57]. 

Anaerobic performance contributions can be estimated to a limited extent through lactate 

testing [12, 79, 80], or via mathematical models such as the accumulated oxygen deficit 

method used by Losnegard and colleagues [13] and the gross efficiency method used by 

Andersson and co-workers [11] and Sandbakk et al. [47]. Stöggl et al. [79], observing better 

athletes producing higher lactate levels repeatedly in a simulated rollerski sprint, concluded 

that anaerobic capacity had a bigger impact on rollerski treadmill performance than aerobic 

capacity, a conclusion also supported by Losnegard et al. [13]. Overall, there appears to be 

agreement that anaerobic capacity has become increasingly important across all events and 

particularly in the head-to-head racing formats [57], although there is some disagreement in 

estimates due to the methodologies utilised [81]. The downside of using anaerobic 

characteristics to evaluate performance is that, like aerobic capacities, they are difficult to 

measure during competition, and only offer indirect correlations with race performance. 



23 

2.3.3 Power and force measurement in cross-country skiing 

Cross-country skiing can be described as a “power-endurance” sport, requiring numerous 

explosive movements over an extended time with short glide/recovery phases in-between. A 

skier applies propulsive forces to the snow through their skis via their feet and through their 

ski poles via their hands. Mechanical power generated by the upper body has become 

increasingly important over the past 20 years particularly with classic sprint and marathon 

events where double pole (DP) is the dominant sub-technique (sub-technique descriptions can 

be found in Section 2.4.1). Interestingly, Staffan Larsson from Mora used only the DP sub-

technique for the entire 90 km Vasaloppet event in 1994, leading the field by up to two 

minutes before tiring and finishing fifth. In modern racing, almost all elite skiers in classic ski 

marathons will use only DP. This phenomenon was also happening in World Cup sprints until 

recent rule changes by FIS; more about this is covered in Section 2.4.2. Despite this increased 

focus on the upper body, it should not be forgotten that the lower-body also contributes to 

power generation with DP [82], and that all sub-techniques have varying contributions from 

the arms, core and legs. In this section the use of ergometers and both lower and upper-body 

force measurements as indicators of on-snow performance are explored. 

2.3.3.1 Ski ergometers  

Early ergometers for testing cross country ski performance used an arm-crank apparatus to 

measure upper-body power together with aerobic capacities [67]. In the past three decades ski 

ergometers have predominantly simulated the DP technique, using various custom machines 

[68, 70, 83-87]. Some have used adapted rowing ergometers [88, 89], while more recently 

commercially available DP ergometers have been developed and used for testing, training and 

research [90-92]. It has been observed that some DP cycle characteristics on ergometers are 

different to that on snow, although peak forces were similar [93]. Attempts have been made to 

make DP ergometers biomechanically more specific to on-snow DP movements by allowing 
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the feet to move back and forward [83], however most models use a flat base with the feet 

fixed. Strong correlations have been shown between upper body power generation measured 

in the laboratory and performances on-snow [93] [85], and Forbes et al. [75] observed similar 

VO2 values for ergometer and on-snow measurements, however Carlsson et al. [94] reported 

no correlation between ergometer DP tests and performances in 15 km and 30 km races 

performed a week later, while Holmberg and Nilsson [89] found that the ergometer flywheel 

underestimated the total power produced. Noting that DP ergometers are now regularly used 

for both testing and training by elite skiers, Holmberg and Nilsson [89] concluded that upper 

body power measured in the laboratory was best compared with only DP performance on-

snow, rather than with overall race performances that involve all sub-techniques. 

2.3.3.2 Leg force measurement 

The earliest cross-country skiing force measurement system used a measuring platform and 

pole-mounted strain gauges to describe vertical and horizontal forces with the DP and 

diagonal stride (DS) classic sub-techniques [95]. Komi and colleagues [96, 97] pioneered a 6 

m long 4-track force place system buried under snow that simultaneously measured pole and 

leg forces and provided insight into timing of force application, but considerable effort was 

needed to set-up just a 6 m section of track. A longer 20 m track using similar 4-track 

methodology [98] enabled the measurement of pole and ski forces at different speeds. This 20 

m long force plate methodology was used again by Mikkola et al. [29] to demonstrate 

evidence of fatigue through a reduction in poling forces in a simulated sprint race. More 

recently portable measurement of leg force production has been possible using instrumented 

ski bindings [99-101] and rollerskis [102, 103], measuring three-dimensional forces. An 

alternative method for measuring leg forces in cross-country skiing uses the Pedar Mobile 

System [104], which incorporates foot insoles with embedded sensors. This has been used to 

demonstrate amongst other things: asymmetries in force applications between the left and 
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right leg while skating on rollerskis [105]; shorter duration of leg force application with 

increasing velocity while diagonal striding on-snow [21]; and increasing rear-foot plantar 

force with increasing velocity while double poling on rollerskis [17]. These methodologies, 

particularly using laboratory treadmills together with poling force measurements, are covered 

in more detail in the next Section. While leg force data in the above studies have provided 

insight into muscle activation and timing of force application, due to the complex interactions 

between upper body and lower body in cross-country skiing, leg data alone is limited in 

predicting on-snow performance. Furthermore, the portable in-binding force plate systems are 

too heavy to be used in competition settings, and typically only one set of the instrumented 

equipment is available for use, preventing concurrent data collection. 

2.3.3.3 Instrumented poles (upper-body power) 

Research involving instrumented ski poles to measure power output has also provided insight 

into cross-country skiing performance [82, 106-110]. Stöggl and Holmberg [110] used 

instrumented poles and video motion capture to undertake a comprehensive analysis of the 

three-dimensional forces and movements involved in rollerski DP at maximal speeds on a 

treadmill, describing in detail the timing and magnitude of force application, as well as 

macro-kinematic cycle characteristics CL and CR. A similar analysis was undertaken on the 

G4 skating sub-technique (see Section 2.4.1 for technique description), demonstrating that 

poling forces contributed ~ 42-44% of the total propulsion [105] across different sub-maximal 

speeds. Further, they showed that the effectiveness of power application – the amount of force 

applied going towards propulsion – was much greater in the arms (59-60%) than the legs (11-

12%). Power output in the direction of skiing also increased with velocity, and more 

synchronised poling was demonstrated by faster skiers. A common observation from treadmill 

rollerski studies is that the duration of poling and plantar force application decreases with 

increasing velocity, for both classic and skating sub-techniques [16, 17]. Several rollerski 
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studies on treadmills have investigated the influence of gradient on propulsive forces, 

showing that power outputs increased and recovery time decreased with increasing inclines 

for different sub-techniques [109, 111, 112]. Pellegrini and colleagues [24] allowed self-

selection of sub-technique in classic rollerskiing, suggesting that thresholds of poling forces 

are a determining factor in sub-technique selection. Macro-kinematic characteristics from 

these rollerski treadmill studies are addressed in more details in Section 2.4. 

Though lightweight and portable instrumented poles using strain gauges have been in use for 

over a decade [104], only a limited amount of research has been reported using this 

technology on-snow [21, 113-115] over relatively short sections of track (typically 20-50 m). 

Using the G3 skating sub-technique (see Section 2.4.1 for technique description) in a ski 

tunnel Ohtonen et al. [113] showed peak poling forces increased in order to generate 

increased speed, with higher poling forces also used to overcome friction on slower skis at the 

same velocity. In the classic style Andersson and colleagues undertook successive studies on-

snow measuring poling and plantar forces for diagonal stride [21] and herringbone [114] sub-

techniques, learning that higher propulsive forces came from the legs, although force 

effectiveness was higher from the arms. To date, the use of instrumented poles to measure 

poling forces during actual competitions on-snow has not been reported. 

2.3.3.4 Summary of power and force 

Ski ergometers simulating predominantly the DP sub-technique have become prevalent as a 

training tool and have been demonstrated to have strong correlations with on-snow DP 

performance. At present, technology enabling the use of instrumented poles or bindings to 

collect similar mechanical power data in the daily on-snow training environment or in 

competition is not feasible. A major unresolved challenge is to construct light enough 

equipment – for example, typical carbon fibre racing poles weigh only ~60-70 g per metre 

[116], and skiers are renowned for seeking the lightest possible equipment strong enough to 



27 

withstand the maximal poling forces experienced in competition. For ecological validity it 

would be important to collect data from athletes while they are using their own normal racing 

equipment. An alternative method for gaining an indication of relative mechanical power 

output using macro-kinematics on-snow is explored in Section 2.4.3.3.  

2.3.4 Strength testing 

A series of studies around the turn of the century showed that maximal upper body strength 

training improved double poling performance and work economy on a ski ergometer [117-

119]. This type of training has also proven to be effective when concurrent with aerobic 

training [120, 121], with Losnegard et al. [121] reporting improvements in rollerskiing and 

DP ergometer VO2max after heavy strength training intervention. However, no improvement in 

rollerski time-trial performance was shown in the same study, and similarly Skattebø et al. 

[122] saw no improvement in DP ergometer performance after heavy strength training by 

junior female skiers. Comparing strength training to ski ergometer training, Carlsson and 

colleagues [123] reported that both interventions were effective in improving DP ergometer 

performance, though no direct comparison was made to on-snow performance. 

 As a predictor of cross-country skiing performance on-snow, specific strength tests have 

correlated well with sprint performance on rollerskis [124], the authors suggesting that more 

training for sprint should include both explosive and maximal power exercises. A follow-up 

study [16] reported that different general strength tests correlated well with rollerski 

performance in different sub-techniques, and stressed the importance of appropriate timing of 

strength/power application that comes with good ski technique. Although it is recognised that 

the direction and manner in which forces are applied, coupled with the timing of the force 

application within the movement cycle are critical elements for effective generation of 

propulsion, these intra-cycle characteristics are outside the scope of this thesis. 
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The role of strength training including maximal training appears to be of increasing interest to 

cross-country coaches and skiers, particularly for sprinters [57]. However, the challenge is to 

convert gains made through general and specific strength training into measurable on-snow 

performance, not just laboratory-based performance.  

2.3.5 Summary of performance indicators 

Measurements of the physiological capacities of cross-country skiers extensively collected in 

the laboratory and less extensively in the field have provided insights into aerobic, anaerobic 

power and strength demands of competition and inform current training practices. The major 

limitations of these predictors of performance are their complex interactions and their direct 

applicability to on-snow competition. While all components contribute to and may correlate 

with the ultimate racing outcome, individually they remain indirect indicators of performance. 

Nearly two decades ago Mahood et al. [15] examined a range of performance indicators 

relative to season competition results and concluded that the best predictor of performance 

was an on-snow DP time-trial. The adage “the best predictor of future behaviour is past 

behaviour” appears to still ring true; the closer the testing modality to the actual racing 

environment the better. Although rollerskiing on treadmills is the most common testing 

modality and has the advantage of limiting environmental variables such as changing snow 

conditions, the continually undulating terrain and curving tracks, are factors that cross-

country skiers must face in every competition thus posing continual issues of ecological 

validity for rollerski treadmill testing. While unfortunately, with current technology, aerobic 

testing, anaerobic testing and most power measurements are not yet able to be undertaken on-

snow during competition. 
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2.4 Macro-kinematic characteristics of performance  

2.4.1 Cross-country skiing sub-techniques 

Cross-country ski racing has two major classifications of skiing technique: freestyle, 

otherwise known as skating; and classical, also known as classic. Each of these styles have 4-

5 main cyclical sub-techniques, which were described as “gears” by Nilsson et al. [22], in 

conjunction there are non-cyclical sub-techniques common to both freestyle and classical that 

are used on downhill sections and around corners. The cyclical sub-techniques have 

distinctive relative proportions of poling, kicking and gliding components. In simple terms the 

techniques can be described as follows. 

Classical sub-techniques 

• Double pole (DP) involves simultaneous pushing from both arms with no direct 

propulsion from the legs. DP is normally utilised on flat terrain, slight downhills and 

moderate uphills [22, 112]. 

• Kick double pole (KDP) includes a kick from one leg in the middle of the DP cycle, 

usually alternating the kicking leg with each cycle. KDP is typically utilised on 

moderate uphills [125].  

• Diagonal stride (DS) involves kicking with one leg and pushing with the opposite arm 

in an alternating manner. DS is utilised most effectively on moderate and steeper 

uphills[22, 24]. 

• Herringbone (HB) has the same timing of arms/legs as DS, however with the skis in a 

V shape and no gliding phase. HB is utilised on steeper uphills when skiers don’t have 

enough grip on the bottom of their skis to ski straight up the hill [22, 114]. 
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Freestyle sub-techniques 

The names used for the skating sub-techniques vary throughout the skiing world (Table 2-5). 

For clarity, this thesis follows the Australian descriptive terms diagonal skate, offset skate, 

double time, single time and free skate for the main sub-techniques, however, for 

abbreviations within this thesis the gears terminology (G1-G5) described by Nilsson et al. 

[22] is used. 

• Diagonal skate (G1) involves poling with one arm and skating with the opposite leg in 

an alternating manner similar to DS. This sub-technique is seldom used in elite 

competition, except in the case of extended hill climbs or for short sections of steep 

hills when athletes are fatigued [22]. 

• Offset skate (G2) involves poling with both arms together with every second leg skate 

(or one poling cycle each full skating cycle), with a slight lean to one side. Both poles 

are planted as the leading ski contacts the snow. G2 is typically utilised on steeper 

uphills [1]. 

• Double time (G3) involves poling with both arms together with every skate push (or 

two poling actions within a full skating cycle). Both poles are planted slightly before 

the leading ski contacts the snow. G3 is utilised predominantly on moderate uphills [1] 

[4, 23-26, 126-128]. 

• Single time (G4) involves poling with both arms together with every second leg skate 

(or one poling action within a full skating cycle), with poles swinging through as 

weight is transferred to the other ski. G4 is used predominantly on flat terrain [105] [1] 

[4, 23-26, 126-128].  
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• Free skate (G5) involves skating with both legs with no poling. It can involve 

swinging of the arms or arms can be in Tuck position (also then known as Tuck skate). 

G5 is used on downhills or on flats at high speed [1]. 

There are number of variations of these main skating sub-techniques that are not examined 

within this thesis. These include ‘double-push’ skate, a variant of G3 used by some skiers at 

maximal speeds, which has been described by Stöggl et al. [115]; ‘jump skate’, a high 

intensity variation of G2 in which both skis leave the snow momentarily; and ‘Alsgaard 

skate’, a subtle timing variation of G4 named after the skier that pioneered it. 

Table 2-5. Skating sub-technique terminology used by coaches in various countries 

Gear Australia USA Canada Norway Sweden Swiss App 
(GER) 

Swiss App 
(ENG) 

G1 Diagonal 
skate Diagonal V Diagonal 

skate 
Diagonal 
skøyting Växel 1 Diagonal 

skate 
Diagonal 

skate 

G2 Offset skate V1 Offset Padling Växel 2 Asymmetric Offset 

G3 Double 
time V2 1-skate Dobbel-

dans Växel 3 Eins-eins 
(1-1) One skate 

G4 Single time V2 alternate 2-skate Enkel-dans Växel 4 Zwei-Eins 
(2-1) Two skate 

G5 Free skate No-pole 
skate Free skate Fri-

skøyting Växel 5 Schlitt-
schue skritt 

No-pole 
skate 

Terminology from coaching manuals, websites, apps and personal correspondence [129-133].  
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Figure 2-3.  Movement sequence for the classic and freestyle sub-techniques of Diagonal stride (A), Kick 

double-pole (B), Double pole (C), Offset (D), Double time (E), Single time (F) and Free skate (G).  
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2.4.2 Sub-technique selection 

The frequent changing of sub-techniques within a single competition is a unique feature of 

cross-country skiing. While cyclists change gears on a similar basis, the propulsive leg motion 

remains largely the same, with only small angle changes if the rider stands up rather than 

remaining seated. Although swimming involves distinct sub-techniques, these cannot be 

interchanged at will within an event. At a basic level the choice of sub-technique is related to 

velocity and terrain, with skiers observed to switch sub-technique more than 30 times in a 

sprint race [1]. The gear system described by Nilsson et al. [22] follows a simple progression 

that usually follows increasing gradient for both classic and freestyle sub-techniques: from DP 

to KDP to DS to HB for classic, and G1 up to G5 for freestyle. However, sub-technique 

selection by individual skiers is much more complex, and in addition to gradient appears to be 

affected by snow speed, velocity, work rate, individual physical and technical capabilities, 

and perceived efficiency [4, 23-26, 126-128]. While most earlier studies investigating sub-

technique characteristics utilised short sections of track where a particular technique would be 

predominantly used, e.g. flat sections or steeper inclines [27, 28, 134], the sprint simulation 

undertaken by Andersson et al. [1] in freestyle technique was the first to describe sub-

technique usage during an entire competition. In this study faster skiers used a greater amount 

of the higher gear G3 than slower skiers, and the fastest skier used G3 exclusively in the 

uphills without having to use the slower G2 sub-technique at all. More recently, Sakurai and 

colleagues reported on the number of sub-technique cycles used during both classic [35] and 

freestyle [36] simulated competitions on rollerskis, although the authors did not break down 

the usage into time or distance spent using each technique.  

Stöggl et al. [55] in 2008 noted the increasing trend to use DP exclusively in classic sprints. In 

2015 a World Cup classic 10 km race was won for the first time on skating skis using DP as 

the only cyclical sub-technique, along with Turn and Tuck techniques [135]. FIS responded to 
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this development by modifying their homologation guidelines to increase the amount of 

vertical elevation in sprint events [125], and then went further in 2016 by introducing rules 

first to restrict classic ski pole lengths [136], and then permitting race organisers of both sprint 

and distance events to ban DP in certain sections of the track [137, 138]. Before this latter 

rule, the first choice about sub-technique selection was increasingly being made before the 

race started – to DP or not to DP (or rather, to DP the entire course, or to wax skis in order to 

use the other classic techniques). 

2.4.3 Sub-technique full cycle characteristics 

Within each sub-technique, velocity is a product of the CL and CR. These parameters can be 

defined as the macro-kinematics of cross country skiing, and are the factors that can be 

adjusted by skiers to optimise their performance. While the timing of force application and 

other intra-cycle kinematics (such as poling time, pole swing time, gliding time and other 

arm/leg phases, and pole/arm/trunk/leg/ski angles, ranges of movement and angular velocities 

[105, 127, 139, 140] are extremely important when it comes to mechanical efficiency, macro-

kinematics are concerned only with the characteristics of full cycles. 

Full cycles are typically defined as a complete sequence of movement patterns back to the 

same starting point on the same side of the body. For the classic sub-techniques, a full DS and 

HB cycle includes striding and poling from each arm and leg, a KDP cycle includes the 

poling motion with both arms together and kicking motion from one leg only, and for DP just 

the one poling cycling involving both arms simultaneously. Although when utilising KDP 

skiers may opt to alternate kicking with each leg from cycle to cycle, the full cycle is typically 

measured from double pole plant to the next double pole plant, as for DP. In the skating sub-

techniques, a full cycle includes a skate from each leg, and either two poling cycles (G3), one 
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poling cycle (G2 and G4), no poling (G5), or single poling from each arm (G1). The brief 

movement sequence for each sub-technique is depicted in Figure 2-3 A-G. 

Cycle characteristics are affected by factors including velocity, incline, gender, the intensity 

of effort and the chosen sub-technique [25, 141]. The majority of studies specifically 

investigating the interactions between velocity, CL and CR for different sub-techniques have 

been undertaken in the laboratory during rollerskiing on a treadmill [2, 17, 19, 25, 108, 125, 

142-144], with smaller numbers rollerskiing on a sealed road surface [107, 111, 145, 146] and 

on-snow [3, 20-22]. These studies either looked at the influence of such variables as incline, 

velocity and gender on the cycle characteristics, or the effects of altered cycle characteristics 

on velocity and efficiency. Other studies reporting on macro-kinematics observed in 

competition are examined in Section 2.4.5.  

2.4.4  Macro-kinematic data collection 

The two main methods for measuring macro-kinematic data on the treadmill are via video 

analysis or from power measurements, both of which have a time-stamp integrated in the data. 

With velocity data from the treadmill, CR and CL can also be calculated. In the field and in 

competition macro-kinematics are usually extracted from video footage. Using fixed video 

positions a panning window of around 10-20 m is typically used to collect 1-2 full technique 

cycles, though Sandbakk and colleagues [47] were able to collect 6 full cycles using a 

panning camera when other intra-cycle kinematics were not being examined. In a simulated 

sprint time-trial Andersson et al. [1] captured video continuously over 1.4 km by following 

each skier with a snow-mobile, enabling macro-kinematics for an entire course for the first 

time. In general, it is impractical to obtain video data around an entire course during a real 

competition, as snow-mobiles are not permitted on the track during events and a large number 

of fixed cameras would be needed to cover even a sprint event The most recent study 
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examining macro-kinematics during a competition collected video data at four different 

sections of 12-22 m in length, designed to capture at least 3 full sub-technique cycles [3]. 

Other recent studies collecting macro-kinematic data continuously using micro-sensors are 

covered in Section 2.5.3. 

2.4.4.1 Cycle rates  

In the laboratory typical CR used for various sub-techniques range from 30-80 cycles∙min-1. 

Alternative terminology to CR may include poling rate, striding rate and cadence, with 

attention required to ensure that the definition includes a full cycle; some studies examining 

DS have reported frequency for a single stride [109, 147, 148]. Units commonly used are 

cycles per minute (cycles∙min-1) and cycles per second (Hz); the former was chosen for this 

thesis as being more easily understood by coaches (e.g. 48 cycles∙min-1 compared to 0.8 Hz). 

Data may also refer to cycle time, being the inverse of CR. Several studies on rollerskis have 

demonstrated that athletes tend to naturally select the most economical CR for a given speed 

[142, 145, 149], mirroring similar observations in running [150], although in cycling freely 

selected cadences tend be higher than the most efficient CR [151].  

Although all measurements were taken on flat terrain, Nilsson et al. [22] detailed that the CR 

at maximal speeds on snow was highest for DP, with KDP exhibiting the lowest CR of classic 

sub-techniques due to its inherent two-phase propulsion cycle. For the skating sub-techniques 

at maximal speeds, Nilsson et al. [22] observed G2 had the highest CR and G3 the lowest, the 

latter due to two poling actions being required within each full skating cycle. Across all sub-

techniques CR has been found to usually increase with increasing gradient [19, 109, 111] and 

velocity [22, 25, 107, 139], including from sub-maximal velocities to maximal velocities. In 

contrast, Ettema and colleagues [25] observed this in treadmill rollerskiing for DP but not for 

DS at sub-maximal work rates. The major differences in this instance were that the work rates 

were fixed (by adjusting the treadmill velocity as the inclines were varied), the gradient 
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changes were small (8-11% (4.5-6.3˚) for the higher two work rates) and the athletes had the 

possibility to switch sub-technique rather than alter CR. This latter issue is interesting, as it is 

only for research purposes that sub-techniques are fixed; in competition athletes regularly 

transition between sub-techniques at will (as discussed already in Section 2.4.2). Typically, 

when CR is changed there is an effect on CL. 

2.4.4.2 Cycle lengths  

Other terms for CL include poling length and for the DS sub-technique stride length (noting 

the earlier remark on ½ cycles). In some respects, CL can be seen as an indication of the 

relative amount of effective mechanical power output by a skier. When all other variables are 

constant (e.g. CR, incline, efficiency), increased power output equals increased CL and 

accordingly increased skiing velocity. This has been demonstrated with treadmill rollerskiing, 

with skiers applying greater force through their poles able to ski with longer CL and lower CR 

[16]. The shortest CL are typically found when using DS and G2. This is unsurprising as these 

are the slowest of the most commonly used classic and freestyle sub-techniques, respectively 

(noting that HB and G1 are rarely researched), and normally employed in competition on the 

steepest gradients. Even when measured on the flat on snow, CL for DS and G2 are still the 

shortest [22, 27], although higher values were observed on the flat than on the gradients 

where they are normally adopted. When rollerskiing on a treadmill the longest reported CL 

has been over 10 m using the DP sub-technique [2], while on snow CL for G3 has been 

reported as high as 14.5 m in the final section of a sprint time trial [1].  

In contrast to observations for CR, for various sub-techniques CL has been shown to either 

plateau or decrease when increasing velocity from sub-maximal to maximal, both when 

rollerskiing on treadmills [17, 146] and on-snow [22, 114]. One explanation suggested for this 

decrease in CL is that the reduced force application phase at very high CR is insufficient to 

sustain a high power output [22]. However, despite CR being the critical factor in reaching 
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maximal speeds, the capacity to produce higher CL for a given sub-maximal CR is very 

important for efficiency, and earlier observations [27, 134] recommending that athletes work 

to increase CL during training and competition on-snow still appear to be valid [22, 57].  

An interesting observation made by Stöggl and colleagues [79], was that faster skiers 

exhibited longer cycle lengths in all sub-techniques at equal poling frequency during a 

simulated classic sprint on a treadmill. Skiers able to generate more mechanical power in one 

sub-technique in this instance were able to do it in other sub-techniques also. Whether this 

also occurs in an actual race on snow is unknown and requires further systematic collection of 

macro-kinematic data during competition. 

2.4.5 Macro-kinematics in competition 

Some of the earliest cross-country skiing macro-kinematic competition data published were 

the CL, CR and velocities for the DS sub-technique reported by Dillman (1978, cited by 

[152]), Marino, Titley & Gervais (1980, cited by [152]), Komi, Norman & Caldwell (1980, 

cited by [152]) and Titley [152], which were extracted from video footage taken during 15 km 

and 30km classic competitions. Interestingly, these appear to be the first studies to debate the 

relative effects of CR and CL on increasing velocity. The differing perspectives were perhaps 

best summed up by both Komi et al. (1980, cited by [152]) and Titley [152], who concurred 

that skiers achieve their velocities in “different ways” [152] (p44). 

