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ABSTRACT 

The aim of this thesis was to investigate roller ski characteristics; classical and freestyle 
roller skis’ rolling resistance coefficients (µR) and classical style roller skis’ static friction 
coefficients (µS), and to study the influence of different µR and µS on cross-country skiers’ 
performance and both physiological and biomechanical indices. The aim was also to study 
differences in skiing economy and efficiency between recreational skiers, female and male 
junior and senior elite cross-country skiers.  

The experiments showed that during a time period of 30 minutes of rolling on a 
treadmill (warm-up), µR decreased significantly (p<0.05) to about 60-65 % and 70-75 % of 
its initial value for freestyle and classical roller skis respectively. Also, there was a 
significant influence of normal force on µR, while different velocities and inclinations of the 
treadmill only resulted in small changes in µR.  

The study of the influence on physiological variables of a ~50 % change in µR showed 
that during submaximal steady rate exercise, external power, oxygen uptake, heart rate and 
blood lactate were significantly changed, while there were non-significant or only small 
changes to cycle rate, cycle length and ratings of perceived exertion. Incremental maximal 
tests showed that time to exhaustion was significantly changed and this occurred without a 
change in maximal power, maximal oxygen uptake, maximal heart rate and blood lactate, 
and that the influence on ratings of perceived exertion was non-significant or small.  

The study of classical style roller skis µS showed values that were five to eight times 
more than the values of µS reported from on-snow skiing with grip-waxed cross-country 
skis.  

The subsequent physiological and biomechanical experiments with different µS showed 
a significantly lower skiing economy (~14 % higher v̇O2), higher heart rate, lower 
propulsive forces coming from the legs and shorter time to exhaustion (~30 %) when using 
a different type of roller ski with a µS similar to on-snow skiing, while there was no 
difference between tests when using different pairs of roller skis with a (similar) higher µS.  

The part of the thesis which focused on skiing economy and efficiency as a function of 
skill, age and gender, showed that the elite cross-country skiers had better skiing economy 
and higher gross efficiency (5-18 %) compared with the recreational skiers, and the senior 
elite had better economy and higher efficiency (4-5 %) than their junior counterparts, while 
no differences could be found between the genders. 

Keywords: Adjustable grip, blood lactate, centre of pressure, cycle length, cycle rate, 
economy, efficiency, friction coefficient, heart rate, normal force, OBLA, oxygen uptake, 
power, ratcheted wheel, ratings of perceived exertion, roller skis, rolling resistance, 
tangential force, time to exhaustion  
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SAMMANFATTNING 

Syftet med denna avhandling var att undersöka fristils- och klassiska rullskidors 
rullmotståndskoefficienter (µR) och klassiska rullskidors statiska friktionskoefficienter (µS) 
samt effekter av olika µR och µS på längdskidåkares prestation vid rullskidåkning på 
rullande band. Syftet var även att undersöka s.k. åkekonomi och mekanisk verkningsgrad 
mellan motionärer och kvinnliga och manliga junior- och seniorlängdskidåkare på elitnivå.  

Experimenten visade att under en period av 30 minuters kontinuerligt rullande, på 
rullande band, så sjönk µR signifikant (p<0.05) till 60-65 % och 70-75 % av initiala värden, 
för fristils- respektive klassiska rullskidor. Undersökandet av olika normalkrafter, 
hastigheter och lutningars påverkan på µR resulterade i en signifikant, negativ korrelation 
för µR som funktion av normalkraft, medan olika hastigheter och lutningar endast medförde 
små förändringar av µR.  

Studien som undersökte fysiologiska effekter av olika µR visade, vid submaximala 
konstanta arbetsbelastningar, att yttre effekt, syreupptagning, hjärtfrekvens och blodlaktat 
förändrades signifikant vid ~50 % förändring av µR. Försökspersonernas frekvens och 
sträcka per frekvens samt skattning av upplevd ansträngning resulterade dock i mestadels 
icke signifikanta eller små förändringar. Protokollen med successivt ökande 
arbetsbelastning (maxtest) resulterade i signifikant förändrad tid till utmattning, vid ~50 % 
förändring av µR. Detta inträffade utan signifikant skillnad i maximal syreupptagning,  
hjärtfrekvens och blodlaktat, vilket även mestadels gällde för skattning av upplevd 
ansträngning.  

Experimenten som undersökte klassiska rullskidors µS visade att dessa erhöll värden 
som är fem till åtta gånger högre än vad som rapporterats från studier av µS på snö med 
fästvallade skidor.  

Den efterföljande studien som undersökte fysiologiska och biomekaniska influenser av 
olika µS visade, vid submaximala konstanta arbetsbelastningar, att åkekonomin försämrades 
(~14 % högre syreförbrukning), hjärtfrekvensen ökade, den framåtdrivande kraften från 
benen på rullskidorna minskade samt att det blev kortare tid till utmattning (~30 %), vid 
maxtest, när skidåkarna använde rullskidor med en µS i likhet med vad som rapporterats för 
skidåkning på snö. För arbetsförsöken med olika rullskidor av olika fabrikat med en högre, 
och likartad, µS förelåg ingen skillnad i de undersökta variablerna.   

Studien som undersökte åkekonomi och mekanisk verkningsgrad som funktion av 
prestationsnivå, ålder och kön, visade att elitskidåkarna hade bättre åkekonomi och 
verkningsgrad (5-18 %) i jämförelse med motionärerna, att seniorerna hade bättre 
åkekonomi och verkningsgrad (4-5 %) än juniorerna och att ingen skillnad kunde 
konstateras mellan könen.   
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PREFACE 

My interest in roller skis’ rolling resistance began in the early 2000s, when I started to work 
with the physiological testing of elite athletes who were roller skiing on a ski-treadmill. At 
that time there was no product on the market that was designed to check the roller skis’ 
rolling resistances.  

During testing I frequently asked myself;  
“How big is the day to day variation in rolling resistance of the roller skis that we are 

using during testing and what happens to the rolling resistance after weeks and months of 
use? Are there significant differences in rolling resistance between different pairs of the 
same type of roller skis from the same manufacturer? What about the rolling resistance of a 
new pair of roller skis that is brought in for use during testing, when the pair we are using 
now is worn out?”  

And, the central issue:  
“What about the physiological effects of any changes in the roller skis’ rolling 

resistance?”   
Based upon the measurements of oxygen consumption, comparisons were sometimes 

made between different tests with the aim of investigating skiing economy. “Is it valid to do 
what we are doing, i.e. comparing skiing economy between test occasions and subjects 
without knowing whether the roller skis’ rolling resistance is similar and whether the 
rolling resistance is influenced by skiers with different body masses?”  

Some journal papers described how researchers connected a subject to a sensor with a 
line when rolling on a treadmill, but this method did not seem to have the desired level of 
accuracy since it showed diverging results for the influence on rolling resistance of mass, 
velocity and incline. 

All the questions above also came from the following overall speculations:  
“Is it such a good idea to carry out physiological experiments on a treadmill without 

knowing the reproducibility of the roller skis’ rolling resistance and thereby the accuracy of 
the method? Is this method used in research on cross-country skiers, biathletes and ski-
orienteers to be regarded as a scientific method if not all equipment can be calibrated and/or 
controlled?”  

In 2003, I received an offer to move to Östersund and start employment at the Swedish 
Winter Sports Research Centre (SWSRC), which was then a project initiated by the 
regional sports association with financial support from the European Union. The offer came 
from the project manager, Bertil Karlsson, and the assistant project manager, and project 
manager of the Mid Sweden Ski-University, Anders Edholm. This was at a time when the 
project was new and my only colleague at the time at the laboratory, future Ph.D. Glenn 
Björklund, and myself were continuously building the laboratory in parallel with the testing 
of Swedish elite athletes in winter sports. We were fortunate to have greatest support from 
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the world famous physiologist, Professor Bengt Saltin, Copenhagen Muscle Research 
Centre, also a Guest Professor at Mid Sweden University. Bengt has been of great help for 
me, especially as a sounding board regarding the design of the second and third studies in 
this thesis. It was also Bengt who suggested that I start using a method for venous blood 
sampling.  