In the late 1980’s and mid 1990’s a series of studies examined sub-technique velocities and 

other full cycle parameters from World Cup, World Championship, and Olympic competition 

[28, 45, 134, 140, 153-155], and in national level events [27, 156]. In each instance data was 

extracted from video footage collected over short sections of track (< 30 m). Table 2-3 

summarises the different cycle characteristics and offers a brief outline of the key results of 

research investigating cross-country skiing macro-kinematics in competition or simulated 
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competition on-snow. Consistent observations from these studies were that minimal 

differences in CR for faster skiers relative to slower skiers were observed, and that CL was 

the main discriminating feature between levels of performance. In addition, Bilodeau et al. 

[27] observed on flatter sections of the track that mean CL was similar for faster and slower 

skiers, and that a decrease in racing velocity in the second half of the event was due to shorter 

CL, not slower CR. A general recommendation from several of these early studies was to 

extend CL during training.  

The first examination of macro-kinematics in sprint competition was made by Zory et al. 

[147], who observed higher CR for DS (> 65 cycles∙min-1) than had previously been reported 

in distance competition at similar gradients. The authors concluded that CR was more 

important for velocity production in sprint events than for distance events, at least for DS, yet 

no data were reported for other sub-techniques. Subsequent simulated classic sprint 

competitions on-snow also observed high CR for DP (up to over 80 cycles∙min-1) [29, 157], 

however these investigations were limited by the fact that the data were collected from short 

sections of track (< 20 m). 

As identified earlier in Section 2.4.3.1, continuous macro-kinematic data was obtained 

throughout a simulated sprint competition by Andersson and colleagues [1], providing for the 

first time information on both cycle parameters and sub-technique usage. Observations from 

this study included: higher usage of G2 on the second lap; higher usage of G3 by faster skiers; 

higher gears (sub-techniques) exhibited faster velocities; the lower velocity on the second lap 

was mostly due to less rapid CR; and overall performance was mainly related to uphill 

performance. The most novel findings were the range of velocities witnessed throughout the 

event, the frequent sub-technique transitions (34 times by one skier), and the differences in 

sub-technique selection by individuals. 
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Two recent studies investigated competition macro-kinematics obtained from a larger number 

of video data collection points than previously reported [3, 4]. In 10 km (women) and 15 km 

(men) classic races Stöggl et al. [3] observed across four different inclines (1-11˚) that men 

produced faster velocities, using longer CL with lower CR and a shorter poling time than 

women. In addition, faster skiers had longer CL and more rapid CR across all sub-techniques 

while using more KDP and less DS than slower skiers (noting also that the fastest male skier 

utilised only DP throughout the entire race, and only two male used DS).  

Macro-kinematics collected in competition provide insight into how skiers achieve racing 

velocities on different sections of the courses, through both sub-technique selection and their 

varying use of CL and CR. Unsurprisingly, a large amount of novel and useful information 

was learned from competitions in which more data were available from different sections of a 

race track, in particular when data were able to be collected continuously. This ability to 

easily collect macro-kinematic continuously has great potential for competition performance 

analysis and is explored in more depth in Section 2.5.3.  

2.4.6 Summary of macro-kinematics 

Cross-country skiing coaches and researchers have become increasingly interested in the full 

cycle characteristics of the various sub-techniques used in competition. Macro-kinematic 

knowledge gained both from the laboratory and on-snow have informed training practices. 

Recommendations include utilising a range of CR [2] and to extend CL [27, 134] during 

training, however unfortunately neither CR nor CL are commonly measured during either 

training or competition due to the lack of available technology. Section 2.5 explores how 

other sports have employed micro-sensors to enhance performance analysis and evaluates the 

potential use of such technology in cross-county skiing. 
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Table 2-6. Summary of research investigating cross-county skiing macro-kinematics in competition or simulated competition on-snow. 

Authors, year, 
reference * 

Event format, 
style, level ** Mode 

Mean  
Velocity 
(m∙s-1) 

Mean 
CL 
(m) 

Mean 
CR  

(cycles∙ 
min-1) 

Gradient 
Collection information  

Key macro-kinematic observations 
Method   Distance 

(m) 

Norman & Komi 
(1987) 

[155] 

Men 15 km C 
World 

Championship 

DS 4.9 5.8 50.7 1.6˚ 
Fixed 
video < 8 

On the 1.6˚ section faster skiers had an 8% 
longer CL and 3% lower CR. On the 9˚ slope 
faster skiers had a 9% faster CL and 3% higher 
CR. CL was lower and CR higher on the steeper 
grade. 

DS 4.2 3.2 78.9 9˚ 

Smith, McNitt-
Gray & Nelson 

(1988) 

[134] 

Men 10 km F 
 World Cup 

G2 3.2 3.8 43.8 7˚ Fixed 
video 10 

Little difference in CR between faster & slower 
skiers, most difference in CL. Recommend 
increasing CL while maintaining CR. 

Smith et al. 
(1989) 

[153] 

Women 20 km F 
Olympics 

G2 2.1 2.8 45.6 10-11˚ 
Fixed 
video 

10 
Women had slightly lower CR, CL & velocity 
than men. Some men used high CL and some 
high CR to achieve faster velocities.  Women 
had a higher correlation between CR and 
velocity. 

Men 50 km F 
Olympics 

G2 2.4 3.0 48.6 10-11˚ 10 

Smith & Heagy 
(1994) 

[28] 

Men 50 km F 
Olympics 

G2 6.3 9.4 41.4 Flat Fixed 
video 12 

No correlation between CR and faster skiers, 
only with CL. 

Gregory, 
Humphreys & 
Street (1994) 

[154] 

Women 30 km F 
Olympics 

G2 5.6 6.7 50.4 Flat Fixed 
video 12 

Faster skiers had longer CL and similar CR 
compared to slower skiers. 

Street & 
Gregory (1994) 

[45] 

Men 50 km F 
Olympics 

Tuck 15.4 - - - 12˚ Fixed 
video 20 

No difference in glide velocity between laps. 
Top 10 skiers 13% faster than last 10 (n=66). 
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Authors, year, 
reference * 

Event format, 
style, level ** Mode 

Mean  
Velocity 
(m∙s-1) 

Mean 
CL 
(m) 

Mean 
CR  

(cycles∙ 
min-1) 

Gradient 
Collection information  

Key macro-kinematic observations 
Method   Distance 

(m) 

Bilodeau et al. 
(1996) 

[27] 

Men 30 km C 
National 

DS 4.0 4.4 61.8 Inc. 7˚ 

Fixed 
video 30 

No difference in CR between faster and slower 
skiers. Faster skiers had longer CL except on 
flatter sections in the C race. Decreased velocity 
in 2nd half due to shorter CL. 

DP 8.0 8.5 62.4 Flat 

Men 50 km F 
National 

G2 4.2 5 50.4 Inc. 7˚ 

G4 8.3 11.8 44.4 Flat 

Smith, Fewster 
& Braudt (1996) 

[140] 

Women 30 km C 
Olympics 

DP 6.8 9.26 43.8 Slight 
down 

Fixed 
video < 15 

No difference in CR between faster and slower 
group. Faster group had longer CL. 

Rundell & 
McCarthy 

(1996) 

[156] 

Women 10 km F 
National 

G2 2.2 2.7 49.2 11-12˚ Fixed 
video 12 

CL correlated with velocity and translated into 
faster race times. No difference in CR between 
slower and faster skiers. Decreased CL and 
velocity with fatigue on second lap. 

Canclini et al. 
(2000) 

[148] 

Men 10 km C 
World Cup 

DS  3.2 3.2 60.0 9˚ 
Fixed 
video 

8 
Faster skiers had longer cycle lengths. Note that 
data was collected from two different World 
Cups. 

Men 10km C 
World Cup 

KDP 6.1 7.9 46.2 Flat 20 

Zory et al. 
(2005) 

[147] 

Men 1.2 km 
Sprint F 

World Cup 
DS 4.8 4.3 65.9 5˚ Fixed 

video 6.8 

Velocity correlated with CR, but not with CL. 
Fastest overall skiers were fastest on the  uphill 
section. Concluded that CR is more important 
for velocity production in sprint events than for 
distance events. 

Pustovrh & Jost 
(2006) 

[158] 

Men 15 km F 
World Cup 

G2 4.8 5.4 53.6 12˚ Fixed 
video 10 

Velocity, CL and CR were lower in the second 
half of the race 



43 

Authors, year, 
reference * 

Event format, 
style, level ** Mode 

Mean  
Velocity 
(m∙s-1) 

Mean 
CL 
(m) 

Mean 
CR  

(cycles∙ 
min-1) 

Gradient 
Collection information  

Key macro-kinematic observations 
Method   Distance 

(m) 

Zory et al. 
(2009) 

[157] 

Men 1.2 km 
Sprint F 

(simulated) 
DP 6.6 5.1 81 Flat Fixed 

video 12 

Velocity and CR were lower in the last round 
compared to the first. Small non-significant 
reduction in CL. 

Andersson et al. 
(2010) 

[1] 

Men 1.4 km 
Sprint F 

(simulated) 

G2 5.3 4.5 66 5.7˚ 

Video 
using 
snow-
mobile 

114 Of cyclical sub-techniques 31% was G2, 63% 
was G3 and 6% was G4. More G2 used on 
second lap. Faster skiers used more G3. Lower 
velocity on the second lap was mostly due to 
less rapid CR. Overall performance was mainly 
related to uphill performance. Frequent sub-
technique transitions were observed (34 times 
by one skier),  

G2 4.7 3.7 69 8.6˚ 86 

G3 5.3 8.6 37.8 5.7˚ 16 

G3 4.7 8.7 39.6 8.6˚ 22 

G3 8.2 14.5 34.2 Flat 22 

Sandbakk et al. 
(2011) 

[47] 

Men 1.4 km 
Sprint F 

(simulated) 
G3 5.3 7.6 42.0 6˚ Fixed 

video ~ 40 
CL on uphill correlated with overall 
performance. 

Myklebust et al. 
(2011) 

[9] 

Men 1.5 km 
Sprint F 

(simulated) 

G2 - - 66.9 

Varied 

Micro-
sensor 

and 
hand-
held 

video 

20-25% by 
time 

Was able to detect sub-technique features using 
micro-sensors and calculate time spent using 
each. No sub-technique velocity or CL data 
available. G3 - - 37.6 36-40% by 

time 

G4 - - 50.2 1-5% by 
time 

Mikkola et al. 
(2013) 

 [29] 

Men.15 km 
Sprint C 

(simulated, 
DP only) 

DP 7.2 5.7 76.2 Flat 

Force 
plate data 

20  
Start 

Velocities decreased from heat 1 to heat 4. 
Minor decrease in CR, slight decrease in CL, 
both non-significant. Reduction in velocity 
appeared to be due to decreased pole force 
production and decreased CR. Note, skiers 
instructed to apply maximal effort at start and 
finish. 

DP 5.9 5.8 61.2 Flat 
20 

Middle 

DP 6.2 5.4 69.0 Flat 20 m 
Finish 
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Authors, year, 
reference * 

Event format, 
style, level ** Mode 

Mean  
Velocity 
(m∙s-1) 

Mean 
CL 
(m) 

Mean 
CR  

(cycles∙ 
min-1) 

Gradient 
Collection information  

Key macro-kinematic observations 
Method   Distance 

(m) 

Welde et al. 
(2017) 

[4] 

Men 15 km C 
National 

DP 7.4 8.0 55.8 Flat 

Fixed 
video 

22  

Velocity was slower and CL shorter on the last 
lap compared to the first. Faster skiers had 
higher CL and CR. Faster skiers used more 
KDP. 

DP 5.3 5.1 62.5 3.5˚ 

KDP 5.1 6.3 47.6 3.5˚ 

DS 4.2 4.5 55.0 3.5˚ 

DS 3.7 3.7 58.8 7.1˚ 12  

Stöggl et al. 
(2018) 

[3] 

Women 10 km C 
National 

DP 6.3 6.3 60.0 Flat 

Fixed 
video 

22  
Men had faster velocities, longer CL and lower 
CR than women. Faster skiers had longer CL 
and higher CR across all sub-techniques, and 
used more KDP and less DS than slower skiers. 
Fastest man used only DP. 

Mix 4.3 4.7 55.2 3.5˚ 

DS 3.1 2.9 63.6 7.1˚ 
12  

DS 2.2 1.9 70.6 11.0˚ 

Men 15 km C 
National 

DP 7.4 8.0 55.8 Flat 
22  

Mix 5.1 5.6 55.2 3.5˚ 

DS 3.7 3.7 58.8 7.1˚ 
12  

DS 2.7 2.4 66.0 11.0˚ 

 

* Studies were only included if track gradient information was also supplied. ** Data included here is from the fastest lap and/or fastest group only (if applicable).  C = 

Classic; F = Freestyle; CL = Cycle length; CR = Cycle rate; G2 = Offset skate; G3 = Double-time skate; G4 = Single-time skate; DP = Double pole; KDP = Kick double pole; 

DS = Diagonal stride; Mix = All cyclical classic sub-techniques combined.
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2.5 Micro-sensor performance analysis in sport 

2.5.1 Performance analysis using micro-sensors 

Over the past decade the use of micro-sensors for performance monitoring and analysis in 

sports has expanded rapidly across a wide range of sports, from individual sports such as 

swimming and kayaking to the various forms of football [6-8, 31-33, 159-163]. The 

predominant micro-sensors used include tri-axial accelerometers, gyroscopes and global 

positioning systems (GPS), with some units also containing magnetometers. Analyses include 

complex feature extraction, such as the use of inertial sensors to classify different forms of 

aerial aerobatics in snowboarding [8], and macro-kinematic investigations, including the 

measurements of stroke rates, velocity and accelerations in kayaking [6] and the 

quantification of kick-counts and kick-rates in swimming [164]. Furthermore, the use of 

micro-sensors has become most widespread in team sports, being used to quantify 

performance loads, measuring distances travelled and the number and intensity of 

accelerations during matches [32, 33, 159, 163]. Some of the attractions of the latest micro-

sensors is that they are relatively unobtrusive and robust enough to be used in the everyday 

training environment, and in some instances also during competition.  

2.5.2 Power measurement in cycling 

Competition courses used for road cycling are similar to cross country skiing in their variation 

in topography and layout. Aerodynamics has a larger impact on road cycling race 

performance than in cross-country skiing due to the higher speeds involved and the common 

pack racing format, and wind can have a significant impact on racing velocities [165]. In 

addition, road race distances vary greatly, with no standard distances for events. 

Consequently, road cycling world rankings are based on a point system similar to the cross-

country skiing World Cup rankings, allocating points only on the placing in the race with no 
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consideration given to how far competitors finish behind the winner. Historically the 

mechanical power output of cyclists was measured in the laboratory using ergometers [30, 

166], with studies of actual road cycling competitions analysing parameters such as heart rate 

and cadence [167, 168]. However, this changed in the 1990’s with the advent and validation 

of mobile technology such as the Schoberer Rad Messtechnik (SRM) power meter [5, 30]. 

This device enabled mechanical power output to be tracked in major international 

competitions [169, 170] over multiple seasons [171], and effective comparisons to be made 

between data collected in the laboratory and the field [172]. Today the measurement of 

mechanical power outputs of the majority of riders in major road cycling tours is standard 

practice, and sometimes also made publicly available soon after the events. This type of 

automated analysis has not yet become available in cross-country skiing. 

2.5.3 Cross country skiing performance analysis using micro-sensors  

Recent studies have demonstrated that micro-sensor technology has been adapted for use in 

cross country skiing. Some of the first significant steps were made by Myklebust et al. [9], 

who identified freestyle sub-technique cycles during a simulated on-snow sprint time trial 

using five inertial sensors mounted on skiers’ bodies and equipment. While no velocity or CL 

data were obtained, locomotion around the entire course was classified into G2, G3 and G4 

sub-techniques, with all other miscellaneous movement such as tucks, turns and transitions 

classified as a new category, G0. Subsequently, several studies have used multiple micro-

sensors to collect sub-technique cycle parameters during treadmill rollerskiing [173, 174], and 

to analyse the movement of skiers’ centre of mass [175]. Similar studies utilising rollerskis in 

the field using four inertial sensors were undertaken in simulated classic [35] and freestyle 

[36] competition, with the addition of GPS technology to measure velocities for each sub-

technique. Cycle detection accuracy was reported at 98.5% during the classic event, and 

94.8% during the freestyle event (not counting any non-cyclical motion). Though again no CL 



47 

data was provided, this classic rollerski study revealed wide ranges of overlapping velocities 

between the DP, KDP and DS sub-techniques. 

A breakthrough was made with the development of a machine learning method to detect 

freestyle sub-techniques on rollerskis using only a single micro-sensor unit [176]. Stöggl and 

colleagues [37] used this technology to automatically detect skating sub-techniques 

rollerskiing on a treadmill, reporting up to 90% accuracy over a simulated 950 course with 

four fixed gradients (1˚, 3˚, 5˚ and 7˚) and five fixed speeds (9, 11, 13, 15 and 20 km∙h-1). 

Interestingly, accuracy improved to 100% when only using one single sub-technique, 

reflecting the challenges with detecting sub-technique transitions. Such technology using a 

single micro-sensor, once validated on-snow with the addition of variable gradients and turns, 

has great potential for daily macro-kinematic training monitoring and competition analysis. 

Though carrying a mobile phone during a competition may face challenges being approved by 

FIS due to the glass components and risks of breakage, there is potentially an alternative 

available using the robust micro-sensors already developed and used with team sports 

identified in Section 2.5.2 (these devices already contain the necessary inertial sensors used in 

the mobile phone for the identification of the sub-technique cycles). 

A number of recent studies have used GPS to record velocities throughout cross-country 

skiing competitions and compare performance and pacing strategies on different sections of 

the course [10, 59, 177]. In 10 km (women) and 15 km (men) freestyle and classic events 

Bolger and colleagues [59] used GPS velocities to demonstrate that men were faster than 

women in flat, uphill and downhill terrain, with the largest differences on uphill sections. 

Skating was shown to be faster than classic on flats and uphills, but was not significantly 

different on the downhills, and positive pacing strategies were observed for both racing styles.  
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The latest research involving micro-sensors on-snow involves multiple inertial sensors 

combined with GPS to detect classic sub-techniques [34, 178]. Though the system was 

developed initial using seven inertial units, only data from two units (on the chest and on the 

arm) were used to refine the machine learning algorithm on rollerskis and then to test the 

system accuracy on-snow, which was reported as 93.9%. Although velocities were reported 

throughout the on-snow test, mean velocities, CL and CR for each sub-technique data were 

not reported. 

2.5.4 Summary of micro-sensor performance analysis 

The major advantage of using micro-sensors in sports analysis is the ability to collect data 

continuously in both training and competition. Light-weight, robust micro-sensors have 

revolutionised performance analysis particularly in cycling and team sports. For cross-country 

skiing, the use of micro-sensors enables data to be collected both on remote sections of track 

and continuously throughout entire events or training session. 

Although several of the methodologies described above have great potential, the number of 

micro-sensor units required appears prohibitive for use in the daily training environment or 

during competition. A single micro-sensor such as the mobile phone technology employed by 

Stöggl and colleagues [37], once validated for use on-snow, has the advantage of a quick and 

simple set-up. Combining effective sub-technique identification from a single micro-sensor 

with the robustness of the units used in team sports would create a useful tool for cross-

country skiing performance analysis. 

2.6 Conclusions 

Cross-country skiing is unique in its utilisation of distinct cyclical sub-techniques and 

frequent transitions in competition. Performance analysis is constrained by the variability of 
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environmental conditions and terrain, which affect skiing velocities and limit comparisons 

based on race times. While extensive information is available on the physiological and 

biomechanical demands of the sport, the literature review reveals a need to develop more 

direct and ecologically valid methods for monitoring athletes during competition. An 

alternative way of analysing performance is through macro-kinematics, examining the 

utilisation of the different sub-techniques and their cycle characteristics. Most macro-

kinematic competition data has been collected from short sections of race courses, although 

continuous data-collection has been possible during simulated competition. Micro-sensor 

technology has been proven to enhance performance analysis possibilities with other sports, 

and provides a potential mechanism for the collection of macro-kinematic data during real-

time race conditions on-snow. To be viable for use in competition, a single, lightweight, 

robust micro-sensor capable of continuously collecting the relevant macro-kinematic 

parameters would be needed. If successful, such micro-sensor technology would enhance 

possibilities for cross country-skiing performance analysis in competition beyond those 

currently available, and enable many applied questions associated with sub-technique 

selection and cycle parameters in competition to be explored in the future. 
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3 IDENTIFICATION OF CROSS-COUNTRY SKIING MOVEMENT 

PATTERNS USING MICRO-SENSORS 

3.1 Abstract 

This study investigated the potential of micro-sensors for use in the identification of the main 

movement patterns used in cross-country skiing. Data were collected from four elite 

international and four Australian athletes in Europe and in Australia using a MinimaxXTM unit 

containing accelerometer, gyroscope and GPS sensors. Athletes performed four skating 

techniques and three classical techniques on snow at moderate velocity. Data from a single 

micro-sensor unit positioned in the centre of the upper back was sufficient to visually identify 

cyclical movement patterns for each technique. The general patterns for each technique were 

identified clearly across all athletes while at the same time distinctive characteristics for 

individual athletes were observed. Differences in speed, snow condition and gradient of 

terrain were not controlled in this study and these factors could have an effect on the data 

patterns. Development of algorithms to process the micro-sensor data into kinematic 

measurements would provide coaches and scientists with a valuable performance analysis 

tool. Further research is needed to develop such algorithms and to determine whether the 

patterns are consistent across a range of different speeds, snow conditions and terrain, and for 

skiers of differing ability. 

3.2 Introduction 

Cross-country skiing uses a range of skiing techniques to cover various terrain efficiently. No 

other sport has such a wide range of repetitive movement patterns used in the one event. 

There are two main event styles, skating and classical, each of which has four main sub-

techniques or “gears” used in competition [22]. Efficient selection of an appropriate gear 
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depends on the gradient of the terrain and the velocity at which a skier is travelling [1]. The 

frequent changing of gears during competition complicates any attempt to quantify how 

effective movements are. Andersson, et al. [1] reported an average of 29.1 gear changes 

during a 1.43 km skating time trial. It is unlikely that two athletes will ski a race course using 

the exact same techniques in the same places.  

A number of recent cross-country skiing studies have measured combinations of ski speeds, 

cycle rates, cycle lengths and the distribution of ski technique use during competition, 

simulated competition and using ski-simulation activities in the laboratory [1, 2, 17, 47, 79, 

139]. These studies have shown that ski speed in different terrain varies with cycle rates, 

cycle lengths and technique selection, and that these kinematic data are useful in analysing ski 

performance. Andersson, et al. [1] noted that the self-selection of technique is related to 

performance capacity; better ranked skiers use a higher proportion of higher gears. Similarly, 

Sandbakk et al. [47] reinforced Smith’s [179] observation that faster skiers generally have 

greater cycle lengths. 

In the field these kinematics have generally been measured using lapsed-time video analysis. 

This is a time intensive method and results in considerable delay in the sharing of data with 

coaches and athletes, and is generally impractical during competition. Sandbakk, et al. [47] 

used 10 video cameras to cover a 1.82 km time trial, while Andersson, et al. [1] filmed 

athletes from behind while following on a snowmobile. Technology that enabled quick 

measurement of kinematics in the field would provide sport scientists, coaches and athletes 

with a valuable tool for performance analysis, enabling them to evaluate improvements in 

power output or skiing efficiency through changes in kinematics. 

Preliminary work with combinations of micro-sensors indicates that they have the potential to 

identify and measure cross-country skiing kinematics [9]. Micro-sensors have been used for 
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performance analysis in a number of sports, including Australian rules football [159], rugby 

[33], soccer [163], swimming [7], kayaking [6] and snowboarding [8]. Fulton, et al. [164] 

used inertial sensors to quantify kick-count and kick-rates in swimming through the use of 

algorithms identifying each movement cycle. Similarly, Harding et al. [8] used inertial 

sensors to classify different aerial aerobatics in snowboarding, and Janssen & Sachlikidis [6] 

used inertial sensors and GPS to measure stroke rates, velocity and accelerations in kayak. In 

the team sports mentioned above accelerometers and GPS have been used to quantify 

performance loads, measuring distances travelled and the number and intensity of 

accelerations during matches [33, 159, 163]. In all of these studies the micro-sensor units are 

relatively unobtrusive and can be used in normal training sessions, and in some instances in 

competition. Recently Myklebust et al. [9] used data from five accelerometers located around 

a skier’s body and equipment to identify technique cycles and measure cycle rates. 

Algorithms were developed to process the accelerometer data and detect when poles and skis 

came into contact with the snow. Although this methodology allows for a robust technique 

analysis, the number of units and total weight of equipment used appears prohibitive for use 

in the daily training environment or during competition.  

The aim of the current study was to determine whether a single micro-sensor unit attached to 

the body could be used to identify effectively each of the main techniques used during cross-

country skiing competition. For such identification to be useful, the distinctive data patterns 

for each technique should be recognisable regardless of factors such as snow conditions, 

equipment used, skier speed, gradient of the terrain, standard of the skier or athlete fatigue. 

Successful identification of a cycle pattern for each technique would be the first step towards 

developing algorithms for automatic detection of cross-country skiing kinematics. 
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3.3 Experimental Section 

3.3.1 Participants 

Two groups of participants were used: an international group (IG) and a national Australian 

group (AG). IG athletes (3 male, 1 female) had International Ski Federation (FIS) ranking 

points between 2.0 and 27.0 on the first ranking list for 2011/2012. Each athlete in this group 

had achieved at least one podium result in FIS World Cup competition between 2009 and 

2011. AG athletes (3 male, 1 female) were all members of the Australian Cross-Country Ski 

Team and had FIS ranking points between 60.0 and 97.0 on the first ranking list for 

2011/2012. All FIS World Cup results and rankings are available from http://www.fis-

ski.com. Data were collected at Davos in Switzerland, Beitostoelen in Norway, and at Falls 

Creek in Australia.  

Ethics approval for the study was granted by the Australian Institute of Sport Ethics 

Committee (approval number 20102002) and the University of Canberra Committee for 

Ethics in Human Research (approval number 10-146). All participants were supplied with a 

participant information sheet prior to testing and given the opportunity to ask additional 

questions before signing written consent forms. 

3.3.2 Equipment 

Data were collected using a commercially available micro-sensor unit (MinimaxXTM S4, 

Catapult Innovations, Melbourne, Australia). The micro-sensor unit contained a triaxial 

accelerometer (100 Hz, ± 6 g), a gyroscope (100 Hz, ± 1000 d/s), a Global Positioning System 

(GPS) device (Fastrax, 5 Hz) and a magnetometer (30 Hz). The unit has dimensions of 2.0 x 

4.8 x 8.5 cm and weighs approximately 67 g. The reliability of the MinimaxX for sport 

analysis was previously demonstrated by Boyd, et al. [159]. The validity of the distance 

covered at speeds of <2–5 m∙s-1 ranges between 1.7–3.8% with a reliability of 1.2–2.6% [161]. 
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Cross-country skiing specific reliability was confirmed using two units worn concurrently by 

an athlete while rollerskiing. Calibration of the accelerometer and gyroscope was performed 

using the same method as described by Harding et al. [8]. The positioning configuration of the 

accelerometer is shown in Figure 3-1(a) and described in more detail in Section 3.3.5. Video 

data were collected using a Sony Handycam HDR CX110 (60 Hz) and a Canon IXY 900 (30 

Hz).  

Each athlete wore a micro-sensor located in a carrying pouch sewn onto the back of a 

standard competition race bib used in international cross-country skiing events. The pouch 

positioned the micro-sensor in the centre of the upper back approximately 5 cm lower than the 

base of the neck, which is approximately the same position as occurs with the standard 

harness supplied for use with the micro-sensor. This modified bib was worn by the 

participants over the top of their training clothing. 

 

Figure 3-1 (a) Micro-sensor unit; (b) Modified bib with micro-sensor in pouch 

3.3.3 Description of Techniques 

The following cross-country skiing techniques were chosen for analysis: 

Skating techniques: (classified as gears G2-G5 according to Nilsson, et al [1]) 
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• Offset Skate (G2) 

• Double Time (G3) 

• Single Time (G4) 

• Free Skate (G5) 

Classical techniques: (universally used definitions) 

• Double Pole (DP) 

• Kick Double Pole (KDP) 

• Diagonal Stride (DS) 

The following terminology is used to describe the accelerometer and gyroscope signals: 

FwdA = forward/backward acceleration along the x-axis of the micro-sensor unit 

SideA = left/right acceleration along the y-axis of the micro-sensor unit 

UpA = up/down acceleration along the z-axis of the micro-sensor unit 

Roll = angular acceleration about the x-axis 

Pitch = angular acceleration about the y-axis 

Yaw = angular acceleration about the z-axis 

 

Figure 3-2 Orientation of accelerometer and gyroscope relative to the skier 
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3.3.4 Data Collection 

Participants were videoed by a stationary camera from side-on performing each ski technique 

while wearing the modified bib containing the micro-sensor unit. Each technique was 

performed at a moderate pace for 20-30 seconds on a straight section of track. At the 

beginning of each data collection session a synchronisation marker point was set by tapping 

the micro-sensor unit sharply three times. Video footage was recorded on a single hand-held 

video camera continuously from the marker point through to the end of each data collection 

session. The total time taken for one session of on-snow data collection was 3-4 minutes per 

athlete. The terrain chosen for data collection included flat and moderate uphill sections 

appropriate for use of the different techniques. Participants were instructed to ski at a 

“moderate intensity slightly faster than their normal easy distance skiing pace”. 

Data collection took place on groomed ski tracks. In general the snow was well packed and 

the conditions were moderately fast, otherwise there was no standardisation of the snow 

crystal type, temperature or humidity. There was no standardisation of participants’ ski 

equipment or equipment preparation, with participants free to use their own skis, boots and 

poles. 

3.3.5 Data Processing and Interpretation 

Data files from the micro-sensors and corresponding video files were downloaded to a 

portable computer (Acer Aspire) and uploaded to software packages designed for use with the 

MinimaxX units (Logan V41.0, Australian Institute of Sport, Canberra, Australia; and Logan 

Plus 4.5.0, Catapult Innovations, Melbourne, Australia). The software enabled easy viewing 

of the accelerometer and gyroscope data plotted against time. The gyroscope and 

accelerometer data from two subjects were initially filtered with a low-pass Butterworth filter 

using cut-off frequencies in the range 1-4 Hz. Following visual inspection of the resultant 
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filtered data a cut-off frequency of 2.0 Hz for all the accelerometer data and 1.0 Hz for all the 

gyroscope data was considered acceptable. The choice of these frequencies enabled the major 

features of each technique to be clearly identified while allowing minor differences between 

individuals to remain visible.  The data and video files were synchronised manually by 

matching up the visual indicators of the initial marker point. Ten second blocks of each 

technique were identified and marked for analysis. 

 When viewing the gyroscope data it was decided to use a different scale for different 

dimensions; Pitch is presented in the range -150 to +150 d/s, while Roll and Yaw are 

presented in the range -75 to +75 d/s. These relative scales were chosen due the magnitude of 

Pitch generally being substantially larger than the other two dimensions for most of the cross-

country skiing techniques. 

Technical interpretation of the data was performed by a cross-country skiing coach (Author 

F.M.) with over 20 years of experience of international competition and working with athletes 

on technique. 

When analysing and interpreting accelerometer data it is important to be aware of the effect of 

gravity. When the micro-sensor is stationary the acceleration along each axis ranges from -1.0 

g to +1.0 g, depending on unit orientation. The MinimaxX was configured so that FwdA has a 

value of +1.0 g when the Z axis is in a vertical position as shown in Figure 3-1(a). In this 

position SideA and UpA have values of 0.0 g. When the MinimaxX unit is rotated forward so 

that the X-axis is vertical, then UpA has a value of 1.0 g and FwdA and SideA have values of 

0.0 g. The accelerometer data presented in this paper is a combination of movement-induced 

accelerations through the micro-sensor unit and gravity acceleration due to the orientation of 

the unit. While it is possible to correct for gravity using algorithms [180], as the main aim of 

this study was to identify the basic technique patterns this was not considered necessary. 
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3.4 Results and Discussion 

3.4.1 Characteristics of each Technique 

Typical signal patterns created by the micro-sensors for each technique are shown below in 

Figures 3-3 to 3-9. Each figure includes two components: a) a screen-shot of the gyroscope 

and accelerometer data curves for one athlete; and b) images A-E identifying corresponding 

positions in the cycle of each technique. One IG athlete is used to demonstrate the classical 

techniques (DP, KDP and DS) and a different IG athlete is used for the skating techniques 

(G2-5).  

General Observations 

The micro-sensor data collected demonstrated a clear repetitive cycle for each of the 

techniques examined. The general characteristics of the accelerometer and gyroscope data 

common to all athletes for each technique are summarised in Table 3-1 and Table 3-2 below. 

In all techniques involving poling (DP, KDP, DS, G2, G3, G4) the peak of the Pitch precedes 

the main peak of the FwdA, or in the case of G2 the double peak of FwdA. Visually from the 

video data the peak Pitch corresponds to a point in the middle of the poling action. In the case 

of G5 which does not involve poling the peak pitch is considerably lower than for the other 

techniques. For all techniques there are some minor differences in timing and features 

between athletes, these are described in more detail under Section 3.4.2. 

In Figures 3-4 to 3-9 left and right labels demonstrate that movements on one side of the body 

can be distinguished from the other. For the Classical techniques L-kick and R-kick are 

defined by a peak/trough in the Yaw curve as the leg is kicking backwards, which results in 

the rotation of the upper body. For Skating techniques L-skate and R-skate are identified by 

the distinct peaks/troughs in SideA. 
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Classical Techniques 

The three classical techniques are relatively easy to distinguish using either the accelerometer 

data or the gyroscope data. SideA is minimal for all three techniques, understandably so as the 

skis generally remain parallel during classical skiing and only move sideways during turning 

techniques (which are not covered in this paper). The timing and magnitude of FwdA and 

UpA identify the different techniques, as shown in Table 3-1. From the gyroscope data DS 

can be identified by the relatively smaller magnitude of Pitch compared to Roll and Yaw; DP 

is characterised by the very rhythmic Pitch and minimal Roll and Yaw; while KDP is 

identified by the slightly asymmetric Pitch curve. When the gyroscope data are examined 

using a filter of 2 Hz instead of 1 Hz this separates into a minor peak and a major peak (not 

shown). 

Left and right kicks during the KDP and DS are shown by the Roll peaks and troughs. For DS 

the full extension of the leg/arm drive is indicated by the Yaw peaks and troughs. 

Table 3-1. Classical technique features common to all athletes 

Technique FwdA SideA UpA Roll Pitch Yaw 

DP 
1 major peak each 

cycle (poling) 

minimal; 
cycle visible 

for some 
athletes only 

1 small peak each 
cycle, coinciding 

with  
FwdA troughs 

small but 
visible peaks < 

20 d/s  each 
cycle 

peak > 75 d/s 
identifies poling 

small but 
visible peaks < 

20 d/s  each 
cycle  

KDP 

1 minor peak each 
cycle (kick); 

1 major peak each 
cycle (poling) 

minimal 
1 peak each cycle, 

coinciding with 
minor FwdA peak 

identifies kick   
left vs right 

peak > 75 d/s 
identifies 

poling; slight 
hump identifies 

kick 

identifies kick   
left vs right 

DS 
2 even peaks each 
cycle (left/right) 

cycle visible 
for some 

athletes only 

2 peaks each cycle, 
slightly after FwdA 

identifies kick   
left vs right 

smaller peak 
than DP & 

KDP, 
< 50 d/s  

identifies kick   
left vs right 
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Figure 3-3 (a) Screenshot of Double Poling (DP) gyroscope and accelerometer traces against time; (b) DP body position for selection points 
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Figure 3-4 (a) Screenshot of Kick Double Poling (KDP) gyroscope and accelerometer traces against time; (b) KDP body position for selection points 
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Figure 3-5  (a) Screenshot of Diagonal Stride (DS) gyroscope and accelerometer traces against time; (b) DS body position for selection points  
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Figure 3-6  (a) Screenshot of Offset Skate (G2) gyroscope and accelerometer traces against time; (b) G2 body position for selection points  
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Figure 3-7 (a) Screenshot of Double Time (G3) gyroscope and accelerometer traces against time; (b) G3 body position for selection points 
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Figure 3-8 (a) Screenshot of Single Time (G4) gyroscope and accelerometer traces against time; (b) G4 body position for selection points 
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Figure 3-9 (a) Screenshot of Free Skate (G5) gyroscope and accelerometer traces against time; (b) G5 body position for selection points 
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Skating Techniques 

The most distinctive common features of the skating techniques are the consistent asymmetric 

SideA peaks and troughs of moderate magnitude, which are indicative of the left and right leg 

skating motions. What distinguishes the different techniques is the timing of the poling action 

relative to the skating action. 

Table 3-2. Skating technique features common to all athletes 

Technique FwdA SideA UpA Roll Pitch Yaw 

G2 

1 double peak 
each cycle 
(for some 
athletes a 

minor+major 
peak) 

regular cycle 
identifies 

skate left vs 
right 

asymmetric 
peak 

preceding 
FwdA peaks 

clear Roll peak 
> 50 d/s 

follows Yaw 
peak 

peak > 50 d/s 
identifies 

poling 

clear Yaw 
peak/trough 

cycle 
following 

SideA 

G3 
2 even peaks 
each cycle 
(left/right) 

regular cycle 
identifies 

skate left vs 
right 

one main 
peak, between 
FwdA peaks 

irregular peaks 
< 50 d/s 

peak > 75 d/s 
identifies 
poling; 

2 Pitch peaks 
for every 
Yaw peak 

clear Yaw 
peak/trough 

cycle 
following 

SideA 

G4 

1 minor peak 
each cycle 

(skate) 
1 major peak 

each cycle 
(skate+poling) 

regular cycle 
identifies 

skate left vs 
right 

one main 
peak, 

coinciding 
with minor 
FwdA peak 

asymmetrical  
peaks generally 

< 50 d/s 

peak > 75 d/s 
identifies 
poling; 

1 Pitch peak 
for every 
Yaw peak 

clear Yaw 
peak/trough 

cycle 
following 

SideA 

G5 
2 even peaks 
each cycle 
(left/right) 

regular cycle 
identifies 

skate left vs 
right 

minimal but 
rhythmic 

clear Roll peak 
> 50 d/s 

follows Yaw 
peak 

peaks < 40 
d/s much 

less than G2-
G4 

 (no poling) 

clear Yaw 
peak/trough 

cycle 
following 

SideA 

 

The two most similar techniques are G2 and G4, which are used in very different terrain (G2 

in steeper uphills and G4 on flatter, faster terrain). Both techniques feature one poling action 

to two skating actions (left/right); the main difference between these gears is in the timing of 

poling. In G4 the peak Yaw precedes the peak Pitch, while in G2 the peak Yaw is just slightly 

after the peak Pitch. This is consistent with visual observation of the two techniques, where 

the pole plant of G2 corresponds closely with the planting of the ski on the leading side, and 

the pole plant of G4 precedes a push onto the ski. From the perspective of FwdA, G4 has a 
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clear major and minor peak, while G2 has more of a double peak. In G4 the higher peak of 

FwdA comes at the end of the poling motion; the smaller peak corresponds to the skate 

without poling. The smaller UpA peak matches up with the minor FwdA peak of G4, while 

for G2 the peak of UpA precedes the double peak. Another factor to note with G4 is that the 

Yaw trough is wider than the Yaw peak. This indicates that the return of the poles is faster 

than the poling action. 

G3 and G5 techniques are identified more easily, by the double frequency of poling action in 

G3 (indicated by the Pitch) and the absence of poling in G5 (indicated by reduced magnitude 

of Pitch). 

3.4.2 Characteristics of each Technique 

Individual accelerometer and gyroscope data patterns for four athletes are presented below in 

Figures 3-10 to 3-16 in order to demonstrate the similarities and differences for each 

technique. Accelerometer data are filtered at 2 Hz, gyroscope data are filtered at 1 Hz. 

3.4.2.1 General Observations 
The main features of the accelerometer signal patterns for each athlete have a number of 

similarities. The basic shape of the curves and the timing of accelerations are consistent, with 

small differences in the relative magnitudes and the smoothness of the curves distinguishing 

each athlete. In some instances a slight bump in a trace for one athlete appears as a double 

peak for another athlete; as noted in Section 3.4.1 above, this characteristic is affected by 

different levels of signal filtering. For the gyroscope traces the differences between athletes 

are more pronounced with some of the techniques. Though the general patterns can still be 

identified, the relative timing of angular acceleration in each dimension can vary noticeably, 

and the relative differences in magnitude are more obvious. 
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Figure 3-10 Comparison of Double Pole (DP) gyroscope and accelerometer traces for four athletes (two from the IG and two from the AG) 
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Figure 3-11 Comparison of Kick Double Pole (KDP) gyroscope and accelerometer traces for four athletes (two from the IG and two from the AG) 
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Figure 3-12. Comparison of Diagonal Stride (DS) gyroscope and accelerometer traces for four athletes (two from the IG and two from the AG) 
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Figure 3-13. Comparison of Offset Skate (G2) gyroscope and accelerometer traces for four athletes (two from the IG and two from the AG) 
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Figure 3-14. Comparison of Double Time (G3) gyroscope and accelerometer traces for four athletes (two from the IG and two from the AG) 
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Figure 3-15. Comparison of Single Time (G4) gyroscope and accelerometer traces for four athletes (two from the IG and two from the AG) 
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Figure 3-16. Comparison of Free Skate (G5) gyroscope and accelerometer traces for four athletes (two from the IG and two from the AG) 
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No general differences between IG and AG athletes were detected. Fine differences between 

athletes within one group were as noticeable as differences between groups. It should also be 

noted that some differences could be attributable to different factors that were not controlled 

in this study, such as the gradient of the terrain, snow conditions and ski speed. The effect of 

gradient is discussed in Section 3.4.3. 

3.4.2.2 Classical Techniques 
Figures 3-10 to 3-12 depict the classical techniques. For all three gears the slight differences 

in UpA peaks for different athletes were not readily apparent when viewing the video data. 

Similarly, the SideA visible for several athletes when performing DP and KDP could not be 

seen on the video. However for DS when a larger SideA was accompanied by a large peak in 

Yaw (as exhibited by Athlete 2 in Figure 3-12), this movement was manifest on the video 

footage in the form of increased upper body rotation. Conversely, the lower magnitude of 

Yaw exhibited by Athlete 3 in Figure 3-12 could be seen by a relatively stiff upper body with 

less arm drive. 

With one of the athletes the use of micro-sensors detected subtle changes not previously 

noted.  Figure 3-17 demonstrates lower FwdA and higher UpA corresponding to the kick 

from the left leg relative to the right. Subsequent inspection of the video footage confirmed 

this slight asymmetry and apparent one-sided inefficiency. This highlights the potential 

usefulness of micro-sensors for refining technique. 
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Figure 3-17. Differences between left and right kick in Diagonal Stride (DS) 

3.4.2.3 Skating Techniques 
The skating techniques are shown in Figures 3-13 to 3-16. For G2 there are notable 

differences in the appearance of the angular acceleration data for different athletes. With 

Athlete 3 in Figure 3-13 the curves for Pitch, Roll and Yaw are almost concurrent, while for 

Athlete 2 the curves have spread out slightly and the Yaw is of a higher magnitude. At first 

examination it appears that Athlete 1 has completely different timing, however this is because 

G2 is an asymmetric technique and Athlete 1 is the only athlete leading to the left (which 

causes the Yaw and Roll curves to be inverted). The two most similar traces are those of 

Athletes 2 and 4, one of whom is from the IG and one of whom is from the AG. Video 

footage shows that the timing of poling relative to skating on the leading side is similar for 

athletes 1, 2 and 4, while Athlete 3 plants their poles slightly earlier relative to the full 

commitment of weight to the skating ski. It is less clear as to which method is more efficient 

as gradients and athlete velocities were not controlled. 

With the G3 and G4 gears the SideA data for Athlete 3 show a more irregular curve from 

cycle to cycle. Left and right skating movements can be identified, but the curves vary 

noticeably from skate to skate. This can be seen also with FwdA for Athletes 3 and 4 when 
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using G3 and to a lesser extent G5. Potentially this could have significance relative to stability 

or technical efficiency, however, examination of the video data is inconclusive in this respect. 

For G5 the SideA is very consistent for all athletes, as is the timing of the gyroscope data. The 

only minor difference in the gyroscope data for G5 is in the magnitude of Yaw, as 

demonstrated in the contrast between Athletes 2 and 3 in Figure 3-16. Incidentally, Athlete 2 

has higher peaks of Yaw than the other athletes throughout all four skating gears, indicating 

increased upper body rotation. 

3.4.3 Longitudinal analysis 

Longitudinal analysis of AG athletes at different locations underlined the need for further 

research. The two different data sets in Figure 3-18 were collected from the same athlete in 

different countries more than two months apart.  

The similarities between the KDP accelerometer curves and the distinctive shape of the SideA 

curve in the DP data identify the athlete in Figure 3-18 as Athlete 3 in Figure 3-10. However, 

these similarities are not as clear when examining the DS data in Figure 3-19 below. 

The technique is clearly DS, however the relative magnitudes of FwdA to UpA and Pitch to 

Roll are quite different. An explanation for these differences appears to be found in the 

different gradients in terrain used during data collection. While DP and KDP were performed 

on relatively flat tracks or slight inclines at the different locations, the hills used for DS were 

of varying gradients. Data Set 2 was collected on a slightly steeper slope than for Data Set 1, 

and Data Set 3 was collected on a much steeper hill. The accelerometer data observations at 

these different gradients seem logical; FwdA decreases and UpA increases as the incline 

becomes steeper. 
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Figure 3-18. Longitudinal analysis of DP and KDP 
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Figure 3-19. Longitudinal analysis of DS  
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It is apparent that the micro-sensor traces are sensitive enough to detect the subtle changes in 

technique induced by the changes in gradient. However additional data from a range of 

athletes skiing at different gradients will be needed in order to examine this properly. As the 

slope becomes even steeper the Herringbone technique, not covered in this study due to the 

lack of appropriate terrain available at the testing locations, will also need characterisation. 

3.4.4 Future directions 

The general features of the cyclical movement patterns for each technique appear robust and 

should provide a good basis for the development of algorithms to classify these cycles (Tables 

3-1 and 3-2). To the naked eye the combination of the three filtered accelerometer curves for 

each technique are distinctive, and the peaks of the Pitch curves assist in identifying poling 

frequency. However, further research is necessary to develop and validate any algorithms 

developed. This validation process would need to consider factors such as variation in terrain 

and snow conditions, while incorporating data collection at competition speeds and from a 

larger cross-section of athletes. It needs to be noted that the moderate speeds used in this 

study were chosen in order to minimise the impact on participants’ training schedules, and the 

kinematics of athletes moving at race intensity would be of more interest to coaches. If 

technique cycles can be automatically detected then the next logical step would be to combine 

the inertial sensor data with GPS data to calculate cross-country skiing kinematics at different 

positions along a track or around a race course. 

Future micro-sensor classification of technique should also include gears G6 (cornering 

techniques) and G7 (tucking without poling or skating), as defined by Andersson [1], and 

Herringbone (for steep uphills in Classical technique) as indicated in Section 3.4.3. Other 

variations of skating technique such as “jump skate” (a high speed version of G2) and 

“double-push skate” [181] should also be considered.  
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The subtle differences between athletes and also potential detection of left/right side 

asymmetry, as described in Section 3.4.2, seem to indicate that analysis of micro-sensor data 

also has potential to assist in fine tuning technique. Although the influence of the variables 

indicated above are significant, if these factors can be accounted for then micro-sensor data 

could also be used to characterise superior/inferior technique.  

3.5 Conclusions 

A single micro-sensor unit mounted on an athlete’s back can be used to identify the cyclical 

movement patterns of the major ski techniques used in cross-country skiing. A combination of 

inertial sensor data enables the poling action to be identified clearly, as well as the skating and 

kicking actions on each side of the body. Cyclical movement patterns for each technique can 

be identified across a range of athletes of different ability at the same time as individual 

characteristics are observed. A more detailed analysis of micro-sensor data could potentially 

be used to refine technique; however before individual differences can be examined further it 

will be necessary to control the influence of variables including speed, snow condition and 

gradient of terrain. These factors also need to be taken into consideration in the development 

of algorithms to detect and classify the technique cycles. 

This successful identification of technique cycles and suitability for algorithm development 

suggests that micro-sensors have potential to be used as a tool for performance analysis in 

cross-country skiing training and competition.  
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4 USING MICRO-SENSOR DATA TO QUANTIFY MACRO 

KINEMATICS OF CLASSICAL CROSS-COUNTRY SKIING 

DURING ON-SNOW TRAINING 

4.1 Abstract 

Micro-sensors were used to quantify macro kinematics of classical cross-country skiing 

techniques and measure cycle rates and cycle lengths during on-snow training. Data were 

collected from seven national level participants skiing at two submaximal intensities while 

wearing a micro-sensor unit (MinimaxX™). Algorithms were developed identifying double 

poling (DP), diagonal striding (DS), kick-double poling (KDP), tucking (Tuck), and turning 

(Turn). Technique duration (T-time), cycle rates, and cycle counts were compared to video-

derived data to assess system accuracy. There was good reliability between micro-sensor and 

video calculated cycle rates for DP, DS, and KDP, with small mean differences (Mdiff% = 

−0.2 ± 3.2, −1.5 ± 2.2 and −1.4 ± 6.2) and trivial to small effect sizes (ES = 0.20, 0.30 and

0.13). Very strong correlations were observed for DP, DS, and KDP for T-time (r = 0.87–

0.99) and cycle count (r = 0.87–0.99), while mean values were under-reported by the micro-

sensor. Incorrect Turn detection was a major factor in technique cycle misclassification. Data 

presented highlight the potential of automated ski technique classification in cross-country 

skiing research. With further refinement, this approach will allow many applied questions 

associated with pacing, fatigue, technique selection and power output during training and 

competition to be answered. 

4.2 Introduction 

Performance analysis in cross-country skiing is constrained by the variability of 

environmental conditions and terrain. International competition course profiles are 
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standardised using guidelines for the length, gradient and distribution of inclines and declines 

[182], however the scope for flexibility within these guidelines is quite large and every course 

is different. It is generally recognised that snow conditions and skiing speed change 

constantly from day to day and often during the day. These variations in course characteristics 

are reflected by the international governing body (International Ski Federation) not publishing 

Olympic, world, or national record times.  

Cross-country skiing athletes negotiate these courses using a range of different skiing 

techniques, switching between them regularly depending on the gradient of the terrain and 

skiing speed [1, 47, 57]. For classical skiing there are three primary techniques with universal 

definitions used in competition: double pole (DP), diagonal stride (DS) and kick-double pole 

(KDP), with a fourth technique, herringbone (HB), a variation of diagonal stride without 

gliding, used in some conditions on steep uphills [22]. For skating, also known as freestyle, 

four main techniques are used: off-set skate, double time, single time, and free skate, which 

Nilsson et al. [22] aptly defined as a series of gears. Athletes also use turning techniques 

(stepping or skating around corners with or without poling) and tucking (an aerodynamic 

downhill technique without any pushing with legs or poling) in both classical and skating, 

which Andersson et al. [1] added to the list of gears described by Nilsson et al. [22]. 