One day, when having lunch at a restaurant, I came in contact with Professor Mats 
Tinnsten from the Dep. of Engineering and Sustainable Development (then Ass. Prof. at 
Dep. of Engineering, Physics and Mathematics). Mats Tinnsten was very interested in the 
laboratory and became especially interested when I described the problem of not being able 
to control the reproducibility of the roller skis’ rolling resistance. Another person who soon 
joined our small group and who was interested in roller skis’ rolling resistance, and the 
reproducibility of the physiological measurements, was Mats’ colleague, and my upcoming 
main supervisor, Professor Peter Carlsson. Without the support of Mats, Peter and Bengt, 
the studies within this thesis would probably never have started.  

The first half of the thesis investigates several of the questions raised above, which were 
already present when I began my doctoral studies. The ideas for the other half came to me 
later on, 1½ years in to my doctoral studies, when fly-fishing. “Piscator non solum 
piscatur”, i.e. “There is more to fishing than catching fish” (Izaak Walton, The Compleat 
Angler, 1653). 

  I started thinking about the compromise that exists during classical style cross-country 
skiing; this is between putting the necessary grip wax on to the skis to retrieve sufficient 
friction, so as to be able to apply propulsive force from the legs on the skis and the snow in 
the uphills, but not to put on more than necessary because the negative affect this has on the 
skis during their gliding on the snow. The more grip wax that is applied the worse the glide 
gets. It is well known among skiers, ski-waxers and coaches that individual skiers are more 
or less dependent on the grip due to differences in their technical skiing skill. Some skiers 
simply need to give priority to more grip wax than others.  

My idea was to carry out a study where the grip and glide of the roller skis was varied 
reciprocally between different performance tests, using a simulated ski track on a treadmill. 
The questions that were supposed to be answered were: How much grip do the skiers need 
for an optimal performance? What is the optimal compromise between the skis’ grip and 
glide abilities?  

During a conference trip to Hawaii I told Peter and Mats about this idea and Mats said: 
“But then we need a new type of roller ski with adjustable grip and glide functions”. During 
the evenings at the hotel at Waikiki Beach, Honolulu, the three of us sat on a balcony and 
started discussions about the construction of a new type of roller ski. Several prototypes 
were later manufactured and rejected before we came up with the solution using the roller 
ski mechanics I have used in the experiments in this thesis.  Even though an exact study 
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design as described above was not carried out within the room of this thesis, the studies IV 
and V contain other questions which were necessary to investigate as a starting point for 
future research.  

The experiments in the studies have been mostly carried out by me in the lab at 
SWSRC. Handling all the equipment alone during the experiments can be very hectic, but 
the practical handling of all the different equipment is, in my opinion, a clear advantage in 
really learning about the errors that exist due to the handling of and the equipment itself, as 
well as the advantages and disadvantages of different equipment and methods.  

It is my belief that this thesis has increased the knowledge of roller skis’ behaviour and 
the effects that roller skis have on the physiology and biomechanics of cross-country skiers. 
My hope is thus that this knowledge will be used by researchers in the future to increase the 
accuracy and relevance of experiments carried out during treadmill roller skiing. However, 
there are still more things that need development to make this research method even more 
similar to on-snow skiing.   
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1 INTRODUCTION 

1.1 On-snow skiing versus roller skiing 

With the aim of imitating skiing on snow, cross-country skiers, biathletes and ski-orienteers 
use roller skis for their snow-free training. Furthermore, over the last few decades, fairly 
specific testing methods for cross-country skiers, biathletes and ski-orienteers have become 
possible due to the development of treadmills that allow roller skiing using classical and 
freestyle techniques.  

Outdoor experiments on snow, using cross-country skiers, biathletes and ski-orienteers, 
are difficult to standardize due to changes in factors that influence the grip and glide of the 
skis and the skier, and thus the energy expenditure. Such factors are air and snow 
temperature, humidity and snow and wind conditions. Also, cross-country skis are 
constructed in different lengths, and the skis’ camber (in contrast to roller skis) has different 
heights and stiffness to enable skiers to choose ski characteristics to suit their relative body 
length, mass and technical skiing skill. Thus, using the same pair of skis for all subjects 
means badly matched skis for the individual, while individually matched skis can be 
difficult to standardize as regards grip and glide. Moreover, it is difficult to control the 
intended speed and to find a track profile with proper, relatively constant, inclination for the 
specific core-technique during the time required to retrieve stable energy expenditure.  