Coaches and sport scientists have long been interested in cross-country skiing kinematics, and 

increasingly look for new ways to evaluate technical efficiency in the laboratory and on snow 

to better determine physiological and training demands. Cycle rates (sometimes called poling 

frequency, particularly for DP), cycle lengths and technique selection can be considered the 

macro kinematic variables of cross-country ski performance. Skiing velocity is the direct 

product of cycle rates and lengths. These factors can be adjusted by athletes with feedback 

from coaches and sport scientists to optimise performance in different terrain. Various authors 
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have proposed differing methods for measuring cross-country skiing performance using 

kinematics, such as examining roller skiing on a treadmill in the laboratory [16, 19, 79, 142], 

roller skiing in the field [74], on snow [20, 98], in simulated competition on snow [1, 29] and 

also during competition on snow [27, 28]. Predominantly macro kinematics have been 

measured using video analysis, although Mikkola et al. [29] used force plates, and Holmberg 

et al. [104] and Vesterinen et al. [74] used instrumented ski-poles to measure poling 

frequencies.  

Recently Myklebust et al. [9] reported on the use of algorithms to process data collected from 

five accelerometers located both on athletes’ bodies and equipment during a skating on-snow 

sprint time trial, enabling automatic kinematic classification without visual analysis.  A 

further study by Marsland et al. [183] expanded on this concept and reported that data from a 

single micro-sensor unit could be used to identify the cyclical movement patterns for the 

major classical and skating cross-country skiing techniques. The advantage of using micro-

sensors for measuring kinematics is the potential for continuous data collection during 

training or competition at any time or location without requiring the use of resource-intensive 

video analysis. Similar continuous training and competition performance measurement tools 

have been developed and are used in cycling [30], swimming [7], kayaking [6, 31], and a 

range of team sports [32, 33]. However, micro-sensor technology has not yet been adapted for 

daily training monitoring in cross-country skiing. 

For micro-sensors to be effective as a cross country-skiing kinematic performance 

measurement tool, either in training or during competition, the devices and data analysis 

method need to be accurate, reliable and also time efficient. The aim of this study was to use 

micro-sensors and a previously reported technique classification method [183] to measure 

classical skiing macro kinematics during an on-snow training session and to compare the 
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accuracy against simultaneously captured video footage. It was hypothesised that the micro-

sensor derived kinematic measurements would be comparable to the video-derived values, 

thus validating data collection via micro-sensors in the daily training environment. 

4.3 Methods  

4.3.1 Participants 

Seven cross-country skiers volunteered to participate in the study. Physical attributes of the 

participants are listed in Table 4-1. All participants were members of the Australian national 

team (six athletes and one coach). Data were collected at Falls Creek in Australia during a 

normal scheduled team training camp. Ethical approval for the study was granted by the 

Australian Institute of Sport Ethics Committee (approval number 20102002) and the 

University of Canberra Committee for Ethics in Human Research (approval number 10-146). 

All participants were provided with a participant information sheet and given the opportunity 

to ask questions before signing written informed consent forms.  

Table 4-1. Anthropomorphic and physiological characteristics of participants (mean ± SD) 

Subjects 
Female 

(n = 4) 

Male 

(n = 3) 

Age (years) 17.1 ± 0.8 25.7 ± 13.3 

Body height (cm) 168.8 ± 4.7 180.0 ± 3.3 

Body weight (kg) 63.8 ± 4.2 73.7 ± 2.4 

VO2 (mL/kg) 54.3 ± 4.4 66.7 ± 4.9 

4.3.2 Procedures 

Data collection  
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Data collection occurred during an interval training session on a loop of approximately 480 

m. The loop included approximately 40.2% of relatively flat terrain (gradient 0.0° to 6.0°), 

19.6% of gradual uphills (gradient 6.0° to 12.0°), 6.7% of steep uphills (gradient 12.0° to 

15.4°) and 33.5% of downhill terrain (gradient -10.3° to 0.0°). The snow had been groomed 

the previous night, however the track was partially soft due to above zero temperatures. There 

was no standardisation of ski equipment or grip wax for the skis, with participants using their 

own skis, boots, poles and wax. Athletes warmed up according to individual routines and then 

completed the prescribed loop at a self-selected Level 1 (L1) intensity on the 1-5 scale 

described by Seiler and Tønneson [184], where L1 is low intensity distance training and L5 is 

maximal aerobic training. Athletes then performed four intervals at L3 intensity (also known 

as ‘threshold’ intensity) on a double loop of approximately 950 m (the second loop was 

approximately 10 m shorter due to the position of the lapping lane) with approximately 3 

minutes rest allowed between intervals. Only a single L3 interval was analysed per athlete due 

to video recording constraints. Data from the L3 interval was broken up into two sections, one 

for each lap, which together with the L1 lap resulted in three sets of data for each athlete: L1-

Lap1, L3-Lap1 and L3-Lap2. A second skier, skiing approximately 5 m behind each athlete, 

filmed continuously using a head-mounted video camera. A marker point identified as two 

consecutive spikes in the gyroscope data without a change in z accelerations (the athlete 

quickly rotating their upper torso from side to side, creating two sharp spikes in the gyroscope 

data) was captured on the video at the start of each data collection session and used for the 

purpose of synchronising the micro-sensors data file with the video file. 

4.3.3 Equipment 

The micro-sensor units (MinimaxXTM S4, Catapult Innovations, Melbourne, Australia) 

contained a tri-axial accelerometer (100 Hz, ± 6 g), a gyroscope (100 Hz, ± 1,000 deg/s), a 

Global Positioning System (GPS) device (10 Hz, Fastrax, Finland) and a magnetometer (30 
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Hz). Each unit weighs 67 g and has dimensions of 2.0 × 4.8 × 8.5 cm. The accelerometer and 

gyroscope were calibrated using the methods described by Harding et al. [8]. The micro-

sensor unit configuration and the terminology describing the accelerometer and gyroscope 

signals have been previously described in depth by Marsland et al. [183], where FwdA, SideA 

and UpA are acceleration along the x, y and z axes of the micro-sensor unit, and Roll, Pitch 

and Yaw are angular acceleration about the x, y and z axes, respectively. The micro-sensor 

unit was positioned in the middle of the back approximately 5 cm below the neck and held in 

place using a firmly fitting race bib worn on the torso (as typically used in international cross-

country ski competitions). Video data were collected using a GoPro head-mounted video 

camera (Woodman Labs, USA) sampling at 60 Hz. 

4.3.4 Technique classification 

Micro-sensor data and video footage were downloaded to a laptop computer and imported 

into data analysis software (Logan V45.8, Australian Institute of Sport, Canberra, Australia; 

and Logan Plus 4.5.0, Catapult Innovations, Melbourne, Australia). Data files were 

synchronised visually using the described marker point, matching up the spikes in the 

gyroscope acceleration curves with the rotations of the body on the video. Visual 

classification of technique from the video data, including elapsed time and the number of 

cycles for cyclical techniques, was performed by an internationally experienced cross-country 

skiing coach. The following techniques were classified: double pole (DP), diagonal stride 

(DS), kick double pole (KDP), turning techniques (Turn), tucking technique (Tuck) and 

miscellaneous techniques (Misc). 

The three cyclical techniques (DP, DS and KDP) are standard classical techniques described 

by Smith [179]. DP and KDP technique cycles were measured from the point of pole-snow 

contact to the next pole-snow contact. For DS, two pole-snow contacts were counted as a full 
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cycle. Turns were defined as beginning at the first instance of skis deviating from parallel, 

and ending at the point a new technique was identified after skis returned to parallel. Tucks 

were deemed to have begun at the point when a skier assumed a bent-over position with hands 

up in front of the chest, while Misc included all other techniques used. 

Classification of the micro-sensor data used algorithms developed using data from a previous 

study [183] based predominantly on the Pitch and Roll gyroscope data. The algorithms were 

developed using C++, then built in to the Logan software. Data were filtered with a low-pass 

Butterworth filter using cut-off frequencies to eliminate noise (2.0 Hz for accelerometer data, 

1.0 Hz for gyroscope data) and enable the algorithm to identify each technique and cycle. In 

the previous study these cut-off frequencies were chosen through trial and error to eliminate 

noise while retaining the distinctive data patterns required to identify each technique. Turns 

were identified using the rate of change of GPS direction. The output variables generated by 

the algorithms were technique duration (T-time [s]) and distance (m) travelled for each 

technique, cycle rates (cycles∙min-1) and lengths (m) for every cycle of the cyclical 

techniques, and cycle count (n). Cycles per minute as reported by Lindinger & Holmberg [2] 

were chosen as the units for cycle rates as the values are more intuitive for coaches and 

athletes than using Hertz. When transitioning to/from cyclical techniques from/to the Turn or 

Tuck technique, the elapsed time and distance travelled were classified as Misc. A schematic 

representation of the basic algorithmic process for determining the classification of each 

technique is shown in Figure 4-1. 

The initial micro-sensor output for each data set (first pass data) was visually examined to 

check the accuracy of the algorithm summary data and the cycle rates and lengths for each 

individual cycle. Without referencing video data, obvious omissions of single or double 

cycles and misclassification of cycles were identified and reclassified manually. This manual 
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reclassification was based on typical cycle times for each technique and took approximately 

2-3 minutes per data set; any anomalous cycles that were unable to be clearly matched with 

another technique were classified as Misc. In addition, cycle rates were excluded for sections 

of technique with ≤ 2 cycles of a particular technique. 

The final algorithmic output for each data set (second pass data) was compared visually with 

the video footage and the GPS position plot in order to detect instances where classification 

differed and the manner in which they occurred. Cycle counts of the cyclical techniques were 

categorised as correct cycles, missed cycles and extra cycles. 

4.3.5 Statistical analysis 

Data are presented as the mean ± SD for each data set, and data was checked for normality 

using the Shapiro-Wilk test. The mean differences (Mdiff%) between micro-sensor and video 

are reported as a percentage of the video values and used to determine if the micro-sensor was 

overestimating or underestimating values relative to the video. Paired sample t-tests were 

used to compare the video and micro-sensor derived values. The relationships between cycle 

rates for each cyclical technique were evaluated using Pearson’s product moment correlation, 

r values were categorised as weak 0.0-0.2, trivial 0.2-0.4, small 0.4-0.6, strong 0.6-0.8 and 

very strong > 0.8. Significance was accepted at p < 0.05 with 95% confidence limits reported. 

Effect sizes (ES) were classified as trivial 0.0-0.2, small 0.2-0.6, moderate 0.6-1.2, large 1.2-

2.0 and very large > 2.0. Reliability of the micro-sensor kinematic data was classified as good 

when the Mdiff% was < 5% and the ES was trivial to small [185]. Parameters with Mdiff% 

between 5% and 15% were classified as under or over-reported, while values > 15% were 

classified as being substantially under or over-reported. Statistical tests were performed using 

GraphPad Prism (GraphPad Software, San Diego, USA) and Microsoft Excel (Microsoft, 

Redmond, USA).  
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Figure 4-1. Algorithm flow chart indicating the sequence for differentiating the micro-sensor data. 
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4.4 Results 

4.4.1 Overall time, distance and speed 

The overall time, distance, average velocity and number of technique transitions for each lap 

are documented in Table 4-2. The shorter length of the third lap as described in the methods is 

evident, while there was no significant difference between the mean lengths of the first two 

laps (p > 0.05) nor between the mean velocities for the two laps at the same intensity (p > 

0.05). The number of technique transitions reflects the changes in gradient around the loop. 

Table 4-2. Overall lap times, distances, velocities and transition counts for subjects (n = 7) skiing a prescribed 

loop at two different intensities 

Lap L1-Lap1 L3-Lap1 L3-Lap2 

Time (s) 146.8 ± 9.7 119.5 ± 5.6 119.7 ± 8.1 

(130.7-156.9) (111.2-125.4) (110.6-132.6) 

Distance (m) 479.0 ± 3.6 479.9 ± 1.6 468.4 ± 2.8 

(471.8-481.4) (477.6-482.2) (463.1-471.5) 

Velocity (m∙s-1) 3.28 ± 0.24 4.02 ± 0.19 3.93 ± 0.26 

(3.01-3.67) (3.82-4.31) (3.54-4.26) 

Transitions (n) 16.8 ± 1.6 17.6 ± 1.7 17.6 ± 2.1 

(15-19) (15-20) (14-21) 

 
Note: The values presented are mean ± SD (min-max). Time is determined from both video and micro-sensor 

data. The variables of Distance and Velocity are determined solely from micro-sensor data, Transitions are 

determined solely from video data. 

4.4.2 Macro kinematic comparison between video and micro-sensor data 

For each of the cyclical techniques DP, DS and KDP very strong correlations between the 

video and micro-sensor derived values for T-time (r = 0.87-99, p < 0.001) and cycle count (r = 

0.87-98, p < 0.001) were observed. Cycle rate correlations were very strong for DP and DS (r 

= 0.95, r = 0.91, p < 0.001), and strong for KDP (r = 0.73, p = 0.008). 
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Table 4-3 shows the mean percentage differences between the video and micro-sensor derived 

values for the three cyclical techniques. There was good reliability between video and micro-

sensor derived cycle rates for all techniques, with small mean differences and trivial to small 

effect sizes. Small mean differences in T-time and cycle count for DP were observed, 

although the standard deviations were high. T-time and cycle count were under-reported for 

DS (Mdiff% > 5%), and substantially under-reported for KDP (MDiff% > 15%). 

For the non-cyclical techniques there was no correlation observed for Turn T-time, which was 

substantially under-reported (Mdiff% = -56.31 ± 12.17, ES = 5.37). A strong correlation (r = 

0.88, p < 0.001) was observed for Tuck T-time, however this was also substantially under-

reported (Mdiff% = -78.58 ± 19.83, ES = 0.76).  

Table 4-3. Mean micro-sensor and video derived cycle rates, T-time and cycle count for the three cyclical 

techniques, including mean differences (Mdiff%) between the two methods.  

Kinematic Variables DP DS KDP 

Cycle Rates 
(cycles∙min-1) 

Micro-sensor 47.6 ± 4.5 54.8 ± 2.8 43.3 ± 2.9 

Video 47.7 ± 4.4 55.8 ± 3.3 43.0 ± 3.5 

MDiff % -0.16 ± 3.18 -1.45 ± 2.24 -1.39 ± 6.18 

Effect size 0.02 0.30 0.13 

T-Time 
(s) 

Micro-sensor 28.3 ± 13.6 49.9 ± 20.1 6.3 ± 7.8 

Video 28.1 ± 9.6 54.3 ± 18.5 9.0 ± 9.8 

MDiff % -1.34 ± 28.8 -10.0 ± 7.51 -30.4 ± 21.1 

Effect size 0.03 0.23 0.28 

Cycle Count 
(n) 

Micro-sensor 22.8 ± 11.6 44.7 ± 16.3 4.5 ± 5.4 

Video 22.5 ± 8.5 49.9 ± 15.2 6.4 ± 6.9 

MDiff % -1.14 ± 30.3 -12.3 ± 8.32 -28.4 ± 23.8 

Effect size 0.04 0.34 0.28 

 
Note: Mdiff% is calculated as a % of the video derived values 

The mean cycle count for all techniques per lap was 78.73 ± 11.81 from visual analysis, 

compared to 72.03 ± 14.45 counted by the micro-sensor. Across all cyclical techniques 84.5% 
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of cycles (DP 77.1%, DS 87.2%, KDP 69.5%) were detected correctly. There were also an 

additional 6.7% (DP 24.1%, DS 2.6%, KDP 1.1%) extra cycles detected. It was observed that 

39.7% of missed cycles (DP 6.9%, DS 57.7%, KDP 9.1%) and 92.4% of additional cycles 

(DP 99.1%, DS 78.3%, KDP 0.0%) were related to Turn misclassification. There were no 

significant differences in detection accuracy between intensities, laps or gender. 

4.4.3 Cycle rates and lengths 

The mean cycle rates (minimum-maximum) across all data sets derived from the micro-sensor 

data were 47.64 ± 4.51 cycles∙min-1 (39.22-54.20) for DP, 54.81 ± 2.77 cycles∙min-1 (49.96-

60.58) for DS and 43.29 ± 2.90 cycles∙min-1 (40.02-49.59) for KDP. There was no significant 

difference in cycle rates between the two laps at intensity L3. Cycle rates were significantly 

higher at L3 relative to L1 for DP and DS (p < 0.001); there was no significant difference 

between KDP cycle rates at the two intensities (Table 4-4).  

Table 4-4. Video and micro-sensor derived cycle rates for DP, DS and KDP for each lap. 

Cycle Rates L1 - Lap 1 L3 – Lap 1 L3 – Lap 2 

DP  Micro-sensor 42.7 ± 3.5 * 50.1 ± 2.7 49.4 ± 3.4 

Video 43.1 ± 2.7 * 50.4 ± 3.0 49.7 ± 4.0 

DS  Micro-sensor 51.9 ± 1.7 * 56.9 ± 2.0 55.3 ± 2.0 

Video 52.4 ± 2.8 * 58.1 ± 2.3 57.3 ± 2.3 

KDP Micro-sensor 44.8 ± 1.1 43.5 ± 4.1 41.5 ± 1.5 

Video 41.9 ± 3.4 43.9 ± 5.3 43.4 ± 3.7 

 
* Indicates a significant difference at p < 0.05 between the lap at L1 intensity and both laps analysed at L3 

The mean cycle lengths (minimum-maximum) across all data sets were 5.56 ± 0.61 m (4.50-

6.90) for DP, 3.21 ± 0.29 m (2.66-3.63) for DS and 4.71 ± 0.58 m (3.74-5.47) for KDP. There 

was no significant difference in cycle lengths between the two laps at L3. DS cycle lengths 

were significantly higher at L3 relative to L1 (p < 0.05); there were no significant differences 

in DP or KDP cycle lengths at the two intensities (Table 4-5).  
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Table 4-5. Video and micro-sensor derived cycle rates for DP, DS and KDP for each lap. 

Cycle Rates L1 - Lap 1 L3 – Lap 1 L3 – Lap 2 

DP  Micro-sensor 42.7 ± 3.5 * 50.1 ± 2.7 49.4 ± 3.4 

Video 43.1 ± 2.7 * 50.4 ± 3.0 49.7 ± 4.0 

DS  Micro-sensor 51.9 ± 1.7 * 56.9 ± 2.0 55.3 ± 2.0 

Video 52.4 ± 2.8 * 58.1 ± 2.3 57.3 ± 2.3 

KDP Micro-sensor 44.8 ± 1.1 43.5 ± 4.1 41.5 ± 1.5 

Video 41.9 ± 3.4 43.9 ± 5.3 43.4 ± 3.7 

 
* Indicates a significant difference at p < 0.05 between the lap at L1 intensity and both laps analysed at L3 

4.4.4 Cycle classification 

The total number of video cycles correctly identified by the micro-sensor was 1320 (DP 348, 

KDP 95, DS 877) out of 1574.5, or 83.8% (DP 77.5%, KDP 74.2%, DS 87.9%). Closer 

examination showed a considerable number of missed DP cycles (22.5%) were offset by the 

detection of extra DP cycles (24.5%). The substantial percentage of missed DS cycles 

(12.1%) and KDP cycles (25.8%) resulted in T-time and cycle count for these techniques 

being substantially underestimated (extra cycles for these techniques were low, 0.8% and 

2.3%, respectively). A substantial amount of cycle misclassification (39.7% of missed cycles, 

92.4% of extra cycles) was due to incorrect Turn classification. 
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4.5 Discussion 

This is the first manuscript to report the accuracy of a detection algorithm on data from a 

single micro-sensor for quantifying and classifying cross-country skiing technique during an 

on-snow training session. We observed strong to very strong correlations between video and 

micro-sensor derived values for the classification of T-time, detection of cycles and cycle 

rates for each of the cyclical techniques DP, DS and KDP. More importantly, agreement 

between mean cycle rates for each of these techniques was very high, demonstrating that this 

performance analysis technique can be used to measure cycle rates in the field with 

reasonable confidence of accuracy. As such we are able to accept our hypothesis and state that 

micro-sensor derived kinematic measurements from a single sensor are comparable to video 

derived values.  Combined with the ability to collect macro kinematic data remotely during 

training and competition without video data or supervision, this becomes a potentially very 

valuable tool for coaches and researchers.  

Though agreement between the means for DP T-time and cycle count were high, the standard 

deviations for these parameters quickly revealed that individual trial agreement was sub-

optimal. At the current accuracy level the overall micro-sensor derived T-time and cycle 

count (and consequently the percentage use of each technique) could not be used 

meaningfully for performance analysis. However, it is interesting that the agreement between 

video and micro-sensor derived cycle rates for each technique remained high despite the 

misclassified extra cycles. One conclusion that could be drawn is that these extra cycles 

exhibited approximately the same frequency as the correctly detected cycles – i.e. the cycle 

rate for poling during a Turn was the same as for DP. 
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4.5.1 Technique misclassification  

The substantial amount of cycle misclassification associated with the Turn technique (some 

sections of video identified technique cycles classified as Turn, and some sections of video 

identified Turn classified as technique cycles) reflects the difficulty in developing a detection 

algorithm that encompasses the non-uniform nature of turning techniques. Studies of cross 

country skiing turning techniques are limited, however recently Bucher Sandbakk et al. [186] 

described three common types of downhill turning techniques: snow plowing, parallel 

skidding and step turning. Variables effecting turning technique included the velocity of the 

skier and the timing and duration of deceleration and acceleration methods. Further to this, 

Sandbakk et al. [187] considered a closer examination of skidding and step turns in corners of 

different radii, demonstrating that the tightness of the curve has an effect on the choice of 

turning technique. A key observation in both studies is that turning techniques are not uniform 

throughout the turn. Adding in the option to use pushing techniques with the poles and 

different timing of the poles relative to the legs further complicates the accelerometer and 

gyroscope signals. The current study used the rate of change of direction to identify turns; 

another detection method trialled using the Roll gyroscope filtered at 0.2 Hz produced similar 

data. Both were relatively successful in correctly identifying different corners using different 

cut-off values, however a compromise needed to be reached between the successful detection 

of tight turns or more gradual turns.  A visual inspection of the GPS signal overlay indicated 

that parts of gradual turns on flats or uphills were classified as a cyclical technique (usually 

DP), the tighter turns sometimes overlapped cyclical techniques, and gradual downhill turns 

were mostly classified as Misc. 

The use of variations of the DS technique was another source of DS cycle misclassification. 

As gradients become steeper athletes commonly use two variations of DS: diagonal run (DR), 

which is DS with no gliding phase on the snow; and herringbone (HB), which is DR with the 
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skis in a ‘V’ position. As there was only one short section of track (approx. 32 m) where these 

techniques were used it was decided to classify everything as DS. However, this section 

accounted for 14.9% of all missed DS cycles.  For all athletes DS cycle rates increased as the 

gradient became steeper, which is consistent with Andersson et al. [114] and is considered to 

be due to the lack of glide. An adaption of the algorithm to distinguish DS from DR and HB 

would assist to reduce this misclassification and also provide valuable information on the use 

of these techniques. 

The instance of Tuck detection was relatively accurate (80.0%), with non-detection seemingly 

due to ‘casual’ tucking technique (not bending over fully at the waist) that wasn’t picked up 

by the algorithm. However, the algorithm definition allocated part of the start and finish of the 

Tuck as Misc, and hence the significant under-reporting of the total Tuck time and 

subsequently the distance travelled while tucking. Accurate measurements of both Tuck time 

and distance would assist to complete the overall performance analysis picture. 

4.5.2 Cycle rates and cycle lengths 

Though the main focus of this study was on the accuracy of the micro-sensor macro kinematic 

detection method, a number of observations were made regarding the technique distribution 

and relative cycle rates and cycle lengths. The accuracy of the micro-sensor cycle rate values 

has already been described above. Regarding the accuracy of micro-sensor derived cycle 

length values, the most accurate way for GPS devices to calculate velocity and short distances 

is by using the Doppler shift method. Townshend, Worringham & Stewart [188] reported that 

velocity measured using this technique is accurate to 0.1 m∙s-1 90% of the time.  GPS devices 

(including the micro-sensors used in this study) then calculate distance by integrating velocity 

over time. Consequently, cycle length measurements are dependent on the accuracy of the 

cycle rates thus if the start and finish time points of the cycle have been identified accurately, 
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then the cycle lengths will also be accurate. The accuracy of the distance measurements is 

also supported by the mean lap distances measured by the micro-sensors, which vary by less 

than 1.0% for each lap. The cycle length values we report are presented on this basis. 

The increase in DP cycle rates (see Table 4-4) at the threshold intensity (L3) compared to the 

warm-up intensity (L1) without any significant change in DP cycle lengths is consistent with 

observations by Nilsson et al. [22] and Hoffman et al. [146], however, the observation is in 

contrast to the work of Lindinger et al. [17]. Similarly the observations on KDP cycle rates 

and lengths are in contrast with the recent work by Göpfert et al. [125]. For DS the increase in 

both cycle length and cycle rate at L3 relative to L1 is consistent with the changes from 

moderate to high velocities observed on-snow by Andersson and colleagues [21]. Although 

the correlations reported in the present study are strong, caution should be taken due to the 

low number of participants and the use of self-selected intensities without external 

measurements of effort such as heart rate or RPE. The ability to easily measure sub-maximal 

and maximal cycle rates and lengths in the field would greatly assist to further explore these 

correlations as they relate to actual on-snow performances during training and in competition.  

Though a comparison between genders was outside of this study’s scope nor statistically 

practical due to the number of participants involved, it was observed that DS and KDP cycle 

lengths for male athletes were generally higher than for female athletes. However, for DP 

there was a trend towards higher cycle lengths for female athletes, which is contrary to 

observations by Sandbakk et al. [141] at both sub-maximal and maximal speeds. This 

appeared to be due to self-selection of DP technique by female athletes on sections of the 

track where the male athletes were moving at a high enough velocity to Tuck. This highlights 

the need for more performance analysis to be undertaken in the field under ‘real-life’ 

conditions. 
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4.5.3 Practical applications of the existing algorithm  

While micro-sensors have good potential to be used for furthering our understanding of cross-

country skiing biomechanics and refining technique [173], the key advantage over other 

performance analysis methods is the potential to measure macro kinematics in the field during 

daily training and in competition. Full competition or training analysis using the micro-sensor 

algorithm in the current form would require time intensive post-analysis of the data to detect 

and remove all errors. Based on the relative accuracy of micro-sensor derived cycle rates, the 

existing algorithm can be used to perform a partial analysis of on-snow training or 

competition, using selected sections of track without turns to provide snapshots of cycle rate 

and cycle length to compare athletes or the same athlete on subsequent intervals or laps. The 

technology can also be used for studies examining a single technique; simple modification of 

algorithm cut-off values can be made so that all cycles are categorised as the one technique. 

Without any direct power measurement tools available for daily use in the field, technique 

selection by athletes is one method of estimating relative power output. Pellegrini et al. [24] 

observed that technique selections occur in order to remain below a threshold of poling 

forces. Hence athletes self-selecting lower gears (e.g. choice of DP over KDP) up steeper 

gradients is an indication of higher poling power output. While there may also be individual 

preferences in choice of technique, we hypothesis that an extension of this concept would be 

to examine the velocity thresholds at which athletes change technique as this theoretically 

would be a pseudo indication of relative higher poling power output. However, to fully 

analyse the distribution of technique use, the algorithm would need to be accurate and reliable 

in all terrain. 

The analysis method used in this study for classical techniques is also readily adaptable for 

skating techniques. Acceleration patterns for skating cycles have already been described by 
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Marsland et al. [183] and Myklebust et al. [173], while Turn and Tuck definitions should be 

applicable across both classical and skating. 

4.5.4 Limitations of single unit micro-sensor technology 

The macro kinematic data obtained in this study provides useful information on technique 

selection, cycle rates and cycle lengths but nothing about kinematics within the cycle, for 

example timing of power application, duration of force application and measurement of 

power profiles. While it may be possible using more complicated algorithms for single micro-

sensor technology to measure intra-cycle kinematics (as done by Myklebust et al. [9] using 

five accelerometer points), this has yet to be investigated. 

4.6 Conclusion 

We have demonstrated that micro-sensor data can be used in the detection of different 

classical cross-country skiing techniques and to measure cycle rates in the field to a high level 

of accuracy. In the present form of the algorithm useful information on cycle rates and lengths 

can be extracted from the data. However, total time spent in each technique is under-reported 

with a major proportion of technique misclassification occurring when direction-changing 

techniques were used. Further development of the algorithm to address technique detection 

during cornering will assist this micro-sensor technology to become an effective all-round 

performance analysis tool. This technology will greatly enhance possibilities for macro 

kinematic cross country-skiing performance analysis in the daily training and competition 

environment, enabling many applied questions associated with pacing, fatigue, technique 

selection and power output to be explored. 
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5 FULL COURSE MACRO-KINEMATIC ANALYSIS OF A 10 KM 

CLASSICAL CROSS-COUNTRY SKIING COMPETITION 

5.1 Abstract 

In this study micro-sensors were employed to analyse macro-kinematic parameters during a 

classical cross-country skiing competition (10 km, 2-lap). Data were collected from eight 

male participants during the Australian championship competition wearing a single micro-

sensor unit (MinimaxX™, S4) positioned on their upper back. Algorithms and visual 

classification were used to identify skiing sub-techniques and calculate velocities, cycle 

lengths (CL) and cycle rates (CR) over the entire course. Double poling (DP) was the 

predominant cyclical sub-technique utilised (43 ± 5% of total distance), followed by diagonal 

stride (DS, 16 ± 4%) and kick double poling (KDP, 5 ± 4%), with the non-propulsive Tuck 

technique accounting for 24 ± 4% of the course. Large within-athlete variances in CL and CR 

occurred, particularly for DS (CV% = 25 ± 2% and CV% = 15 ± 2%, respectively). For all 

sub-techniques the mean CR on both laps and for the slower and faster skiers were similar, 

while there was a trend for the mean velocities in all sub-techniques by the faster athletes to 

be higher. Overall velocity and mean DP-CL were significantly higher on Lap 1, with no 

significant change in KDP-CL or DS-CL between laps. Distinct individual velocity thresholds 

for transitions between sub-techniques were observed. Clearly, valuable insights into cross-

country skiing performance can be gained through continuous macro-kinematic monitoring 

during competition. 

5.2 Introduction  

Cross-country skiing is unique in that athletes alter between distinct sub-techniques frequently 

within a single event in order to optimise speed and efficiency over varying terrain. 
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Swimming is the only other major sport involving distinct sub-techniques, combined only in 

the individual medley with transitions at set distances. Although in longer freestyle technique 

events swimmers may strategically change between 2, 4 or 6 kicks per stroke  [189], in 

shorter events they commonly retain the same kick rate relative to stroke. Cross-country 

skiers have been observed to change sub-techniques more than 30 times in a 1.4 kilometre 

sprint event [1]. 

The three major cyclical sub-techniques of classical cross-country skiing are double poling 

(DP), kick double poling (KDP) and diagonal stride (DS), with other alternate arm/leg 

techniques such as herringbone or “diagonal running” without gliding [114]. Furthermore, 

with sufficient velocity on downhills the tucking (Tuck) technique is used [1], and when 

turning corners a wide variety of sliding, stepping and poling techniques (Turn) may be 

utilised, dependent on velocity, turn radius and personal preference [187]. While minor 

adjustments in joint angles or timing of force application can improve efficiency [104, 125], 

the macro-kinematic parameters cycle rate (CR), cycle length (CL) and choice of sub-

technique are the main determinants of performance. 

International race course guidelines [39] are general enough to allow every event to include its 

own distinct combination of uphills, downhills and flat/undulating terrain of varying 

gradients. Together with complex variations in ski-snow friction due to air and snow 

temperature, humidity, crystal size and age [40], these course variations reduce the usefulness 

of comparing performance times in different races. Consequently, analysis of cross-country 

skiing performance in competitions has traditionally been limited to comparisons between 

overall times, lap times or split times for sections of the course within a single race. Although 

often measured in the laboratory [2, 139, 141, 190], CR and CL are seldom determined during 
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daily training or competition, and, even then, typically only for sections of a course to obtain 

snapshots of kinematics [27, 28, 147, 191].  

Of the numerous studies in both the laboratory and field that have examined CR and CL for 

the different classical techniques, most have involved pre-determined sub-techniques and/or 

stepwise increases in treadmill gradient and/or speed. On a treadmill it is difficult to simulate 

the variation in terrain and changes in direction that occur during competition on snow, and 

field analyses such as performed by Andersson and colleagues [1] have provided useful 

insights. 

Recent studies have demonstrated that micro-sensor technology can be used to monitor 

performance throughout an entire race or training session in the field. Myklebust et al. [9] and 

Marsland et al. [192] analysed such data collected on snow, while Sakurai and associates [35, 

36] have developed algorithms that allow analysis of macro-kinematics collected from 

rollerskiing outdoors, laying the groundwork for monitoring entire competitions. As Bolger 

and colleagues [59] noted, analysis of macro-kinematic variables would greatly improve our 

knowledge of what contributes to performance. 

The present study used micro-sensors to identify sub-techniques of cross-country skiing and 

to measure macro-kinematics over the entire length of a distance competition. We 

hypothesised that there would be differences in technique use and cycle characteristics 

throughout the race, between laps, and between faster and slower competitors. Velocity 

thresholds for transitions between the different techniques were also anticipated, despite 

individual preferences.  
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5.3 Materials and Methods   

5.3.1 Participants 

The physical characteristics and FIS points of the eight male participants in the study are 

shown in Table 5-1. Data were collected during an Australian Cross-Country Skiing 

Championship event at Falls Creek. Ethical approval for the study was obtained from the 

University of Canberra Committee for Ethics in Human Research (approval number 13-113). 

All participants were well informed about the study and given the opportunity to ask 

questions prior to providing signed consent.  

Table 5-1. Characteristics of the participants (mean ± s, n = 8). 

Age (years) 27.0 ± 7.1 

Body height (cm) 182.0 ± 5.6 

Body weight (kg) 77.1 ± 7.0 

FIS points, distance 129.4 ± 64.7 

FIS points, sprint 140.0 ± 81.4 

VO2 max (ml∙kg-1∙min-1) 73.4 ± 6.7 

 

5.3.2 Equipment 

Kinematic data were collected using micro-sensor units (67 g; 2.0 × 4.8 × 8.5 cm; 

MinimaxXTM S4, Catapult Innovations, Melbourne, Australia) positioned centrally on the 

upper-back using a lightweight cloth harness underneath a standard competition number. 

These units contained a triaxial accelerometer (100 Hz, ± 6 g), a gyroscope (100 Hz, ± 17.5 

rad·s-1), and a Global Positioning System (GPS) device (Fastrax, 10 Hz). The accelerometer 

was configured vertically [183], and the accelerometer and gyroscope components calibrated 

prior to data collection. Using a cradle supplied by the manufacturer and connected to a 

personal computer each micro-sensor unit was held in position while the direction of the three 
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acceleration axis were set, following which the unit was rotated 90° around each axis to 

quantify angular acceleration [8]. 

5.3.3 Study design 

Data were collected on a FIS homologated track (registration number 09/22.03/05, total climb 

156 m, maximum climb 32 m, height difference 53 m). The nominal 10 km event took place 

on an approximately 5.5 km loop, with some minor adjustments from the homologated course 

due to snow conditions. The participants warmed up employing their own personal routines 

and were seeded according to their current FIS and Australian rankings. The competition was 

held in accordance with FIS rules, using a 30 second start interval. The air and snow 

temperature were recorded at the start and finish of the event. In general the snow was well 

packed and firm, and all participants experienced similar conditions. There was no 

standardisation of ski equipment or ski wax, allowing participants to use and wax their own 

skis together with their personal supporters.  

5.3.4 Technique classification 

Micro-sensor data were downloaded to a laptop computer and imported into analysis software 

(Makesens V73.0, Appsen, Canberra, Australia). An algorithm involving a low-pass 

Butterworth filter (gyroscope and accelerometer signals were filtered with a cut-off frequency 

of 1.0 Hz and 2.0 Hz, respectively) was applied to classify the technique cycles and sections 

for each of the sub-techniques automatically. The algorithm as described by Marsland et al. 

[192] was used to classify cyclical sub-techniques, with minor modifications in Turn and 

Tuck detection to improve overall detection rates. The same algorithm was applied to the 

micro-sensor for all athletes.  This processed data was then examined visually for errors in 

classification, using a graphical representation of all six filtered accelerometer and gyroscope 

signals to compare movements from each athlete with typical sub-technique patterns, and to 
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confirm the magnitudes of acceleration in each identified cycle matched the classified sub-

technique.  

The universal cyclical classical sub-techniques classified were double poling (DP), kick 

double poling (KDP), and diagonal stride (DS), and non-cyclical techniques tucking (Tuck) 

and turning (Turn). Herringbone and any similar “diagonal running” technique without glide 

were classified as DS, due to the challenge of differentiating between these sub-techniques.  A 

DP cycle contained one double poling action, a KDP cycle contained one double poling action 

and one kick action (from either leg) and a DS cycle contained a poling action and a kick 

action from each arm and leg in diagonal style (starting from either side).  If there was 

uncertainty as to the sub-technique used, or partial cycles or irregular technique such as 

transitions between sub-techniques observed, the technique was classified as Misc. Technique 

was deemed to have been correctly classified by the algorithm if no change was made to the 

algorithm classification after visual examination, the percentage accuracy was calculated by 

dividing the number of correct algorithm classifications by the total number of classifications. 

The visual classifications were made by a cross-country skiing coach with four years of 

experience examining corresponding micro-sensor and video data. The intra-rater reliability 

for the combined algorithm and visual classification check was very high for mean DP, KDP 

and DS cycle velocity, cycle length and cycle rate (ICC = 1.0 (CL=0.99-1.00), CV% = 0.07-

0.55) and high for total DP, KDP and DS cycle count, distance and time (ICC = 0.99-1.00, 

CV% = 0.44-2.65).  

Using the micro-sensor unit GPS data, velocity was calculated using the Doppler shift 

method, with distance calculated by differentiating the velocity over time as described by 

Marsland et al. [192]. Mean velocities for each sub-technique are calculated from all 

individual sub-technique cycles (and instances of Tuck, Turn and Misc). Athletes’ overall 
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performance was ranked based on velocity. Velocity was calculated by dividing the mean 

GPS lap/race distance for all athletes by the lap/race time for each athlete. The best estimate 

of the true course distance was the mean GPS distance, as changes were made to the 

homologated course due to snow conditions.   

Data were collected on a FIS homologated track (registration number 09/22.03/05, total climb 

156 m, maximum climb 32 m, height difference 53 m). The nominal 10 km event took place 

on an approximately 5.5 km loop, with some minor adjustments from the homologated course 

due to snow conditions. The participants warmed up employing their own personal routines 

and were seeded according to their current FIS and Australian rankings. The competition was 

held in accordance with FIS rules, using a 30 second start interval. The air and snow 

temperature were recorded at the start and finish of the event. In general the snow was well 

packed and firm, and all participants experienced similar conditions. There was no 

standardisation of ski equipment or ski wax, allowing participants to use and wax their own 

skis together with their personal supporters.  

5.3.5 Statistics 

All macro kinematic data for each sub-technique and lap were determined to be normally 

distributed using the Shapiro-Wilk test. Paired t-tests were used to compare Lap 1 and Lap 2, 

with mean differences (MDiff%) and 95% confidence intervals (CI) presented as percentages. 

Coefficients of variation (CV%) for within-athlete variations in cycle parameters (CL, CR and 

velocity) were calculated and operationally defined as small (< 5%), moderate (5–10%) or 

large (> 10%) variations based on prior experience. Data from the four fastest and four 

slowest participants based on overall race time were visually compared for trends in mean 

cycle parameters. Statistical analyses were performed using Prism (GraphPad) and Excel 

(Microsoft), with an alpha level of P <0.05, and means are presented as mean ± standard 
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deviation (s). Cohen’s d effect size (ES) for comparisons between laps or groups were 

calculated and classified as trivial (0.0–0.2), small (0.2–0.6), moderate (0.6–1.2), large (1.2–

2.0), and very large (> 2.0). 

5.4 Results 

5.4.1 Overall performance 

The mean velocity to complete the full competition was 5.38 ± 0.36 m∙s-1 (5.54 ± 0.34 m∙s-1 

first lap, 5.24 ± 0.39 m∙s-1 second lap), with mean velocities for individual laps ranging from 

4.74 to 5.86 m∙s-1 (Figure 5-1). On average, each athlete covered 11055 ± 101 m (Lap 1, 5517 

± 54 m; Lap 2, 5538 ± 49 m), and the mean completion time was 34:22 ± 2:29 min (range 

31:59–37:41). The first lap was completed significantly faster than the second (16:40 ± 1:05 

versus 17:42 ± 1:24 min, MDiff% = 1.50, 95% CI = 1.10–1.88, ES = 0.06, P < 0.0001). 

 

Figure 5-1. The mean race velocities with which each athlete completed Lap 1 () and Lap 2 (●). 1 - 8 = fastest 

- slowest (entire race) 
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5.4.2 Technique usage 

All skiing was classified into cyclical and non-cyclical sub-techniques, with a small 

proportion (6.7 ± 2.1%, by distance) of irregular motion classified as Misc (Table 5-2). Prior 

to manual classification 90.2 ± 2.9% (range 84.1–94.2) instances of sub-technique 

classifications (cycles or sections of Turn or Tuck) were determined accurately classified by 

the algorithm.  Athletes changed sub-technique 279 ± 18 times (25.4 ± 1.7 times per km), 

corresponding to technique change every 40 m, with less than 10 s between changes. In terms 

of both distance and time, DP was utilised the most, followed by Tuck, DS, KDP and Turn, 

respectively. There was a trend for athletes to use DS to a greater, and KDP to a lesser, extent 

on Lap 2 relative to Lap 1. In terms of both distance and time, the amount of DP, Tuck and 

Turn used were similar on both laps. 

Table 5-2. Sub-technique usage (mean ± s) by the 8 athletes.  

 
% of the distance (m) 

(% of the time (s)) 

Sub-technique Entire race Lap 1 Lap 2 

DP 
42.8 ± 5.2 
(40.5 ± 6.2) 

43.2 ± 4.4 
(41.1 ± 5.5) 

42.4 ± 6.2 
(39.9 ± 7.1) 

KDP 
5.5 ± 4.1 
(6.7 ± 5.1) 

6.3 ± 4.7 
(7.9 ± 5.9) 

4.6 ± 4.0 
(5.6 ± 5.1) 

DS 
16.1 ± 4.0 
(24.9 ± 5.6) 

14.7 ± 3.4 
(23.2 ± 4.9) 

17.4 ± 5.2 
(26.5 ± 6.8) 

Tuck 
24.3 ± 4.1 
(15.9 ± 3.0) 

24.8 ± 4.5 
(16.2 ± 3.2) 

23.9 ± 3.9 
(15.7 ± 3.0) 

Turn 
4.6 ± 0.6 
(4.5 ± 0.7) 

4.7 ± 0.6 
(4.7 ± 0.6) 

4.5 ± 0.8 
(4.3 ± 0.8) 

Misc 
6.7 ± 2.0 
(7.4 ± 2.0) 

6.2 ± 1.9 
(6.9 ± 1.8) 

7.2 ± 2.2 
(7.9 ± 2.2) 

DP = double poling; KDP = kick double poling; DS = diagonal stride; Tuck = tucking; Turn = turning; Misc = 

all other techniques. 
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5.4.3 Kinematics 

The fastest sub-technique was Tuck, followed by DP, Turn, KDP and DS (Table 5-3). There 

was a small but significant drop in velocity from Lap 1 to Lap 2 for DP (MDiff% = 1.06, 95% 

CI = 0.63–1.49, ES = 0.04, P < 0.001) and Tuck (MDiff% = 1.44, 95% CI = 1.05–1.84, ES = 

0.06, P < 0.01), with no differences observed for other sub-techniques. There was a small 

decrease in CL for DP on Lap 2 relative to Lap 1 (MDiff% = 1.15, 95% CI = 0.58–1.73, ES = 

0.05, P < 0.01), with no significant difference in CL for DS or KDP. The CR for Lap 1 and 

Lap 2 were similar for all sub-techniques.  

5.4.4 Within-athlete cycle variability 

The mean cycle lengths and cycle rates for each participant, sub-technique and lap are shown 

in Figure 5-2. Within-athlete variability in CL was large for DS (CV% = 25 ± 2%) and DP 

(CV% = 21 ± 3%), and moderate for KDP (CV% = 8 ± 3%). With respect to CR, this 

variability was large for DS (15 ± 2%), moderate for DP (CV% = 9 ± 2%) and low for KDP 

(CV% = 5 ± 2%). Within-athlete variability in velocity (± s) was large for DP (CV% = 18 ± 

3%) and DS (CV% = 17 ± 3%), and moderate for KDP (CV% = 6 ± 1%) (Fig 5-3). The CV% 

values are for all laps, n = 16 (n = 15 for KDP). 

5.4.5 Faster versus slower athletes 

Mean overall velocity of the fastest four athletes was 5.8 ± 0.1 m∙s-1, versus 5.2 ± 0.1 m∙s-1 for 

the slowest four. There was a trend for the mean velocities for the faster athletes to be higher 

with all sub-techniques, while mean CL was longer only for DS compared to slower athletes, 

and mean CR for all athletes and sub-techniques were similar (Figure 5-4).  
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Table 5-3. The velocities, cycle lengths and cycle rates (mean ± s) for the various sub-techniques. 

 
Velocity (m∙s-1) Cycle length (m) Cycle rate (cycle∙min-1) 

Technique Entire race Lap 1 Lap 2 Entire race Lap 1 Lap 2 Entire  race Lap 1 Lap 2 

DP 5.7 ± 0.5 5.8 ± 0.5 5.6 ± 0.5 * 6.3 ± 0.8 6.5 ± 0.8 6.2 ± 0.8 * 55.1 ± 6.0 55.1 ± 6.4 55.2 ± 6.0 

DS 3.4 ± 0.3 3.5 ± 0.3 3.4 ± 0.3 3.6 ± 0.4 3.7 ± 0.4 3.6 ± 0.4  58.8 ± 3.4 58.9 ± 3.2 58.7 ± 3.7 

KDP 4.4 ± 0.4 4.4 ± 0.5 4.4 ± 0.2 5.7 ± 0.5 5.7 ± 0.6 5.8 ± 0.3  45.8 ± 2.5 46.1 ± 2.4 45.5 ± 2.7 

Tuck ** 8.2 ± 0.4 8.5 ± 0.3 8.0 ± 0.4 * 90.1 ± 15.9 93.3 ± 18.0 86.9 ± 14.0 ‒ ‒ ‒ 

Turn 5.5 ± 0.4 5.6 ± 0.4 5.4 ± 0.3 ‒ ‒ ‒ ‒ ‒ ‒ 

Misc 4.8 ± 0.4 4.9 ± 0.4 4.7 ± 0.3 ‒ ‒ ‒ ‒ ‒ ‒ 

Overall 5.4 ± 0.4 5.5 ± 0.3 5.2 ± 0.4 * ‒ ‒ ‒ ‒ ‒ ‒ 

 

DP = double poling; KDP = kick double poling; DS = diagonal stride; Tuck = tucking; Turn = turning; Misc = all other techniques; ‒ = not relevant. 

* P < 0.01 for Lap 1 in comparison to Lap 2; ** The cycle length values for Tuck are the mean distance travelled for each usage of this non-cyclical technique for each 

participant. 
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Figure 5-2. The mean cycle lengths and rates (± s) for each athlete and cyclical sub-technique on Lap 1 () and Lap 2 (●). 1 - 8 = fastest - slowest (entire race); DP = double 

poling; KDP = kick double poling; DS = diagonal stride 
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Figure 5-3. The mean velocities (± s) for each athlete for the various sub-techniques on Lap 1. 1 - 8 = fastest - 

slowest (entire race); Tuck = tucking; DP = double poling; KDP = kick double poling; DS = diagonal stride 
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Figure 5-4. The mean velocities, cycle lengths and cycle rates (± s) for the fastest four (▲) and slowest four (▼) 

athletes in each cyclical sub-technique. DP = double poling; KDP = kick double poling; DS = diagonal stride  
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5.5 Discussion 

The major findings of this first study to undertake a macro-kinematic analysis of an entire 

classical cross-country skiing competition on-snow using micro-sensors were as follows. 1) 

The locomotion over 93.3 ± 2.0% of the race distance could be identified as one of the 

standard classical sub-techniques. The cyclical sub-technique employed most extensively was 

DP, with a moderate amount of DS and minimal KDP. The non-propulsive Tuck technique 

was utilised more than expected, accounting for almost 1/4 of the distance covered and 1/6 of 

the race time. 2) A wide range of velocities, CLs and CRs were utilised by individuals. 3) The 

CL was significantly longer on Lap 1 with the DP sub-technique, and overall mean velocity 

higher, with no significant difference in CL between laps with the other cyclical sub-

techniques. The CR was similar on both laps for all sub-techniques. 4) The choice of 

technique appeared to be related to velocity, with transition thresholds observed for each 

individual. 5) There was a trend for faster athletes to be faster for all sub-techniques, noting 

that this was achieved with different combinations of CL and CR. Similar CR were observed 

for the faster and slower athletes. 

5.5.1 Technique usage 

Classifying sub-techniques and measuring kinematic parameters throughout an entire race is 

an important progressive step for cross-country skiing performance analysis. Snapshot 

analyses using video technology are incomplete and to date little is known about the relative 

proportions of sub-techniques used during competition. The difficulties in comparing to other 

published literature involving technique classification include the lack of  literature on 

classical technique detection over a full course on-snow and no other sports have the range of 

sub-techniques and frequency of transitions that cross-country skiing has. Of interest, Sakurai 

et al. [35] reported a 98.5 % detection accuracy on rollerskis in a classical technique time-trial 
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using a four micro-sensor arrangement, however, unlike on snow, rollerskiing tends not to be 

performed on courses with technical (sharp) corners. While on snow, Stoeggl et al. [37] 

reported an 86.0% accuracy of detecting skating technique using a single micro-sensor 

(accelerometers in a mobile phone), which was improved to 90.3% with machine learning 

from individual data. 

The high proportion of DP use observed in our study was not unexpected, since in recent 

years improvements in upper body power and endurance [112] allow athletes to utilise DP up 

increasingly steeper inclines. For the first time in 2015 the winner of a 10 km classical World 

Cup race used only DP and tucking and turning techniques [135]. As Göpfert and co-workers 

[125] noted, in an attempt to limit the use of DP in sprint races FIS modified their 

homologation guidelines to increase the amount of vertical elevation. FIS rule adaptations 

have gone further in 2016 [137, 138], with race organisers now permitted to ban DP in certain 

sections of the track, and the introduction of pole length restrictions to limit advantages from 

using only DP [136]. 

The relative low proportion of KDP recorded in this study is consistent with observations 

reported by Göpfert et al. [125]. Furthermore, we observed large variations in individual use 

of KDP, with athlete 5 using no KDP on Lap 2 (Fig 5-2B), athletes 4 and 8 using nearly half 

as many cycles on Lap 2, and athlete 6 using only two KDP cycles on Lap 2. The slowest sub-

technique was DS, used for 16% of the distance but 24% of the time, primarily on steeper 

sections. Although this proportion appears to be in contrast to the 56% of time spent on 

uphills reported by Bolger and co-workers [59], their values are a composite of DS, KDP, and 

DP. Our methodology enables uphill time to be classified into all three cyclical sub-technique 

components.  
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The relatively high use of Tuck (24% of total race time) may have implications for training. 