Therefore, much of the current sports research into the physiology and biomechanics of 
cross-country skiing is conducted indoors on treadmills and using roller skis, due to the 
possibility of using a wide range of advanced equipment for different types of analyses and 
for benefitting from comparisons that use relatively stationary and reproducible conditions.  

However, methodological errors will always exist in experiments and results should 
therefore be related to the errors of the variables examined in the experiments. Furthermore, 
the differences in performance predicting factors among elite athletes are quite small, thus 
emphasising the importance of standardising the roller skis used in the experiments on 
cross-country skiers, biathletes and ski-orienteers. Thus, in parallel with physiological and 
biomechanical research, reproducibility studies and the development of equipment and 
testing methods are important in order to minimize errors and to increase the specificity, 
validity and reliability of the specific testing method and thereby the relevance of the 
research conducted using the athletes.   

Even though roller skiing on a treadmill never will be 100 % similar to skiing on snow, 
it can be more or less similar depending on the equipment used by the skier and the skiing 
conditions, i.e. the similarity between cross-country skis and snow versus roller skis and 
treadmill conditions.   

1.2 Roller skis’ rolling resistance  

Using roller skis results in a need to control their rolling resistance coefficients (µR), which 
is of great importance in securing good reproducibility for this specific method in order to 
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make accurate comparisons and conclusions regarding the results of the treadmill 
experiments.  

Only a few authors have studied the µR of roller skis. The method described in earlier 
studies was based on force measurements that were carried out using a skier wearing a 
backpack filled with varying mass. The skier was instructed to distribute the mass evenly 
on both roller skis whilst rolling on the treadmill (Hoffman et al. 1990a). However, the data 
presented when using this method showed varying results and no reliability testing for the 
method was presented (Hoffman et al. 1990a; Hoffman et al. 1995; Millet et al. 1998). A 
similar method, which investigated roller blades’ rolling resistance on an outdoor surface, 
showed a variability of 20 % (de Boer et al. 1987).  

Hoffman et al. (1990a) observed that the coefficient of roller skis’ rolling resistance was 
not dependent on velocity but that it increased with increasing body mass. However, in 
1994 and 1995 Hoffman et al. found that body mass did not affect µR, but that µR was 
related to speed. Millet et al. (1998), on the other hand, found that µR was not dependent on 
velocity for low-resistance roller skis but that it was dependent on velocity for high-
resistance roller skis. If roller skis’ µR is found to be influenced by different masses, one 
should also take into consideration any differences in external power (PW EXT) in 
overcoming the roller skis’ rolling resistance (PµR), if differences exist in the skiers’ body 
masses. This is not always investigated, and in Rundell & Szmedra (1998), the results were 
determined on the basis of the men’s use of one type of roller ski of unknown µR, and the 
women’s use of another type, also of unknown µR. The two types of roller skis came from 
different manufacturers. In Hoffman & Clifford (1990) the subjects used four different 
models of roller skis of unknown µR. 

In 1990a, Hoffman et al. wrote that they allowed the roller skis to become warm prior to 
making force measurements, but they do not describe the amount of time that was needed 
nor any temperature registrations, and neither do they describe how great the differences in 
µR were between the cooler and the warmer roller ski. If rolling resistance is temperature 
dependent, this could be of great importance when comparing physiological results, since 
the roller skis might have different initial temperatures depending on different previous 
usages.  

There are few studies which have investigated the biomechanical and physiological 
responses to different µR. However, the µR measurements were made on a ski treadmill, 
while the biomechanical and physiological measurements were made outdoors, in other 
environments and on other surfaces, i.e. on an asphalt oval (Millet et al. 1998) and on an 
asphalt roadway (Hoffman et al. 1998).  

1.3 Classical style roller skis’ grip  

Cross-country skis that are intended for use in competitions and for training in the classical 
style have a surface against the snow that can be divided into three zones (Ekstrom 1981). 
The middle zone is waxed with grip wax (grip zone), while the front and rear zones are 
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waxed with glide wax (glide zones). The grip zone’s task is to achieve sufficient friction 
between the ski and the snow to enable propulsive force that comes from the kick force 
from the legs, in the diagonal stride (DS), herringbone and kick double poling (DPKICK) 
techniques, during the time when the ski surface is stationary on the snow (static friction). 

In order for the grip zone to have a minimum effect on glide, cross-country skis have a 
concave camber of a certain height and stiffness, so that as much as possible of the grip 
zone is not in contact with the snow when the ski glides against it in the gliding phase 
(dynamic friction) (Ekstrom 1981). The amount of kick zone that does not have snow 
contact in the gliding phase mainly depends on how stiff and high the ski’s camber is, 
according to the skier’s body mass and the amount of grip wax that is applied. Cross-
country skis’ camber is thus constructed with different heights and stiffnesses, to enable 
skiers to choose them according to their body mass and technical skiing skill. 

Classical style cross-country skis’ static friction coefficients (µS), defined as the ratio 
between the tangential and normal forces acting on the ski when it is stationary on the 
snow, just before it starts gliding, have been studied using a force plate system attached to 
the skis (Ekstrom 1981; Komi 1987) and by using a long force platform system mounted 
under the snow (Komi 1985; Komi & Norman 1987; Vahasoyrinki et al. 2008). The 
advantages and disadvantages of the two methods are discussed by Komi (Komi 1987) and 
by Smith (Smith 2000). As a result, µS of 0.1 to 0.2 have been reported, estimated from 
tangential and normal forces of 0.1 to 0.2 and 1 to 3 times bodyweight, respectively 
(Ekstrom 1981; Komi 1985; Komi & Norman 1987; Vahasoyrinki et al. 2008). 

The roller skis on the market that are intended for use in the classical style have a design 
where one of the two wheels (one wheel at the front and one at the back) has a ratchet that 
allows a grip on the surface (static friction) during a leg kick (for example; PRO-SKI C2, 
Sterners, Dala-Järna, Sweden; Swenor Fibreglass, Sarpsborg, Norway; Marwe Classic, 
Hyvinkään Kumi Oy, Finland). Since this ratcheted mechanism is not dependent on a load 
applied to the roller ski, in practice it is likely that this type of construction provides a high 
µS between the ratcheted wheel and the surface, independently of the skier’s body mass and 
technical skiing skill. This is in great contrast to on-snow skiing on groomed trails, where a 
proper technique is essential for good grip. 

However, even though ratcheted wheel roller skis provide the opportunity to apply a 
relatively higher tangential force in comparison to grip-waxed cross-country skis, and 
thereby a higher propulsive force, it is not certain that technically skilled and aware cross-
country skiers are (mis)using this opportunity due to an awareness of the problem it may 
cause with their on-snow skiing technique. Therefore, the size of any difference in µS 
between ratcheted wheel roller skis and grip-waxed cross-country skis, and in this case, 
how it affects the physiology and biomechanics of cross-country skiers is unknown.  
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1.4 Maximal oxygen uptake and skiing economy 

The probably most frequently measured, and important, factor in endurance sports is 
maximal oxygen uptake (V̇O2 MAX, L . min-1), due to its high correlation to performance for 
endurance athletes, and cross-country skiers in particular, especially when expressed in 
relation to body weight (v̇O2 MAX, ml . kg-1 . min-1), (Bergh 1987; Bergh & Forsberg 2000; 
Ingjer 1991; Saltin 1997; Saltin & Astrand 1967). Other commonly investigated variables 
within endurance sports are power output, heart rate, blood lactate concentration, ratings of 
perceived exertion and stride frequency and stride length (McArdle et al. 2001).  

Although an extremely high V̇O2 MAX is essential for peak performance for cross-country 
skiers, it cannot be fully utilized during endurance competitions, with the exception of very 
short periods of time and over shorter distances, due to muscle fatigue and glycogen 
depletion (Allen et al. 2008; McArdle et al. 2001). Thus, the ability to utilize a high 
fraction of V̇O2 MAX becomes very important; results from laboratory tests have been 
compared with field tests in environments similar to competitions for the purpose of such 
comparisons (Larsson & Henriksson-Larsen 2005; Mygind et al. 1994; Niinimaa et al. 
1978; Niinimaa et al. 1979; Welde et al. 2003).  