The longest continuous usage of this technique was 18–43 s, with one competitor tucking for 

1753 out of 5480 m on the first lap. Bolger et al. [59] reported that 27% of time spent on 

downhill sections during a 15 km classical competition, but the sub-techniques used were not 

identified and might have involved propulsive techniques. We also found that Tuck was used 

on flat sections after downhills until the skiing velocity dropped sufficiently to induce a 

transition to DP. Typically during interval training coaches simulate  race scenarios with low 

intensity exercise between repetitions [193], however to retain greater ecological validity 

during training the instruction should be to hold the Tuck position for durations relevant to 

competitions during recovery periods. 

5.5.2 Cycle kinematics 

The high within-athlete variability of CL and CR shown in Figs 5-2 (A-F) likely reflects the 

varying terrain, with higher cycle rates on steeper sections of the track as reported by 

Sandbakk et al. [47] when studying freestyle techniques. This observation is also supported 

by visual examination of the cycle frequency on moderate and steeper uphill sections. While 

it is possible that different pacing strategies or effects of fatigue could have exerted an impact 

in this context, the within-athlete variability was almost the same for Lap 1 and Lap 2. 

Though the distance was shorter, Vesterinen and co-workers [74] also found no differences in 

cycle variables between heats in a simulated sprint competition on rollerskis. 

Overall, the range of CR and CL for all of our athletes varied considerably, from 45–50 

cycles·min-1 for DS-CR and up to 7–8 m for DP-CL. Although no other studies have 

monitored CR and CL continuously throughout an entire distance race on-snow, Sakurai and 

colleagues [35] observed large differences in sub-technique velocity during a distance 

competition on classic rollerskis. This wide range of CR utilised during competition 
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reinforces variable frequency-based training methods that are already in use [2, 16, 194], 

while the ranges of CR and CL underline the benefits of training in varied terrain.  

Earlier reported values of CL and CR from competition have typically involved a small data 

collection window. Nonetheless, our reported mean DS cycle kinematics are similar to the 

57–66 cycles·min-1 and 3.5–4.4 m at 3.2–4.0 m∙s-1 , reported by Bilodeau et al. [27] in 

competition, and the 52–59 cycles·min-1 and 4.0–4.5 m at 3.5–4.5 m∙s-1 as measured by 

Andersson and colleagues [21] at medium to high intensity. In contrast, the DP cycle 

kinematics from Bilodeau et al. [27] of 53–63 cycles·min-1 and 7.5–8.6 m at 6.8–8.0 m∙s-1 

indicate similar CR but much higher CL and velocities than those observed with micro-

sensors in the present study. While many uncontrolled variables influence gliding friction and 

ski speed, the key difference between this latter study and ours is that the DP kinematics were 

derived from only one 30 m section of flat terrain, compared to 4733 ± 585 m of DP collected 

over varied terrain in our case. 

With a mean of 45.8 cycles∙min-1 at 4.4 m∙s-1 the KDP cycle rates were substantially lower 

than for DS and DP. As pointed out by Smith [179], this is likely due to the two-segment 

nature of the KDP movement pattern. CR and velocity in this study are in the same ranges as 

those observed by Smith [179] on-snow (48.0 cycles∙min-1 at 5.4 m∙s-1). Although Göpfert et 

al. [125] reported a KDP-CR of 23.3 cycles ∙ min-1 at 5.3 m∙s-1 on rollerskis, their definition of 

a cycle involved two poling cycles with a kick from each leg, so the rate for a single cycle is 

in the same range as reported here.  

For all participants, the CL with DP was slightly, but significantly shorter, with no change 

between laps in the CL for DS or KDP. In this context the proportional use of each sub-

technique should be taken into consideration: the mean use of KDP fell from 6.4% to 4.7% 

from Lap 1 to Lap 2, while that of DS rose from 14.7% to 17.4%. This switch in sub-
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technique also helps to account for the drop in overall race velocity, despite the lack of any 

change in the mean KDP and DS velocities. Andersson et al. [1] reported fewer transitions on 

the second lap in a simulated on snow sprint competition, but during our distance competition 

we observed no difference in the number of transitions per lap. 

Although macro-kinematic measurements will vary according to terrain, the ability to 

measure sub-technique velocity, CL and CR on a particular race course under known snow 

conditions is potentially very useful for course profiling. It is common for athletes to prepare 

for World Championship and Winter Olympic competition by training on simulated courses, 

mimicking the distribution, length and gradient of uphills [79, 195]. The macro-kinematic and 

sub-technique distribution information provided here should improve such simulation. 

5.5.3 Velocity thresholds 

Velocity thresholds for transitions between sub-techniques were seen in this study (Figure  

5-3), in similar manner to the observation of thresholds in a simulated sprint in freestyle 

technique [1]. Sakurai and colleagues [35] also observed that during a 6.9 km time trial 

athletes on rollerskis selected classical sub-techniques on the basis of skiing velocity and 

course grade, with speeds ranging from 3.9–5.4 m·s-1 for DS, 2.0–7.3 m·s-1 for KDP, and 4.5–

10.2 m·s-1 for DP. These latter two ranges recorded over an entire rollerski race also reflect 

the kinematic variability observed in the current study. On snow, Bolger and colleagues [59] 

described mean velocities of 4.8 m·s-1 on uphill sections and 7.2 m·s-1 on flat terrain, but the 

sub-techniques used and range of velocities on each section were not reported. 

Hypothesising that transition thresholds in classical skiing are connected to poling forces, 

Pellegrini and colleagues [24] examined eight different inclines and six different speeds of 

rollerskiing on a treadmill and concluded that a variety of triggers are involved. With current 

technology poling forces cannot be measured during competition. It seems likely that skiers 
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take both perceived velocity and perception of effort to maintain that velocity into 

consideration when deciding to change sub-technique. Velocity thresholds may help to 

determine the most efficient technique for a given speed and terrain, however this needs to be 

explored further. When skiers opt to compete in classical events without grip wax, they use 

DP over the velocity thresholds for KDP and DS on all but the steepest uphills (where 

Herringbone is employed), utilising shorter cycle lengths and higher cycle rates to maintain 

velocity as described by Sandbakk, Ettema and Holmberg [19] in freestyle technique. While 

DP may not be the most efficient technique on sections where skiing speed is above the 

normal DP velocity thresholds, this is compensated for by having faster skis on downhill and 

flat sections, as noted by Stöggl & Holmberg (2016). 

5.5.4 Comparison between faster and slower skiers 

In a simulated classical sprint competition, Stöggl and co-workers [79] observed that faster 

skiers exhibited longer CL for the same CR. In contrast, we observed high individuality in 

athletes’ strategy to achieve higher sub-technique velocities. For example, the fastest athlete 

used a higher CR and shorter CL for all three cyclical sub-techniques than most other athletes, 

while the second fastest athlete had one of the lowest mean CR and longest CL (Figure 5-2). 

While there was a trend for faster skiers to exhibit higher mean CL for DS, the proportion of 

sub-technique use also had an impact on this outcome and further research is required.  

Interestingly, the two participants with the highest CR (athletes 1 and 6), also had the lowest 

body mass. Indeed, Stöggl et al. [196] found a relationship between upper-body muscle mass 

and peak speed in classical rollerskiing, while Hegge et al. [90] concluded that greater muscle 

mass contributes to kinematic differences between genders. This high CR by lighter skiers 

could be a conscious or sub-conscious strategy to compensate for shorter CL. Stöggl and 

colleagues [16] demonstrated using rollerskis on a treadmill that skiers who can apply greater 
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force through their poles are able to ski at lower CR. Where natural CR for a given athlete are 

already high, future gains in skiing speed using a particular sub-technique may require 

increased emphasis on increasing CL as the ability to further increase CR may be limited. 

5.5.5 Future directions 

Measuring cross-country skiing macro-kinematics over entire competitions and comparing 

between athletes, events, locations, and across different snow conditions, will greatly assist 

evaluation of individuals’ strengths and weaknesses and enable world’s best practice 

comparisons. Adaption of macro-kinematic analyses from classical to freestyle cross-country 

skiing sub-techniques is a logical development. With future technology, real-time macro-

kinematic data would provide another dimension for spectators of international cross-country 

ski racing, in similar fashion to the way that heart-rate monitoring is currently used with live 

TV performance tracking. Recreational cross-country skiers and amateur racers may also find 

value in comparing macro-kinematic values from their own activities with those of 

acquaintances or against world elite. 

5.6 Conclusions  

Macro-kinematic data collected continuously throughout a competition by a single micro-

sensor unit provides new insight into cross-country skiing performance. The range and 

variability of velocities, cycle lengths, cycle rates indicate that the mean cycle kinematics 

must be considered in relationship to sub-technique distribution. While some key findings 

support and extend published observations, the extent of Tuck usage and variability in cycle 

kinematics are novel. Practical implications include the importance of training in varied 

terrain and utilising a wide range of CR both on and off-snow, greater focus on the use of 

Tuck in training to match the demands of competition, and tailoring training for individuals 

based on strengths and weaknesses highlighted by their sub-technique use. Further evaluation 
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of sub-technique usage and cycle kinematic best practice at the elite international level, as 

well as the extent to which cycle characteristics are influenced by snow conditions, course 

profiles, and the type of events (e.g., sprints or marathons) is now required.  
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6 MACRO-KINEMATIC DIFFERENCES BETWEEN SPRINT AND 

DISTANCE CROSS-COUNTRY SKIING COMPETITIONS USING 

THE CLASSICAL TECHNIQUE. 

6.1 Abstract 

We compare the macro-kinematics of six elite female cross-country skiers competing in 1.1-

km Sprint and 10.5-km Distance classical technique events on consecutive days under similar 

weather and track conditions. The relative use of double pole (DP), kick-double pole (KDP), 

diagonal stride (DS), tucking (Tuck) and turning (Turn) sub-techniques, plus each technique’s 

respective velocities, cycle lengths and cycle rates were monitored using a single micro-

sensor unit worn by each skier during the Sprint qualification, semi-final and finals, and 

multiple laps of the Distance race. Over a 1.0-km section of track common to both Sprint and 

Distance events, the mean race velocity, cyclical sub-technique velocities, and cycle rates 

were higher during the Sprint race, while Tuck and Turn velocities were similar. Velocities 

with KDP and DS on the common terrain were higher in the Sprint (KDP +12%, DS +23%) 

due to faster cycle rates (KDP +8%, DS +11%) and longer cycle lengths (KDP +5%, DS 

+10%), while the DP velocity was higher (+8%) with faster cycle rate (+16%) despite a 

shorter cycle length (-9%). During the Sprint the percentage of total distance covered using 

DP was greater (+15%), with less use of Tuck (-19%). Across all events and rounds, DP was 

the most used sub-technique in terms of distance, followed by Tuck, DS, Turn and KDP. KDP 

was employed relatively little, and during the Sprint by only half the participants. Tuck was 

the fastest sub-technique followed by Turn, DP, KDP and DS. These findings reveal 

differences in the macro-kinematic characteristics and strategies utilised during Sprint and 

Distance events, confirm the use of higher cycle rates in the Sprint, and increase our 

understanding of the performance demands of cross-country skiing competition. 
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6.2 Introduction 

From its early beginnings in the late 1990s, the cross-country (XC) skiing sprint event (Sprint) 

has become a regular feature at all levels of International Ski Federation (FIS) international 

competition. Indeed, Sprint events (including the Team-Sprint) now constitute more than 30% 

of the total events on the World Cup circuit, one third of individual events at the World Junior 

and U23 Championships, and one third of events at the Winter Olympics and World 

Championships [197]. 

FIS Sprint events can be between 800 - 1800 m in length, typically taking 2 - 4 minutes to 

complete. This contrasts with traditional distance XC skiing events (Distance), which range 

from 5 - 30 km for women and 10 - 50 km for men at the World Championship and Winter 

Olympic levels, and can be as long as 90 km on the ski marathon circuit [198]. It is thus not 

surprising that Sprint and Distance specialists have developed, although there remain “all-

rounders” who contend for medals in both categories [57, 78]. 

Over the past decade or so, several key studies have expanded our insight into Sprint 

performance [1, 47, 74, 79, 141, 147]. Examining physiological and kinematic responses 

during a simulated classic Sprint competition on a treadmill, Stöggl et al. [79] concluded that 

performance depends not only on physiological factors such as anaerobic capacity and fatigue 

resistance, but also on the technique used as skiers who were able to utilise the double pole 

(DP) sub-technique longer performed better. This connection between choice of sub-

technique and performance was confirmed by Andersson et al. [1], who reported that during a 

simulated freestyle Sprint competition on snow the fastest skiers used a “higher gear” (G3 

over G2 technique) to a greater extent. These XC skiing macro-kinematic variables - the 

relative use of each sub-technique, as well as the associated velocities, cycle lengths and cycle 

rates - are adapted continuously by each competitor in response to the varying terrain and 
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conditions during a competition, within the constraints of their own strengths/weaknesses 

and/or personal preference [9, 47, 199]. 

Andersson et al.’s [1] investigation was the first to assess macro-kinematics over the entire 

length of an on-snow competition. Previous kinematic analyses of this nature focussed on 

these parameters only for short sections of track using video analysis [27, 28], and, more 

recently, force plates under the snow [21, 29]. Velocities for different sections of a course 

have been reported, though without examining the relative usage of specific sub-techniques 

[10, 47, 59].  

Recent developments in micro-sensor technology provide novel possibilities for performance 

analysis in the field, enabling XC skiing macro-kinematics to be monitored continuously over 

an entire course [9, 35, 36, 199].  This technology is still developing, with different micro-

sensor configurations being investigated [34, 37, 178], and to date only limited full 

competition data have been reported. The greatest challenge in comparing events at different 

locations is that the topography of each course is unique, and, moreover, snow conditions 

even at the same location can vary considerably from day to day [200]. Previous work by the 

authors revealed that macro-kinematic strategies also vary for each individual skier [199]. 

The present study was designed to compare and contrast macro-kinematic variables utilised 

by the same athletes under similar conditions for both Sprint and Distance competitions. By 

comparing data collected from the same section of track involved in both events, we sought to 

provide new insights into the demands of XC skiing competition. We anticipated that 

velocities and cycle rates would be greater during the Sprint competition than the Distance 

event, and that differences in cycle lengths and the relative use of each sub-technique would 

be apparent. Furthermore, this work would increase the limited amount of published 
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competition data available on female skiers, and facilitate characterisation and subsequent 

comparison as more findings are reported. 

6.3 Methods 

6.3.1 Participants 

Six female XC skiers participated, including two medallists at the World Cup or World 

Championship level (Table 6-1) and four Winter Olympians. All of these athletes volunteered 

to participate after being contacted via their team coach and were provided with written 

information about the study and given the opportunity to ask questions. Each athlete provided 

her written informed consent prior to participation, with ethical approval provided by the 

University of Canberra Committee for Ethics in Human Research and the Australian Institute 

of Sport Ethics Committee.  

Table 6-1. Characteristics of the participants (means ± SD). 

Characteristics Values (n = 6) 

Age (years) 

Body height (cm) 

Body weight (kg) 

FIS Sprint rank (points) 

FIS Distance rank (points) 

24.8 ± 4.4 

1.66 ± 0.06 

56.7 ± 5.2 

83.9 ± 64.6 

65.6 ± 45.2 

6.3.2 Equipment 

A single micro-sensor unit (MinimaxXTM S4, Catapult Innovations, Melbourne, Australia) 

containing a triaxial accelerometer (100 Hz, ± 6 g), gyroscope (100 Hz, ± 1,000 d/s) and a 

GPS device (Fastrax, 10 Hz) was secured to the middle of the upper back using a thin chest 

harness. This unit was positioned as described by Marsland et al. [201], and calibrated 

according to Harding et al. [8]. 
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6.3.3 Study design  

Data were collected during FIS Sprint and Distance competitions held on consecutive days. 

These race courses were designed by the organising committee according to FIS 

homologation rules using the available terrain, and were approved for FIS international 

competition.  Data were collected as the skiers covered the Sprint and Distance race courses, 

which included a common section of track approximately 1.0-km long. This section contained 

three uphill (total climb 27 m) and three downhill segments, as well as a long straight section 

leading into the finishing/lap area. The Sprint race was approximately 1.1-km in length (total 

climb 27 m), while the 10.5-km Distance event involved three laps of a loop approximate 3.5-

km long (total climb per lap 85 m). 

 

Figure 6-1. Altitude profile for the common terrain. 

In the Sprint all skiers competed in a qualification round (where they were seeded on the basis 

of their FIS points, the highest ranking starting first), after which the best twelve were seeded 

into two semi-final rounds. The fastest two skiers from each semi-final, plus the next two 

fastest skiers from either semi-final, progressed through to an A-final, following the same 

procedure as used for FIS World Cup events. The remaining skiers from the semi-final rounds 

competed in a B-final race. All the participating skiers were monitored during all three rounds 
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of racing (qualification, semi-final and A- or B-final). Ninety minutes elapsed between the 

start of the qualification round and start of the finals, which were completed within 45 

minutes. 

The Distance event, held the day after the Sprint competition with similar snow conditions, 

began with a mass start, with the highest-ranked skiers seeded at the front. The snow 

temperature in the stadium varied between -2° and -1°, with the air temperature warming from 

-2° to +2°. The courses were prepared by an experienced snow groomer using a Piston Bully 

machine, and the tracks were firm. All skiers used their own equipment, with ski waxing by 

their personal coaches, who indicated that they used the same glide wax on both days. 

6.3.4 Classification of technique 

Data from the micro-sensors was imported into analytical software (Makesens V70.6, 

Appsen, Canberra, Australia), which classified the sub-technique employed as double pole 

(DP), kick-double pole (KDP), diagonal stride (DS), tucking (Tuck) or turning (Turn). DP 

involves simultaneous pushing with both arms with no propulsion from the legs; KDP has a 

kick from one leg added in the middle of the DP cycle; DS involves kicking with one leg and 

pushing with the opposite arm in an alternating manner. All these three cyclical techniques 

were identified using an algorithm based on filtered gyroscope and accelerometer signals, 

predominantly using consecutive peaks in the Pitch gyroscope signal filtered at 1 Hz in the 

manner described by Marsland et al. [192]. Turn was identified using the rate of change of 

GPS direction. Tuck is when a skier is in an aerodynamic bent-over position, and was 

detected through filtered accelerometer signals. These classifications were subsequently 

manually checked for errors by a cross-country skiing coach with extensive experience of 

evaluating such micro-sensor data, using a spreadsheet (Excel 2010, Microsoft, Seattle, WA) 

together with visual analysis of plots of the accelerometer and gyroscope values. If there was 
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any doubt, the sub-technique was classified as miscellaneous (Misc). For each cyclical sub-

technique a full cycle was defined as lasting from one pole plant to the next pole plant on the 

same side [199]. 

6.3.5 Statistical analyses 

The Wilcoxon matched-pair non-parametric test was used to compare the mean kinematic 

parameters associated with the Sprint and Distance events, with the mean differences (MDiff) 

expressed as percentages and an alpha level of p = 0.1 to reduce the likelihood of a type II 

statistical error. Macro-kinematic variables were averaged across the three Sprint rounds, and 

for the common terrain across the second and third laps of the Distance race (the first lap was 

not analysed because of differences in the course related to the mass start). Statistical analyses 

were performed using GraphPad Prism (GraphPad Software, La Jolla, CA) and Excel 2010 

software. Unless otherwise stated, all values are presented as mean ± SD.  

Table 6-2. Overall mean velocities and finishing times for the entire course Sprint and Distance races. 

 Distance (10.5-km)  Sprint (1.1-km)  

  Time-Trial Semi-Final Final 

Velocity (m∙s-1) 
[min–max] 

5.5 ± 0.4 

[4.7–5.7] 

5.7 ± 0.2 

[5.4–6.0] 

5.7 ± 0.1 

[5.5–5.9] 

5.7 ± 0.2 

[5.5–5.9] 

Finishing time (s) 

[min–max] 

1926 ± 125 

[1860–2180] 

195 ± 9 

[188–210] 

196 ± 4 

[192–202] 

195 ± 7 

[189–206] 

 

6.4 Results 

6.4.1 Full course 

There was no statistically significant difference in the mean overall velocity of the skiers 

participating in the entire 1.1-km Sprint and 10.5-km Distance events, and mean finishing 
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times across the rounds of the Sprint event also did not differ (Table 6-2). Skiers changed sub-

technique an average of 16 ± 2 times (14.4 per km) during each of the Sprint rounds and 192 

± 23 times (18.4 per km) during the Distance race. 

By distance DP was utilised to the greatest extent for both the 1.1-km Sprint rounds and the 

10.5-km event, followed by Tuck, DS and Turn, with KDP being employed least and only by 

three participants during the Sprint (Table 6-3). 

Macro-kinematic variables for each round of the Sprint finals (not presented) were similar to 

the Sprint qualification round. In all cases, the velocity was fastest when using the Tuck sub-

technique, followed by Turn, DP, KDP and DS, in that order (Table 6-3). The mean velocities 

with Tuck, Turn, DP and DS were significantly higher for the Sprint, with no difference for 

KDP. During the Sprint the DP and DS cycle rates were significantly higher, and the DP and 

DS cycle lengths significantly lower, compared to the Distance event, with similar values in 

each event observed for KDP.  

6.4.2 Common terrain  

The mean velocities achieved by the skiers on the common terrain during the second and third 

laps of the Distance race were 5.3 ± 0.4 m∙s-1 (range 4.5-5.5) and 5.3 ± 0.5 m∙s-1 (range 4.4-

5.8) respectively. In comparison, the overall velocities for the Sprint qualification, semi-final 

and final rounds were 5.8 ± 0.2 m∙s-1 (range 5.5-6.1), 5.8 ± 0.1 m∙s-1 (range 5.6-5.9) and 5.8 ± 

0.2 m∙s-1 (range 5.5-6.0) respectively. Interestingly, the range in this velocity was narrower 

during the Sprint semi-final. On the common terrain there were sub-technique transitions 14 ± 

2 times during the Sprint rounds and 15 ± 2 times during the Distance laps. 

When on common terrain the sub-technique DP was utilised to the greatest extent, followed 

by Tuck, Turn (not presented) and DS (Figure 6-2), with KDP being employed least and only 



 
 

 143 

by three participants during the Sprint. The percentage of the total distance covered using DP 

was greatest in the Sprint (SP 50% v DI 43%, p = 0.03, MDiff = 15%), with a similar drop in 

the proportion of total time (SP 47% v DI 40%, p = 0.03, MDiff = 15%). With DS, the % 

distance was similar for both events, but percentage time was lower during the Sprint event as 

a consequence of the higher velocity (SP 25% v DI 28%, p = 0.09, MDiff = -10%). The time 

spent using Tuck was similar for both Sprint and Distance races, with slightly more rapid 

mean Distance velocity resulting in a longer distance (SP 16% v DI 19%, p = 0.03, MDiff = -

19%). Mean KDP in usage was similar for both time and distance during both events. In terms 

of distance, unclassified techniques (Misc) were employed during 10 ± 3% of the Sprint event 

and 14 ± 2% of the Distance event. Regarding the Misc category, 3% of this in Sprint and 4% 

in Distance were attributed to transitions between sub-techniques, while 4% in Sprint and 6% 

in Distance were irregularities associated with Turns (i.e where the skier had stopped 

performing a specified technique without yet beginning to change direction or had finished 

changing direction but not yet begun skiing with a specified technique again. 

 

 

Figure 6-2. Sub-technique usage (%) in terms of distance and time on the 1.0 km of common terrain (n=6). 

Open symbols = Distance, closed symbols = Sprint. ** p = 0.03 compared to the other event, * p = 0.09 

compared to the other event. 
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Table 6-3. Velocities, cycle lengths and cycle rates, and usage by distance and time (mean ± SD), with the various sub-techniques for all three Sprint rounds (SP) and the 

10.5-km Distance event (DI).  

 
 Velocity (m∙s-1) Cycle length (m) Cycle rate (cycle∙min-1) Usage by distance (%) Usage by time (%) 

Technique SP DI SP DI SP DI SP DI SP DI 

DP 6.1 ± 0.2** 5.5 ± 0.3 5.3 ± 0.4** 5.7 ± 0.3  69.6 ± 4.2** 59.1 ± 4.1 54 ± 3**  49 ± 4 51 ± 4  48 ± 4 

DS 3.2 ± 0.2^ 3.0 ± 0.2 2.5 ± 0.1** 2.8 ± 0.1  80.6 ± 2.8** 68.9 ± 3.4 13 ± 1*  10 ± 2 22 ± 2*  18 ± 4 

KDP# 4.5 ± 0.2 4.2 ± 0.2 5.3 ± 0.4 5.2 ± 0.1  50.7 ± 3.1 48.7 ± 1.6 1 ± 2**  4 ± 2 1 ± 3**  5 ± 2 

Tuck 9.1 ± 0.3** 8.8 ± 0.1  - - - - 14 ± 3**  20 ± 2 9 ± 2**  12 ± 1 

Turn 7.8 ± 0.5** 5.7 ± 0.4 - - - - 9 ± 2* 8 ± 0.3 6 ± 2** 7 ± 0.3 

 

** p = 0.03 compared to the other event, * p = 0.06 compared to the other event, ^ p = 0.09 compared to the other event, # KDP was used by only 3 participants in the 1.1-km 

event.  
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Sub-technique velocities on the common terrain exhibited the same relative rank as for the 

entire course (Figure 6-3 left panel). During the Sprint the mean velocities for DP (6.2 ± 0.2 v 

5.7 ± 0.5 m∙s-1, p = 0.03, MDiff = 8.2%) and DS (3.2 ± 0.2 v 2.6 ± 0.3 m∙s-1, p = 0.03, MDiff 

= 22%) were higher (Figure 6-3 left panel). Although KDP was employed by only three 

athletes during the Sprint, for all three the velocity with this sub-technique was higher than 

the average for the Distance event (4.5 ± 0.2 v 3.9 ± 0.5 m∙s-1, p = 0.25 MDiff = 12%). Tuck 

velocity was slightly lower overall during the Sprint (9.1 ± 0.3 v 9.5 ± 0.3 m∙s-1 p = 0.03, 

MDiff = -4%). In contrast to observations on the entire course, the mean velocity for Turn on 

the common terrain was similar for both events. Minimum and maximum velocities for each 

of the sub-techniques are presented in Table 6-4. 