The utilization fraction is affected by the subject’s ability to perform an efficient, 
economical skiing technique, often examined as defined by Cavanaugh and Kram 
(Cavanagh & Kram 1985) using the term economy: the submaximal oxygen uptake per unit 
body weight (v̇O2, mL . kg . min-1) required to perform a given task. 

The economy of cross-country skiing has been studied outdoors from different 
perspectives during skiing on snow (Hoffman & Clifford 1990; Macdougall et al. 1979) 
and on bituminous concrete (Hoffman et al. 1990b) and asphalt surfaces by using roller skis 
(Hoffman et al. 1990a; Hoffman et al. 1998). It has also been studied during treadmill roller 
skiing using some different core techniques (Hoffman et al. 1994; Hoffman et al. 1995; 
Kvamme et al. 2005) and on biathletes, with or without rifles (Rundell & Szmedra 1998).  

Other studies have used calculations of the external/internal power ratio, by calculating 
the external power from the weight of the skier, the friction of the skis and the air resistance 
(outdoors) and by converting the oxygen uptake into thermal equivalents, for the detection 
of human mechanical efficiency for a certain core technique (Hoffman et al. 1995; 
Niinimaa et al. 1978; Sandbakk et al. 2010; Sandbakk et al. 2011). Some differences 
appear in the efficiency calculations whether they are based upon the gross or net energy 
expenditure, where the gross energy expenditure is the sum of the resting metabolic rate 
(ERMR) and the requirement of the exercise (ENET) above ERMR (McArdle et al. 2001). An 
additional efficiency calculation exists, delta efficiency, defined by Cavanaugh and Kram 
(1985) as the average gradient of the energy expended vs. work done curve between two 
specified limits for the work done.  

Niinimaa et al. (1978) thus studied the net efficiency of intercollegiate cross-country 
skiers, which was found to be approximately 21 percent. Hoffman et al. (1995) studied 
delta efficiency between the genders during treadmill roller skiing, where women were 
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found to have greater efficiency than men in double poling (DP), while no difference was 
found for DS. Sandbakk and co-workers (2010, 2011) tested economy, aerobic energy 
expenditure (aerobic metabolic rate) and gross efficiency between Norwegian top class 
national and international sprint cross-country skiers during treadmill roller skiing using the 
free technique gear 3 (G3), where the international skiers were found to have higher gross 
efficiency than the national level skiers, while no difference was observed for economy and 
aerobic energy expenditure. In addition, Sandbakk et al. (2010, 2011) compared the total 
metabolic rate as a function of both the aerobic and the anaerobic metabolism. The latter 
was based on a certain value for blood lactate (B-Hla) as described by di Prampero and 
Ferretti (di Prampero & Ferretti 1999), where the international skiers were found to have 
lower anaerobic and total metabolic rates than the national skiers.  

International and national top class competitors of both genders take part, along with a 
large number of recreational skiers, in competitions that are part of the FIS Marathon Cup, 
such as Vasaloppet, Birkebeinerrennet, Marcialonga, Finlandia Ski Marathon etc., and in 
national “hobby races”. Thus, the range in finishing time between the competitors in such 
races is very large (~4 to 12 hours in Vasaloppet).  

Although several studies have investigated the economy and efficiency of cross-country 
skiers, there is a lack of data comparing economy and efficiency between different levels of 
cross-country skiers during treadmill roller skiing. Such a study would investigate whether, 
besides V̇O2 MAX, skiing economy and efficiency are determining factors in the great 
differences in performance times between the categories. Furthermore, measurements on 
juniors of both genders that are aiming for an elite career, and on elite seniors, could 
provide additional information about the development of economy and efficiency from 
teenage years to adulthood, as well as between the genders.  

Interestingly, the V̇O2 is used in a broad spectrum of research, besides the evaluation of 
athletes’ aerobic capacity. Other areas of interest are health issues in which the level of 
aerobic exercise and capacity plays a big role in avoiding cardio-vascular disorder, high 
blood pressure, type 2 diabetes and some types of cancer (Aspenes et al. 2011; O'Donovan 
et al. 2010; Pate et al. 1995). Also, as long as the experiments involve much of the study 
subjects’ skeletal muscles in the task, measures of V̇O2 can be carried out to evaluate the 
use of different equipment (Glaner & Silva 2011; Holmberg & Nilsson 2008).  

In summary, any influence of roller skis µR and µS on cross-country skiers’ physiology 
can advantageously be evaluated with measures of submaximal and maximal oxygen 
uptake (Hoffman et al. 1998; Hoffman et al. 1992; Millet et al. 1998). Additionally, 
equipment such as electromyography, 3-D motion analyses and force measurement systems 
can be used to find explanatory causes for any differences found in the metabolic variables.   
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1.5 Purpose 

In study I (Paper I) the aim was to evaluate roller skis’ µR using specific equipment for 
rolling resistance measurements. The purpose was to clarify how the µR is related to mass, 
velocity and incline. Moreover, the warm-up study investigated whether and, if so, how 
long it takes until roller skis reach stationary conditions (equilibrium), i.e. is stable as 
regards µR and temperature. Furthermore, a reproducibility study was needed in order to 
indicate the validity and reliability of the results. 

 The aim of study II (Paper II) was to examine the physiological responses to different 
µR, i.e. whether a significantly different µR causes significant changes to V̇O2, heart rate, 
blood lactate, external power, ratings of perceived exertion, cycle rate and cycle length 
during submaximal exercise. Time to exhaustion and maximal power on incremental 
maximal tests also needed to be addressed. In addition, the dependence of V̇O2 MAX on µR 
had to be addressed.  

In study III (Paper III) the aim was to investigate skiing economy and gross efficiency 
during roller skiing from the perspectives of performance ability (elite vs. recreational) age 
(junior vs. senior) and gender. The hypothesis was that the senior elite athletes ought to 
have achieved the best economy and gross efficiency, due to the number of extra years of 
specific training compared to the juniors, and that the recreational skiers should have the 
least efficient technique.   

The purpose of study IV (Paper IV) was to investigate the µS of ratcheted wheel roller 
skis and compare the results to µS reported from skiing on snow, i.e. with grip-waxed cross-
country skis. Additionally, a different roller ski construction with a camber and adjustable 
grip function was evaluated. 

Finally, in study V (Paper V) the aim was to examine the influence of classical style 
roller skis different µS on cross-country skiers’ performance and both physiological and 
biomechanical indices. Besides measuring similar variables, as in study II, this study also 
investigated forces coming from the legs during the push-off phases when the roller ski is 
stationary on the surface.  
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2 METHODS 

2.1 Equipment 

All experiments, except in study IV, were carried out on a motorized treadmill (RL 3500, 3 
× 2.5 m, Rodby Innovation AB, Vänge, Sweden). The inclination and velocity were 
checked during the experiments using a digital spirit level and a tachometer. The subjects 
used their own ski poles with a special tip for the treadmill’s rubber surface (Jakobsen V, 
Oslo). The laboratory (8 × 5 × 4 m) was well ventilated and a cooling system held the 
temperature at fairly constant temperature (~19 ºC) during the experiments. 

2.1.1 Roller skis 

The experiments used classical and freestyle roller skis from the open market, equipped 
with a forward and a rear wheel and with conventional roller bearings in the hub (PRO-SKI 
classic C2 and C3, Ø67 mm, width 50 mm; PRO-SKI freestyle S1 and S2, Ø70 mm, width 
30 mm, Sterners, Dala-Järna, Sweden; Swenor classic Fibreglass, Ø68 mm, width 45mm, 
Sarpsborg, Norway; Marwe classic, Ø80 mm, width 39 mm, Hyvinkään Kumi Oy, 
Finland), see Fig. 1.  

 
Fig. 1 Representative classical and freestyle roller skis and wheels used in the studies 
(PRO-SKI C2 and S2).  

For the classical roller skis, one of the wheels had a ratchet to enable grip on the surface 
(PRO-SKI, ratcheted rear wheel; Swenor, ratcheted rear wheel; Marwe, ratcheted forward 
wheel). For the PRO-SKI C2 and S2 roller skis the material of the wheels were known; 
medium hard rubber wheels and thermoplastic polyurethane 80 degree shore A wheels, 
respectively. All roller skis had been used on the treadmill before the experiments, with 
different rolling ages that varied from ten hours up to several hundred hours.  