During the Sprint, mean cycle lengths were shorter with DP (5.5 ± 0.4 v 6.0 ± 0.4 m, p = 0.06, 

MDiff = -9%), but longer for DS (2.5 ± 0.1 v 2.2 ± 0.2 m, p = 0.06, MDiff = 10%) and KDP 

(5.3 ± 0.44 v 5.0 ± 0.4 m, p = 0.25, MDiff = 5%) (Figure 6-3 – centre panel). 

Table 6-4. Mean, minimum and maximum velocities (± SD) for the various sub-techniques on the 1.0-km of 

common terrain.  

 Distance Velocity (m∙s-1) Sprint Velocity (m∙s-1) 

Technique Mean Min Max Mean Min Max 

Tuck 9.3 ± 0.5 9.0 ± 0.8 9.5 ± 0.3 8.9 ± 0.6* 8.6 ± 1.1 9.3 ± 0.2 

DP 5.7 ± 0.5 3.6 ± 0.7 8.2 ± 0.6 6.2 ± 0.2* 4.2 ± 0.4 8.6 ± 0.4 

KDP# 3.9 ± 0.5 3.6 ± 0.4 4.3 ± 0.7 4.5 ± 0.2* 4.2 ± 0.4 4.7 ± 0.4 

DS 2.6 ± 0.3 1.7 ± 0.3 4.0 ± 0.3 3.2 ± 0.2* 2.1 ± 0.2 4.6 ± 0.6 

 

DP = double pole, KDP = kick-double pole, DS = diagonal stride. * p = 0.03 compared to the other event, # KDP 

was used by only 3 participants in the 1.1-km event. 
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All sub-technique mean cycle rates were higher in the Sprint (DP 68.5 ± 4.7 v 58.0 ± 4.2 

cycles∙min-1, p = 0.03, MDiff = 16%; DS 80.6 ± 2.8 v 72.3 ± 3.6 cycles∙min-1, p = 0.03, MDiff 

= 11%; KDP 50.7 ± 3.1 v 46.9 ± 3.1 cycles∙min-1, MDiff = 8%) (Figure 6-3 – right panel).  

 

 

Figure 6-3. Mean velocities, cycle lengths and cycle rates (± SD) with the various sub-techniques on the 1.0-km 

of common terrain. 

Open symbols = Distance, closed symbols = Sprint. DP = double pole, KDP = kick-double pole, DS = diagonal 

stride. Note that KDP was used by only 3 participants in the Sprint event. ** p = 0.03 in comparison to the other 

event, * p = 0.06 in comparison to the other event. # = higher mean value but no statistical significance since 

only 3 Sprint skiers used KDP. 

6.5 Discussion 

6.5.1 Overview 

This is the first study of the macro-kinematics of elite female athletes during an entire on-

snow competition, and also the first comparison of macro-kinematic parameters between 

Sprint and Distance cross-country skiing events. In terms of distance, DP was the sub-

technique used most extensively in both events, followed by Tuck, DS, Turn and KDP. KDP 

was employed relatively little, and during the Sprint event by only half the participants. When 

events were compared over common terrain we observed that mean race velocities were 
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higher in the Sprint. Mean sub-technique velocities with KDP and DS on the common terrain 

were higher in the Sprint due to faster cycle rates and longer cycle lengths, while the DP 

velocity was higher despite a shorter cycle length. During the Sprint the percentage of total 

distance covered with DP was greater, with the use of Tuck lower and the percentage of both 

KDP and DS similar relative to the Distance event.  

6.5.2 Common terrain macro-kinematics  

On the common terrain both the overall velocity and velocities with DP, KDP and DS were 

expected to be higher in the shorter Sprint event. Corresponding elevations in cycle rates were 

also expected, since on-snow correlations between higher cycle rates and higher velocities for 

all three of these cyclical classical sub-techniques were reported by Nilsson and colleagues  

[22]. While similar correlations have been observed by numerous other investigations, 

including the study on DP by Lindinger and co-workers [17], on KDP with roller-skiing by 

Göpfert et al. [125], and on DS on-snow by Anderson et al. [21], this study confirmed these 

findings for all sub-techniques throughout an entire on-snow competition. The hypothesis 

proposed by Zory and colleagues [147] to explain this relationship is that a high cycle rate 

minimises the decrease in velocity during glide and recovery phases while concurrently 

reducing the duration of these two phases. Millet et al. [145] reported that a higher cycle rate 

would come at a higher metabolic cost, but Zory et al. [147] noted that this would not be a 

limiting factor in a Sprint event. 

We speculated that the shorter mean DP cycle lengths in the Sprint could be due to usage of 

DP on steeper inclines before transition to KDP or DS. However, the similar usage of DS in 

terms of distance, as well as closer examination of where sub-techniques were used around 

the course, indicated that this was not the case. On sections where DP was used for both 

events, higher cycle rate in combination with shorter cycles were clearly used to generate the 
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higher DP velocity in the Sprint. This decrease in cycle length with increasing velocity was 

also observed by Nilsson et al. [22] on-snow for all cyclical sub-techniques when speeds 

progressed from “fast” to “maximum”, but with DP the cycle lengths decreased earlier, when 

progressing from “medium” to “fast” velocities.  

While this phenomena was also observed with maximal velocities with DS on-snow by 

Andersson et al. [21], the velocities in these studies were collected over short sections which 

may not be indicative of an entire competition. In Nilsson et al.’s research [22], the maximal 

DS and KDP velocities of 6.2 and 6.1 m∙s-1 respectively were collected over 60 m of flat 

snow; while Andersson et al.’s [21] DS velocity of 5.6 m∙s-1 was recorded over 50 m up a 

7.5° incline. In both instances, the velocities far exceed both the mean and maximal DS and 

KDP velocities seen here. With other studies also reporting increases in both cycle length and 

cycle rate with increased velocity at sub-maximal workloads [98, 125], it seems likely then 

that the highest DS and KDP velocities reached during the Sprint in this study were sub-

maximal. In contrast, our mean Sprint DP velocity was comparable to the maximal DP 

velocity in Nilsson’s study [22] (6.2 v 6.3 m∙s-1). 

The use of sub-maximal speeds in Sprint competition may reflect pacing, with athletes being 

unable to maintain maximal velocities over the 1.1-km course, and/or tactically holding back 

for critical parts of the course. Alternatively, our athletes may not have reached maximal 

velocity in KDP and DS because of velocity thresholds for sub-technique transitions (Figure 

6-3). As athletes attain higher velocities using these two sub-techniques, it becomes possible 

to change to a faster sub-technique (from DS to KDP, from KDP to DP, and for some, directly 

from DS to DP). With DP, the velocity threshold for transition to the next fastest technique 

(Tuck) is too high to be attained on flat terrain, so skiers increase DP velocity by elevating 
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cycle rate at the expense of cycle length. Regardless, this highlights the need for more 

analysis in the competition environment where sub-techniques are not pre-determined. 

6.5.3 Sub-technique selection 

It is well known that incline also has an effect on sub-technique selection [19, 24, 25]. As 

indicated in Figure 6-2, in terms of distance DS was utilised on the common terrain to a 

similar extent, approximately 14%, during both Sprint and Distance events. Furthermore, the 

GPS traces indicate that DS is generally being used on the same course sections in both cases, 

which would appear to support the conclusion of Ettema et al. [25] that incline is the primary 

driver of technique choice. However, it is also possible that the velocity and gradient 

thresholds for technique transition are passed at the same time, i.e. velocity decreases as 

gradient rises. Unfortunately, the gradient profile in this present study was not sufficiently 

detailed to be able to comment further on the effect of gradient on sub-technique transitions. 

As the slowest sub-technique, the percentage usage of DS in terms of time is much greater 

(28%) in the Distance event, while due to the faster velocity in the Sprint is only used 25% of 

the time. 

We have observed the low and variable use of KDP previously [199]; among the three 

athletes that used KDP in the Sprint, the average usage in terms of distance was just 2%. In 

the Distance event, five skiers used KDP over less than 1% of the distance, while the sixth 

used it for 6%. The mean minimum and maximum velocities in Table 6-4 clearly reveal that 

the minimum DP velocity and the maximum DS velocity overlap, with the range of KDP 

velocities falling within those of the other two sub-techniques. Some skiers may feel they are 

more efficient when using one sub-technique compared to another and the choice appears to 

reflect personal preference. 
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While DP is the dominant technique during the Sprint, being used on average to cover 50% of 

the distance, it is also known that on Sprint courses with relatively little climb or, in 

particular, in fast conditions, skiers race without wax and use DP as their only cyclical 

technique (in addition to Tuck and Turn). While this happens more frequently in men’s 

classic Sprints (and sometimes with Distance races [135]), women have been known to DP 

races without wax as well. Interestingly, in the current case it appears that the increased usage 

of DP in the Sprint (7% more in terms of distance) reflects primarily less usage of Tuck (-3%) 

and Misc (-4%) sub-techniques. This lower use of Tuck in the Sprint appears to be due to 

athletes transitioning earlier to DP, particularly going into the finish straight. However, the 

more extensive usage of irregular technique in the Distance event remains unexplained. A 

proportion of Misc is made up of the transitions between sub-techniques, however the number 

of transitions and Misc velocities in both events were found to be similar. 

6.5.4 Limitations  

A key component of our study design was comparing skier macro-kinematics on common 

terrain under the same conditions. Our observations on the full 10.5-km event highlight the 

influence of terrain and the challenges involved in comparing between different courses, even 

when the conditions are similar. For example, the lower Tuck velocities on the remaining 3.5-

km loop compared to the analysed 1.0-km section indicate that the Sprint downhill sections 

were steeper, as supported by the homologation data (average downhill gradients of 9% 

during the Sprint race and 6% during the 3.5-km Distance loops). Furthermore, the slower 

velocities and shorter and more rapid cycle lengths when utilizing DS on the Sprint course are 

consistent with steeper inclines (average uphill gradients of 12% during the Sprint versus 10% 

for the 3.5-km loop). A similar observation concerning the relationship between gradient and 

macro-kinematics while performing DS on rollerskis was reported earlier by Sandbakk et al. 

[19]. 
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Considering technique usage, DP was utilised to a larger extent on the full 10.5-km course 

(49% of the distance compared to 43% on the 1.0-km section), while the slower DS was 

employed less extensively (10% compared to 14%). In general, coaches experience that a 

course with more moderate gradients on uphills promotes greater proportional usage of DP 

and less DS (as seen here), and, consequently, a higher mean velocity. The outcomes 

observed here provide a suitable explanation for why the 10.5-km and 1.1-km events had 

similar overall mean velocities.  

Accordingly, care must be taken when comparing macro-kinematics from different courses. 

For example, the mean overall velocity for the 10.5-km event observed here (5.5 m∙s-1) was 

similar to the 5.4 m∙s-1 we observed in an earlier men’s classic 10-km competition [199]. 

Although the sub-technique velocities in this previous investigation (DP 5.7 m∙s-1,  

DS 3.4 m∙s-1, KDP 4.4 m∙s-1) were similar to the current study, in the earlier work these 

velocities were achieved utilising longer cycle lengths and slower cycle rates. To what extent 

this difference can be attributed to gender, course topography, snow speed and/or other 

factors is unknown. 

It is worth noting that different macro-kinematic combinations by our skiers were successful. 

Similar sub-technique velocities were achieved using different proportions of higher cycle 

lengths and lower cycle rates and vice versa. With our small participant numbers, no macro-

kinematic trends could be associated with faster or slower skiers, however, it seems likely that 

different strategies may be better suited to the strengths and weaknesses of the individual 

skier. 

6.5.5 Implications and future directions 

For coaches and athletes there are three main practical applications that are confirmed from 

this study. First, the macro-kinematic strategies when training for Sprint and Distance events 
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should not be the same. Clearly, the ability to attain higher cycle rates across all sub-

techniques is essential for Sprint performance. Secondly, the demands of competition with 

respect to the different sub-techniques depend to a great extent on the terrain, with different 

courses requiring a different emphasis. Finally, evaluation of the macro-kinematic 

characteristics of an individual athlete during both training and competition can provide 

information concerning relative strengths and weaknesses that can help improve performance. 

Future studies in this area, involving more participants, should examine macro-kinematic 

trends of the best athletes in different events, at the same time considering variations in this 

respect during an event. In addition, assessment of potential gender-related differences over 

entire courses should provide valuable novel insights. 

6.6 Conclusions 

Cross-country skiers can increase velocity by elevating cadence, increasing power (reflected 

in longer cycle lengths), and/or changing to a faster sub-technique. By monitoring macro-

kinematics continuously throughout Sprint and Distance competitions on the same terrain we 

were able here to examine how these three mechanisms interact. Differences in the macro-

kinematic characteristics and strategies utilised between Sprint and Distance events were 

confirmed, while at the same time the challenges of comparing between courses with different 

topographies and evaluating different factors influencing sub-technique selection were 

highlighted. Further insights are likely to be gained from examining differences in the macro-

kinematic strategies of individuals within each event, and by continuing to analyse additional 

in-competition data. 
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7 DIFFERENCES IN MACRO-KINEMATIC STRATEGIES BETWEEN 

THE ROUNDS OF A CROSS-COUNTRY SKIING SPRINT 

COMPETITION IN CLASSIC TECHNIQUE 

7.1 Abstract 

We examined macro-kinematic parameters of six female cross-country skiers during a sprint 

competition in classical technique. Data were collected continuously from each skier using a 

single micro-sensor throughout the qualifying (SPQ), semi-final (SPS) and final (SPF) 

rounds. While the mean macro-kinematic parameters did not differ significantly between 

rounds, the velocities, cycle lengths (CL) and cycle rates (CR) of individual skiers while 

utilising double pole (DP), kick-double pole (KDP) and diagonal stride (DS) sub-techniques 

did change, as did the relative usage of these sub-techniques and non-cyclical turning (Turn) 

and downhill (Tuck) techniques. These variations appeared to reflect individual strengths, 

preferences and pacing strategies, and were also influenced by the course topography and 

interactions with other skiers during the head-to-head rounds. The potential practical 

implications include: using macro-kinematic competition data to identify athlete strengths and 

weaknesses, trialling different cycle rates and lengths over different terrain in training to 

evaluate effects on velocity and efficiency, and using all of this information to refine macro-

kinematic race strategies. 

7.2 Introduction 

Sprint events in cross-country skiing were introduced by the International Ski Federation 

(FIS) at World Cup in 1996, World Championships in 2001, and at the Olympic Winter 

Games in 2002 [53]. These short 2-4 minute events consist of a qualification round followed 
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by head-to-head finals. Though some cross-country skiers can compete at the highest level 

both in Sprint and traditional Distance events, many skiers focus predominantly on Sprints 

and tailor their training accordingly. Typically sprinters tend to have lower yearly training 

volumes with a higher proportion of anaerobic training, as well as higher body masses and 

maximum sprint velocities [57]. 

Useful insights into sprint performance and physiology have been obtained from laboratory 

investigations [141], including simulated-sprint competitions on treadmills [11, 62, 79]. 

Although rollerski treadmills can be programmed to match course profiles by changing the 

gradient and velocity, such studies cannot simulate the changes in direction or head-to-head 

tactical interactions between skiers that occur in both sprint and mass-start competitions. 

Moreover, only performances on-snow in true winter and racing environments can fully 

reflect the full demands of cross-country skiing competition. .  

Analyses from simulated and real sprint competitions in the field, both on-snow [1, 29, 47, 

147, 157] and on rollerskis [74, 202], have provided valuable insights into pacing, fatigue and 

kinematics of performances. Of the studies conducted on-snow, both Mikkola and co-workers 

[29] and Zory et al. [157] examined velocities, cycle lengths and rates in the DP sub-

technique from short ≤ 20 m sections of track during simulated heats involving time trials 

with no head-to-head racing. Andersson and colleagues [1] were able to extract macro-

kinematic data and report sub-technique usage over an entire freestyle sprint time trial, by 

following athletes on a snow-mobile and collecting video and GPS data continuously. Recent 

developments in micro-sensor technology have enabled continuous collection of macro-

kinematic data in the field; velocity, cycle rates, cycle lengths and the extent to which the 

various sub-techniques are used have been monitored during both training and competition [9, 

36, 37, 192, 199].  
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To our knowledge only one other study has collected macro-kinematic data continuously 

throughout both the time trial and final rounds of a cross country skiing sprint competition 

[203]. This particular study focused on the differences in macro-kinematics between sprint 

and distance competitions collected over common terrain under the same conditions, however 

the authors did not examine individual differences in macro-kinematic characteristics between 

the sprint rounds. The main aims of this study were to investigate individual sub-technique 

selection and associated macro-kinematic parameters employed between and within three 

rounds of a classic sprint competition, in order to determine whether different strategies were 

utilised to achieve racing outcomes and to identify potential practical implications. 

7.3 Study Design 

7.3.1 Subjects  

Data collection took place on a 1.1 km race track with various uphill, downhill and flat 

sections, as part of a FIS international competition. All race participants first completed a 

qualification time trial, then the top twelve were seeded into two semi-finals (there were 

insufficient competitors for a quarter-finals to be used). Using the International Ski 

Federation’s “lucky loser” system, the top two finishers from each semi-final progressed 

directly to an A-final, as well as the next two fastest skiers from either semi-final by time. The 

remaining skiers from the semi-finals raced off in a B-final, resulting in all study participants 

racing three rounds each. 

The temperature during the competition was stable, snow temperature rising from -2° to -1° 

and air temperature from -2° to +2°. The track was machine prepared by an experienced snow 

groomer. In the time trial the skiers started in FIS Sprint ranking order, lowest points to 

highest. Skiers used their own ski equipment, with skis prepared by their personal coaches. 
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7.3.2 Participants 

Six female cross-country skiers (age 24.8 ± 4.4 years, body height 1.66 ± 0.06 m, body mass 

56.7 ± 5.2 kg) were recruited to participate in the study. The participants included two World 

Cup or World Championship medallists and four Winter Olympians. The project was 

ethically approved by the University of Canberra and the Australian Institute of Sport, and all 

athletes signed an informed consent form.  

7.3.3 Equipment 

Data was collected from each athlete using a single micro-sensor unit (MinimaxXTM S4, 

Catapult Innovations, Melbourne, Australia) positioned on the upper back as described by 

Marsland et al. [201]. The unit contained a triaxial accelerometer (100 Hz, ± 6 g), gyroscope 

(100 Hz, ± 1,000 d/s) and a GPS device (Fastrax, 10 Hz), and was calibrated using the method 

described by Harding et al. [8]. 

7.3.4 Technique classification 

Micro-sensor data was imported into data analysis software (Makesens V70.6, Appsen, 

Canberra, Australia) and classified into sub-techniques using an algorithm in the same manner 

as described by Marsland et al. [192]. Sub-technique classifications were double pole (DP), 

kick double pole (KDP), diagonal stride (DS), tucking (Tuck), turning (Turn) and 

miscellaneous (Misc), and checked for accuracy by a cross-country skiing coach experienced 

in examining micro-sensor data. Obvious algorithm misclassifications were reassigned to the 

correct technique; if a clear classification could not be identified the movement notation was 

designated as Misc. Cycles for each cyclical sub-technique were defined as being from one 

pole plant to the next pole plant on the same side.  The Wilcoxon matched-pair non-

parametric test was used to compare the mean macro-kinematic parameters between sprint 

rounds, using an alpha level of p = 0.1. Data are presented as mean ± standard deviation (SD). 
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7.4 Results  

7.4.1 Competition outcomes and overall macro-kinematics  

The six skiers had an overall mean race velocity (VRACE) for all three sprint rounds of 5.7 ± 

0.2 m∙sec-1, with overall mean sub-technique velocities VDP, VKDP and VDS of 6.1 ± 0.2, 4.5 ± 

0.2 and 3.2 ± 0.2 m∙sec-1 respectively. Furthermore, no significant differences in mean 

velocity or mean round sub-technique velocities were observed between the three rounds 

(Figure 7-1 (A)). The mean cycle lengths (CLDP = 5.3 ± 0.4 m, CLKDP = 5.3 ± 0.4 m, CLDS = 

2.5 ± 0.1 m) and cycle rates (CRDP = 69.6 ± 4.2 cycles∙min-1, CRKDP = 50.7 ± 3.1 cycles∙min-1, 

CRDS = 80.6 ± 2.8 cycles∙min-1) were also similar for all three rounds (Figures 7-1 (B) & 7-1 

(C)). It should be noted that three skiers did not use KDP at any time, while one skier used 

this sub-technique in two rounds only. Consistent with other entire course classical cross-

country skiing competition analyses [199, 203], DP exhibits the fastest velocity and longest 

CL as this sub-technique is used predominantly on flat and slight uphill sections, while DS 

has the slowest velocity and shortest CL as it is utilised on steeper hills. Notwithstanding the 

low use, KDP always has the lowest CR for classic sub-techniques due to each cycle featuring 

separated kicking and poling propulsion components. 

DP was employed for 54 ± 3% of the distance covered during all three rounds, followed by 

Tuck (14 ± 2%), DS (13 ± 2%), Turn (8 ± 1%) and KDP (1 ± 1%). The remaining 10 ± 3% of 

Misc locomotion consisted largely of transitions between sub-techniques (3 ± 1%) and 

irregular techniques before and after corners (4 ± 2%). No significant differences in the 

percentage distance covered by or percentage time employed for each sub-technique were 

observed between the three rounds (Table 7-1). The skiers changed sub-technique an average 

of 16 ± 2 times per round, or 14 per kilometre. 
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Figure 7-1. Mean velocities, cycle lengths and cycle rates (± SD) for each of the three rounds of the cross-

country skiing sprint competition. SPQ = Qualification round; SPS = Semi-finals; SPF = Final A or B; DP = 

double poling; KDP = kick double poling; DS = diagonal stride.  
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Table 7-1. Mean sub-technique usage (% of distance and time ± SD) by the six skiers during the three rounds of 

the cross country skiing sprint competition.  

 
% of the total distance covered 

(% of the total time elapsed) 

Sub-technique SPQ SPS SPF 

DP 54.2 ± 2.8 
(51.2 ± 3.3) 

53.5 ± 2.9 
(50.4 ± 2.9) 

55.3 ± 2.9 
(52.8 ± 3.3) 

KDP 0.9 ± 2.1 
(1.2 ± 2.7) 

0.5 ± 0.9 
(0.7 ± 1.1) 

0.3 ± 0.4 
(0.4 ± 0.5) 

DS 12.6 ± 1.5 
(22.1 ± 2.0) 

12.6 ± 1.1 
(22.6 ± 1.7) 

11.8 ± 1.9 
(20.4 ± 3.5) 

Tuck 14.0 ± 2.6 
(8.8 ± 1.9) 

14.7 ± 1.5 
(9.1 ± 1.0) 

13.2 ± 2.9 
(8.3 ± 2.0) 

Turn 8.1 ± 0.5 
(5.9 ± 0.3) 

8.3 ± 1.1 
(6.1 ± 0.9) 

8.5 ± 0.7 
(6.3 ± 0.5) 

Misc 10.1 ± 3.6 
(10.3 ± 2.8) 

10.3 ± 2.5 
(10.5 ± 2.4) 

10.9 ± 2.0 
(11.3 ± 2.4) 

 

SPQ = Qualification round; SPS = Semi-finals; SPF = Final A or B; DP = double poling; KDP = kick double 

poling; DS = diagonal stride; Tuck = tucking; Turn = turning; Misc = all other techniques. 

7.4.2 Individual macro-kinematics 

Our skiers were classified F1-6 based on their mean overall velocity in the sprint qualifying 

round (SPQ). Skiers F1, F4 and F5 then competed head-to-head in the first semi-final, while 

skiers F2, F3 and F6 competed in the second semi-final. Skiers F1 to F5 all advanced to the 

A-final, which F2 won. F6 was the only one of our skiers in the B-Final, which she won. 

Comparing individual velocities between rounds, the three fastest skiers in the SPQ all had 

lower VRACE (-2.5 ± 0.3%) and VDP (-3.8 ± 2.8%) in the SPS, while the three slowest skiers 

during the SPQ were faster during the SPS (VRACE: +2.9 ± 0.7%; VDP : -1.7 ± 1.9%) (Figures 

7-2 (A-D)). All skiers in the A-final (F1-5) demonstrated a higher VDS in the SPF than in the 



 
 

 162 

SPS (+6.3 ± 3.0%), with four of these five achieving this by increased utilisation of CRDS. A 

reduced range of velocities was observed in the SPS relative to the SPQ and the SPF.  

Regarding cycle lengths and rates, five skiers had longer CLDP (+5.5 ± 3.4%) and slower 

CRDP (-5.9 ± 2.8%) in the SPS than in the SPQ, with the slowest skier in the SPQ (F6) using a 

more rapid CR (+5.3%) and shorter CL (-4.4%) to achieve the most pronounced increase in 

VDP (+2.6%). In contrast, all the skiers except F4 exhibited shorter CLDS in the SPS than in 

the SPQ (-5.8 ± 2.6%), even though only three of these (F1, F3 & F6) had increased CRDS 

(Figure 7-3 (A-C) and Figure 7-4 (A-C)). There were too few cycles of KDP to allow any 

meaningful comment on potential differences in CL or CR between rounds. 
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Figure 7-2 (A-D). The mean overall velocities and velocities with the different sub-techniques for all six skiers 

during the cross-country skiing sprint competition. F1-6 = fastest to slowest skier in the SPQ. SPQ = 

Qualification round; SPS = Semi-finals; SPF = Final A or B; DP = double poling; KDP = kick double poling; DS 

= diagonal stride. 
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Figure 7-3 (A-C). Mean cycle lengths with the different sub-techniques for all six skiers during the cross-

country skiing sprint competition. F1-6 = fastest to slowest skier in the SPQ. SPQ = Qualification round; SPS = 

Semi-finals; SPF = Final A or B; DP = double poling; KDP = kick double poling; DS = diagonal stride. 
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Figure 7-4 (A-C). Mean cycle rates with the different sub-techniques for all six skiers during the cross-country 

skiing sprint competition. F1-6 = fastest to slowest skier in the SPQ. SPQ = Qualification round; SPS = Semi-

finals; SPF = Final A or B; DP = double poling; KDP = kick double poling; DS = diagonal stride. 

  



 
 

 166 

7.4.3 Individual sub-technique usage 

Skiers F1-5 used DS less in the SPS (-8.3 ± 4.3%) than the SPQ, with four of these five 

employing even less DS in the SPF (Figure 7-5). With the exception of F1 (who fell in a 

section when she was using DP), all skiers used more DP in the SPF compared to the SPS. 

The two skiers (F1 and F5) who used the least amount of DP in the SPF used the most Tuck 

(Figure 7-6).  

 

Figure 7-5. Usage of cyclical sub-technique (% of distance covered) by all six skiers during the cross-country 

skiing sprint competition. F1-6 = fastest to slowest skier in the SPQ. SPQ = Sprint qualification round; SPS = 

Sprint semi-finals; SPF = Sprint A or B final; DP = double poling; KDP = kick double poling; DS = diagonal 

stride. 
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Figure 7-6. Usage of non-cyclical sub-technique (% of distance covered) by all six skiers during the cross-

country skiing sprint competition. F1-6 = fastest to slowest skier in the SPQ. SPQ = Qualification round; SPS = 

Semi-finals; SPF = Final A or B; DP = double poling; KDP = kick double poling; DS = diagonal stride. 

 

7.5 Discussion 

This study is the first to closely examine differences in technique usage and other macro-

kinematic parameters across the rounds of a classic sprint competition. While the mean 

macro-kinematic parameters from the six participants did not differ significantly between 

rounds, individual differences in the relative usage of these sub-techniques across the three 

rounds were observed, as well as individual variations in velocities, CL and CR when utilising 

each sub-technique. 
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7.5.1 Overall sub-technique usage 

It was not a surprise that DP was the dominant sub-technique employed during a classic 

sprint, with KDP being used only by some skiers, predominantly as a single-cycle transition 

between DS and DP. One of the first questions coaches and athletes seek to determine upon 

first inspection of a new sprint course is whether it would be possible to double pole the entire 

course without grip wax on the skis, however FIS has been gradually changing course 

specifications and introducing new rules to prevent this [138]. 

An unexpected finding was the total distance taken up by the non- or semi-cyclical techniques 

Tuck, Turn and Misc, which includes transitions: on average, 32.5 ± 3.3% of the race. Prior to 

this study little has been reported about the relatively high contribution of these combined 

non-cyclical sub-techniques towards the total race duration. Only one recent study has 

focused on characteristics of cross-country skiing turning techniques [186], although not 

during an actual competition, and aside from recent studies using this same technology [199, 

203], data on tucking has been limited to snapshot velocities over short sections of track [45]. 

To some extent the classification of these techniques by the current algorithm is 

interchangeable: if a skier has stopped turning or stood up from tucking, but had not yet 

begun using a cyclical technique, this is classified as Misc; or if a skier is in a Tuck position, 

but is still stepping to change direction, this is classified as Turn. Similarly Sakurai et al. [36] 

found it difficult to distinguish between transitions and turns during skate rollerskiing on the 

basis of data provided by inertial sensors alone, and grouped these together under one 

classification. Regardless, it would be remiss to ignore locomotion that is taking up nearly 1/3 

of the distance of a competition. These non-cyclical components could be included in training 

sessions simulating competition on real courses with curves and varied terrain, as well as 

technical analysis, for example evaluation of efficiency of transitions or downhill technical 

proficiency. 
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7.5.2 Macro-kinematic observations 

To achieve their mean heat velocity in each sub-technique, skiers chose different kinematic 

strategies with respect to cycle lengths, cycle rates, and the extent to which each technique 

was employed. For example, of the three fastest skiers (F1-3) in the SPQ, F1 attained the 

fastest mean VDP with the longest mean CLDP and lowest mean CRDP, while F2 achieved 

almost the same VDP with a shorter cycle length and higher cycle rate. F3 reached a 

marginally slower VDP using nearly the shortest CLDP and highest CRDP, although this was 

accounted for in the overall race by using more DP, the fastest sub-technique, and less DS. F3 

was evidently using DP on steeper gradients, which require more rapid cycle rates and shorter 

cycles to maintain velocity. Not unexpectedly, F3’s mean DPCR was higher and mean DPCL 

shorter than those of other skiers. This influence of topography on macro-kinematics has been 

noted previously [203], and must be taken into consideration when interpreting data from an 

entire race as it influences sub-technique selection 

Across the rounds, we interpret our macro-kinematic data as indicating that our skiers were 

pacing themselves as they progressed from the qualifying to the semi-final and on to the final 

round of the competition. The reduced range of velocities in the SPS relative to the SPQ 

appears to indicate that the slower skiers endeavoured to keep up in the head-to-head racing 

(either by drafting and/or working harder), while the faster skiers may have been pacing 

themselves to conserve energy for the final. Distance runners have been demonstrated to 

maintain a higher pace during pack racing than when running alone [204]. Moreover, 

Bilodeau, Roy & Boulay (1995) showed that while using the classical technique skiers were 

able to conserve energy by drafting behind other skiers, although not to the same extent as 

during road cycling, which involves higher speeds. 

A question of relevance here is whether the slower athletes could have raced faster in the SPQ 

if they had adopted a different kinematic strategy. For example, could F6 have replicated her 
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SPS race time in the SPQ by increasing her CRDP or was the head-to-head effect needed to 

enhance her speed? It might be worthwhile to trial the use of higher CRDP during interval 

training, both individually and head-to-head with other skiers, to ensure that skiers who self-

select lower CRDP are capable of maintaining such an effort when racing. 

In the SPF, the top four skiers (note here that F1 would have had a higher VRACE had she not 

fallen) were able to maintain or increase speed, indicating energy in reserve for the final, 

whereas F5 and F6 could not maintain the mean velocity they had attained in the SPS, 

perhaps due to fatigue. However, F6 may have only gone as fast as required to win the B-

final. All five skiers in the A-final demonstrated a higher DS cycle rate and velocity than 

during the SPS, with F3 in particular also able to increase her cycle length. 

This ability to adapt skiing velocity and tempo during different rounds and/or at different 

stages of racing appears to be important. An interesting question is whether slower cycle rates 

and longer cycle lengths in earlier rounds leave athletes less fatigued and thereby capable to 

increase cycle rates in the final round. This interesting proposition requires further 

investigation. Anecdotally, the first author here is aware of instances during classic sprint 

events where skiers have used the diagonal stride technique during earlier rounds to “save” 

their upper body for an all-out double-pole effort in the final round. 

7.5.3 Individual sub-technique usage  

The observed tendency for better skiers to use DS less and DP more on gradual inclines as 

they progress through the rounds of a competition could reflect several factors, including 

consciously choosing a faster technique more often when racing head-to-head and in the final 

round. Alternatively, increased tucking could indicate fatigue or even something as simple as 

the grip wax becoming less effective as the tracks are skied more, resulting in athletes 

switching earlier from DS to DP. Further research will determine whether this change in sub-
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technique usage is characteristic of our individual skiers or of sprint competitions in general. 

In the latter case, being fresher to use DP powerfully in the final round would appear to be 

advantageous, which would influence both racing tactics (using the legs more to save the 

upper body) and training (using more DP later during simulated races). 

7.5.4 Observations on the individual skiers: potential practical applications   

Consideration of the overall macro-kinematics for each individual skier during the sprint 

competition allows characterisation of their strengths and areas that require more training.   

• F1 is a powerful double-poler, able in general to maintain a greater CL at a low CR 

than all other athletes. She capitalises on this strength by utilising a large amount of 

DP extensively, with relatively less DS and only uses KDP as a transition between DS 

and DP. This skier might enhance VDP by increasing her CR with this technique. 

• F2 is also a powerful double-poler who achieved a VDP similar to that of F1 by using a 

slightly higher CR and lower CL. She was also able to achieve a high VDS in the SPQ 

and SPS utilising long CLDS. Tactically, this skier increased CRDP and CRDS during 

the SPF, while also using a higher percentage of DP. 

• F3 exhibited the fastest CRDP and shortest CLDP of our six athletes. Tactically she 

achieved higher VDS in the SPS and SPF than the SPQ by using higher CR. By 

training to improve the power output from each stroke (thereby increasing CL), this 

skier might be able to increase her VDP and through this overall race performance.  

• F4 was slower in the SPQ but became more competitive with the top 3 skiers in the 

head-to-head rounds by using DP more extensively and increasing CLDP. Tactically 

she might benefit from adopting a different strategy in the SPQ, which might require 

training to increase CL when skiing alone and not just when racing head-to-head. 
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• F5 was able to increase VDP and CLDP in the head-to-head rounds to achieve better 

performance. As with F4, this skier should consider utilising slower CR and longer CL 

during both high intensity training and when competing in sprint qualification rounds. 

• F6 was able to increase CRDP in order to improve VDP in the head-to-head rounds, 

although she remained one of the slowest double-polers. Since her CRDP in the SPS 

and SPF is already very high, she would need to increase CLDP in training and racing 

in order to accelerate VDS and improve competitiveness on that front. As F6 was both 

the shortest and lightest skier, improvements in her CL may be constrained by 

anthropometric factors.  

As highlighted by these comments, knowing the characteristics of individuals can potentially 

enable the individualisation of macro-kinematic strategies in training, including adaption of 

cycle rates and lengths to those of other skiers in head-to-head simulations; evaluation of 

course topography to decide on the best strategy for different courses; and usage of data from 

competitions to identify strengths and weaknesses that can then be worked with during 

training. 

7.6 Limitations & Future Perspectives 

The main limitation in the interpretation of entire course macro-kinematic characteristics is 

the combined influence of topography and different sub-technique usage distribution. 

Information on the relative usage of the different sub-techniques is valuable in itself, however 

because velocities, CL and CR vary with the terrain the mean data across the entire course can 

be misleading when athletes are utilising different sub-techniques in the same section – as 

noted in the first paragraph of Section 7.5.2. A potential way around this would be to provide 

additional analyses of macro-kinematic data for sections of a course where all athletes are 
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performing the same sub-technique. At the same time, individual data from the full-course is 

still valuable as it demonstrates how individuals adapt their strategies to different terrain. 

Similarly, additional analyses could be conducted on continuous sections of a course with no 

corners and downhills, eliminating the need for Tuck and Turn classifications. It would still 

be useful to know how much of these sub-techniques are being used over the entire course, 

but by removing the corners and downhills the remaining Misc classifications would be 

reduced to transitions and irregular technique (such as changing tracks, stumbling or falling). 

We should also comment on our comparison of sub-technique usage based on distance rather 

than time. We made an a priori decision to compare sub-technique usage based on distance 

rather than time because we felt this approach is more relevant to practitioners. However, 

depending on the situation, such comparisons could be based on time, which would place a 

higher emphasis on slower techniques (e.g. DS), or on the total number of cycles, although 

this latter option would be restricted to the cyclical sub-techniques only. 

7.7 Conclusion 

Cross-country skiing locomotion and macro-kinematic strategies during competition are 

complex. Not only can skiers vary CL and CR to achieve optimal velocities, they can also 

change sub-technique at will and in response to varying terrain. With these variables skiers 

can use a wide range of different strategies to achieve performance outcomes. In addition, 

sprint strategies involve not just finding the best combination of sub-techniques to be fast 

enough to progress to the net round, but also to conserve as much energy as possible in each 

round in order to be competitive in the final round. This paper doesn’t provide all the answers, 

but it does demonstrate how individual macro-kinematic data collected continuously can 

potentially assist to identify strengths and weaknesses, inform training practices and refine 
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racing strategies. Other potential practical implications include trialing different combinations 

of cycle rates and lengths for each sub-technique over varied terrain in training, and 

considering course topography when determining macro-kinematic race strategies for 

different courses. Future directions could include collecting data from a larger number of 

athletes and world best athletes racing on sprint courses with different course profiles, in 

order to determine optimal macro-kinematic strategies for specific competition courses.
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CHAPTER EIGHT 

Discussion, Limitations, Directions for Future 
Research and Conclusions 



 

 176 

8 DISCUSSION, LIMITATIONS, DIRECTIONS FOR FUTURE 

RESEARCH AND CONCLUSIONS 

8.1 Discussion 

The aim of this thesis was to develop a new method for cross-country skiing performance 

analysis through the identification and quantification of sub-technique full cycle 

characteristics. This challenge was undertaken using a single light-weight micro-sensor in 

order to enable the continuous collection of cross-country skiing macro-kinematic data during 

on-snow competition. 

At the time of commencement of Study 1 (Chapter 3), cross-country skiing classic and 

freestyle sub-techniques had not yet been described using inertial sensors. Accordingly, the 

first step was to attempt this task utilising a single micro-sensor unit containing 

accelerometer, gyroscope and GPS components. The micro-sensor was positioned in the 

middle of the upper back in a pouch sown into a racing bib, to facilitate data collection and 

analysis during competition at a later date. Distinctive cyclical movement patterns for the 

major three classic and four freestyle sub-techniques were found to be consistent across eight 

participants (two female, six male), including both national level skiers and World Cup 

medallists. These patterns remained consistent when collected from the same participants at 

different locations months apart and on different gradients. Although the cyclical features 

were not examined using different velocities or varied snow conditions, proof of concept was 

established; the sub-technique cycles were identified and described using a single micro-

sensor that could be easily carried without impacting on skiing performance. However, further 

research was required to develop and refine algorithms for automatic sub-technique detection 
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and to investigate the macro-kinematic movement patterns on varied terrain and at different 

velocities. 

In Study 2 (Chapter 4) the aims were to develop and evaluate an algorithm to quantify macro-

kinematic parameters for classic sub-techniques. The algorithm was developed using the 

inertial sensor signal features identified in Study 1. Evaluation of the algorithm was 

conducted with seven national level skiers (four female, three male), and undertaken during 

an on-snow interval training session, with micro-sensor data collected at two sub-maximal 

intensities and validated against video data. Each skier was filmed continuously by a 

following skier wearing a head-mounted video camera. The most promising outcome of this 

study was the high reliability between micro-sensor and video-derived CR, with trivial to 

small effect sizes. The comparison demonstrated the applicability of measuring cycle 

parameters in the field without requiring video data. The overall cycle detection accuracy of 

the algorithm was observed as 83.8%, Despite the strong correlation between cycle count and 

the time spent employing each sub-technique, the mean values were under-reported by the 

micro-sensor. A major contributing factor to the lower cycle count was inaccurate 

classification associated with turning – a problem later reported by other cross-country skiing 

research utilising micro-sensors [36, 37].  However by undertaking a visual examination of 

the individual micro-sensor traces, it was possible to identify inaccurate classifications, 

demonstrating potential for both manual re-assignment of sub-techniques and refinement of 

the algorithm. Nevertheless, even at this early stage of development novel insights were 

evident. For example, female skiers self-selected the DP sub-technique on sections of the 

track where faster moving male athletes were able to tuck. This was information made 

possible only through continuous data collection, highlighting the importance of macro-

kinematic research being undertaken on-snow on varied terrain and under competition 

conditions. 
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The next three studies (Chapter 5, 6 and 7) utilised the same micro-sensor detection 

methodology as in Study 2, but with a refined algorithm, to collect and analyse macro-

kinematic data throughout the entire duration of actual cross-country skiing competitions on-

snow. Importantly the refined algorithm improved detection of both Turn and Tuck. In 

addition, for each of these subsequent studies, the algorithm-processed data was visually 

checked for accuracy, with clearly incorrect cycle classifications re-allocated to the correct 

sub-technique, and in the case of any doubt a conservative approach was taken to assign the 

locomotion as Misc. Although this process was time-consuming, it enabled confidence in the 

accuracy of sub-technique breakdown throughout the competitions. An important novelty of 

these studies is that utilising a single micro-sensor to collect macro-kinematic data throughout 

an entire FIS competition, distance or sprint, had not been attempted before.  

Study 3 (Chapter 5) sought to examine the macro-kinematic characteristics of eight men 

collected continuously during a 2-Lap 10 km classic competition. The revised algorithm with 

manual re-allocation was able to classify locomotion over 93.3% of the race as cyclical sub-

techniques, including Tuck or Turn, revealing novel insights into both sub-technique usage 

and cycle characteristics. Results also confirmed several observations from previous 

competition research. Not surprisingly, the DP sub-technique was employed for more than 

40% of the total race distance, a finding consistent with the increased emphasis on DP 

observed in recent years [112]. While the observed positive pacing strategy was also in 

agreement with past competition analyses[4, 59], the macro-kinematic data in this study 

revealed that this was mostly due to a longer mean CL for the SP sub-technique on the first 

lap, combined with a slight shift in usage from the slower DS sub-technique to the faster 

KDP.  
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An unexpected observation was that the Tuck sub-technique was utilised for almost a quarter 

of the course, including on flat terrain after fast downhills, indicating a need for coaches to 

consider placing greater emphasis on this technique during training. Another revelation was 

the large within-athlete variances in CL and CR, particularly with the DS sub-technique. 

Though large velocity ranges had been described during a simulated freestyle sprint on-snow 

[1] and a classic rollerski time-trial [35], individual variances within each sub-technique and 

the CL and CR ranges were not reported. Although the CL range appeared to be 

predominantly due to the gradient variation, the range of CR variance utilised reinforced the 

recommendations of Lindinger et al. [2] to vary CR during training. No differences in mean 

CR were observed between laps or skiers of different ability – while this has also been 

observed in some competition analyses [27, 140], in contrast in some competitions (simulated 

and actual) CR has been observed to decrease with fatigue [1, 29], and has correlated with 

race performance [3].  Examining individual data, it was noted that the two lightest skiers had 

the highest CR. Together with observations of sub-technique usage preference, it was 

apparent that individuals utilised different macro-kinematic strategies. 

The key implications from Study 3 were that with continuous macro-kinematic data collection 

coaches have a better understanding of both competition demands and individuals’ sub-

technique preferences and cycle characteristics. This knowledge can be applied to match 

training with the demands of competition, including tailoring training to individuals’ strengths 

and weaknesses, while in parallel providing quantitative data on the merits of any training 

interventions undertaken.  

In Study 4 (Chapter 6) the macro-kinematic characteristics of six female skiers, across the full 

duration of both sprint and distance competitions, were examined for the first time. The 

participants included two World Cup and World Championship medallists and four Winter 
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Olympians. A key feature of the study design was the use of a 1.0 km section of course 

common to both races to eliminate the effects of topography. It was expected that the skiers 

would be faster in the sprint, and envisaged that the macro-kinematic data would provide 

insight into how the higher velocities were achieved. High CR were found to be a key feature 

for all sub-techniques in the sprint, supporting previous competition observations [147]. 

Interestingly, the faster sprint velocities with the KDP and DS sub-techniques also exhibited 

longer CL, however the increased sprint DP velocity was achieved with more rapid CR 

despite having shorter CL. Such a reduction in CL at higher velocities was observed first on 

snow by Nilsson et al. [22], and as discussed in Section 2.4.2 may be due to the reduced 

window for power application when utilising rapid CR. However, this novel observation of 

the CL for DS and KDP continuing to increase at high velocities could be due to skiers 

changing sub-technique as they achieve faster velocities, rather than continuing to increase 

CR. Another reason for the higher overall sprint velocity was that a greater amount of DP was 

used, a trend already observed in sprint competition [55], although no skiers attempted to 

utilise DP for the entire race in this current study. 

Although individual strategies were not the focus of Study 4, it was apparent that different 

macro-kinematics combinations were being employed by each skier. Some were achieving 

high overall velocities with higher CL and lower CR, while some were the opposite, and there 

were differences in the amounts of each sub-technique used. Such individual strategies were 

examined in greater detail in Study 5. 

In the final study (Chapter 7), individual macro-kinematics during three rounds of a classic 

sprint event were investigated, with the aim of identifying insights that could improve 

physical and tactical training for sprint competition. Individual macro-kinematic strategies 

were observed, and relative strengths and weaknesses were identified and described. A novel 
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finding was that for nearly 1/3 of the total distance of the event Tuck, Turn and Misc 

techniques were employed, including transitions between sub-techniques. This underlines the 

need for training, including simulated competitions, to be undertaken on terrain that mirrors 

real race courses, including curves and varying gradients that would induce sub-technique 

transitions. Macro-kinematic tactical questions were also raised, such as whether particular 

skiers might attempt to use less rapid CR and longer CL both in the sprint time trial and in 

training, or whether other skiers might work to increase their CR with a particular sub-

technique. While recommendations such as utilising varied CR or increasing CL in training 

have been previously reported [2, 27], continuous macro-kinematic data collection potentially 

provides the means to both monitor altered CR and CL during training and evaluate the 

effectiveness of interventions during subsequent competitions. Overall, it was clear that 

macro-kinematic competition data provided additional performance information that could be 

used by athletes and coaches to inform training and racing. 

8.2 Limitations 

The Studies conducted throughout this thesis have demonstrated that a single micro-sensor 

can successfully be used to obtain macro-kinematic competition data, and that insight gained 

from sub-technique usage and cycle parameters has the potential to improve performance. 

However, a word of caution is required when evaluating macro-kinematic data. 

Unfortunately, the same challenges that previously existed when comparing cross-country 

skiing race times, i.e. the variability of conditions and terrain, still remain in the comparison 

of macro-kinematic data. Cycle characteristic observations from the three competition Studies 

highlight the influence of terrain on macro-kinematic data and the challenges of comparing 

between different courses. Course topography impacts not only the amount of each sub-

technique used, but also the velocity, CL and CR. As such, care must be taken when 
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comparing between events. Nevertheless, the technology can still be used to great advantage 

as a performance analysis tool. Currently, the greatest practical application arising from this 

new method of competition performance analysis is the ability to contrast sub-technique 

usage and cycle parameters between skiers throughout the duration of an entire race. 

The other major limitation of this macro-kinematic methodology is the accuracy of the current 

algorithm. The manual re-classification required of the initial algorithm data is time 

consuming, hampering the immediate feedback sought by a coach or athlete from a daily 

performance analysis tool. Although a coach, trained to recognise each sub-technique within 

the micro-sensor traces can readily correct inaccurately attributed sub-technique cycles and 

identify irregular locomotion, without a more accurate algorithm the practical application of 

the technology is limited to research. Equally, the ability to visually make such corrections 

indicates that further algorithm refinement is also possible. 

8.3 Directions for Future Research 

A curious reader at this point might be wondering about macro-kinematic analyses of 

freestyle competitions. Freestyle sub-technique characteristics were identified in Chapter 3, 

however the next four research chapters focussed on only the classic style. An algorithm for 

freestyle sub-technique detection was developed at the same time as the classic algorithm, and 

macro-kinematic data collected from both sprint and distance freestyle competitions awaits 

processing and analysis. The decision to focus the competition analyses component of this 

thesis on classic competition was made partially due to challenges in refining the freestyle 

algorithm, and partially due to a desire to utilise the simpler classic algorithm in applied 

competition research. Consequently, a logical next direction for continuous macro-kinematic 

analysis would be to finalise the development of the freestyle algorithm and to investigate 
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performances in freestyle competition, along with further refinement of the classic algorithm 

to fully automate accurate data collection. 

Further competition research needs to be undertaken with a larger cohort of the very best 

international athletes. Although Studies 3, 4 and 5 involved actual competitions, each 

investigation only involved relatively small participant numbers, potentially preventing 

identification of more universal macro-kinematic characteristics. Recent World 

Championship and Winter Olympic competitions have seen all cross-country skiing 

participants wearing GPS units embedded in race bibs in a similar manner to that used in this 

thesis. So far, GPS data from these units have been used predominantly to supply location and 

velocity information for TV graphics. A macro-kinematic data set of this scale would be 

invaluable in evaluating macro-kinematic strategies and trends of the world’s best cross-

country skiers. 

Regardless of whether such a project is feasible, the continuous macro-kinematic performance 

analysis method described in this thesis has potential practical applications in conjunction 

with a range of physiological training. For example, evaluating the effectiveness of various 

strength, speed or endurance training interventions to increase CL or CR for particular sub-

techniques on-snow, and for considering more closely how physiological characteristics such 

as muscle architecture, athlete anthropometry, biological age and maturation are reflected in 

the macro-kinematics of cross-country skiing.  

8.4 Conclusion 

This body of work has demonstrated how macro-kinematic parameters continuously obtained 

from a single micro-sensor during cross-country skiing competition can be used to analyse 

performance. Although traditional physiological capacities tested in the laboratory and in the 
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field provide indications of the potential of skiers to ski faster and insight on what might have 

contributed to their performance, and race results inform about who has skied the fastest, 

competition macro-kinematic data describe how the skiers physically have gone faster on-

snow through varied use of different sub-techniques. Micro-sensor technology provides a 

unique appreciation of the actual performance demands of specific competitions. The 

continuous macro-kinematic extraction method developed in this thesis lays the ground-work 

for practical applications and future research, which could include daily training monitoring, 

ongoing classic competition analysis, course profiling and on-snow validation of training 

interventions, as well as similar algorithm development and performance analysis for 

examining the freestyle sub-technique. 
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