Furthermore, a new type of roller ski with a camber and adjustable grip function was 
used (Camber-Ski, Mid Sweden University, Östersund, Sweden), see Fig. 2. The 
functionality for this was applied to the forward wheel of the roller ski. When sufficient 
load to press down the camber was exerted, the forward wheel established contact with a 
ratcheted spool (RS, Ø 20 mm, stainless steel, cross knurling pattern size 1.6) situated above 
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the forward wheel. The degree of grip was therefore dependent on the stiffness of the roller 
ski’s camber, which was simply adjusted via a spring-loaded screw (SF-TFX 2691, 
Lesjöfors Stockholms Fjäder AB). The Camber-Skis were supplied with wheels of the same 
type as the non-ratcheted wheel of PRO-SKI C2.  

 
Fig. 2 The Camber-Ski, with the camber and adjustable grip function. 

The roller skis were equipped with ski bindings (Salomon equipe or Rottefella R3) 
mounted with the ski boot fix point (located in front of the toes) at the roller skis centre of 
mass (classical roller skis) or 50 mm in front of the centre of mass (freestyle roller skis). 
The lengths between the axes of the forward and rear wheel and the mass of the roller ski 
with the ski binding were: PRO-SKI C2 and C3, 722 mm, 1.1 kg; S1 and S2, 613 mm, 1.0 
kg; Swenor, 717 mm, 1.2 kg; Marwe, 703 mm, 1.2 kg; Camber-Ski, 722 mm, 1.4 kg.  

The PRO-SKI C2 was used in all five studies, the S2 in study I, II and III, the C3 and S1 
in study II, Swenor classic and Marwe classic in study IV and the Camber-Ski in studies IV 
and V.   

2.1.2 Rolling resistance measurement system 

The classical and freestyle roller skis’ rolling resistance was measured on the treadmill 
surface with the roller skis mounted in a fixture specially produced for these types of 
measurements (RRMS, Side System AB, Oviken, Sweden), see Fig. 3. Samples were taken 
with an S2 force transducer (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany) 
at a rate of 1 Hz. The temperature measurements carried out in study I, on the roller skis 
close to the rear wheel bolt, were done with a digital thermometer and sensor (GMH 3250, 
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thermocouple type K with a rate of 0.33 Hz) from Greisinger electronic GmbH, Regenstauf, 
Germany.  

 
Fig 3 Roller ski with load of lead plates and the RRMS equipment for rolling 
resistance measurements. 

In study V, a rolling resistance regulating function (0.1 kg) was applied to one of the 
wheels in order to standardize a µR of 0.03 between the tested roller skis, see Fig 4. Two 
roller bearings, whose pressure on the rubber wheel was regulated using a spring-loaded 
screw, regulated the rolling resistance of the individual roller ski.  

 
Fig. 4 The rolling resistance regulating function applied to one of the wheels. 
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There is a schematic sketch of the rolling resistance experimental setup in the free-body 
diagram in Fig. 5. 

 
Fig. 5  Free-body diagram of the experimental setup. Angle α is the inclination of the 
treadmill, S is the force registered in the load cell, m is the total mass of the roller ski 
and the load, g is the acceleration of gravity, N is normal force, F is rolling resistance 
and index r and f indicate the rear and forward positions of the forces.  

Roller ski equilibrium in the direction of the incline, and perpendicular to it, produces the 
equations  

αsinmgSFF fr −=+                                                                  
(1) 

and 

αcosmgNNN TOTALfr ==+                                                        
(2) 

With the coefficient of rolling resistance, µR, defined as the ratio of the total resisting force 
to the total normal force, the following relationship can be established 
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This relationship was used in all calculations of µR in the studies. 

2.1.3 Grip measurement system 

The classical style roller skis’ µS was measured with the roller skis mounted in a fixture 
with a function for applying different loads normal to the surface (F) and generating 
tangential traction on the roller ski (S´), see Fig. 6 and 7.  

The fixture was equipped with: 1) a bottom plate with an overlying rubber mat (unused) 
of the same type as used on the treadmill or; 2) a bottom plate with an asphalt surface, built 
and stored at room temperature for two months before the measurements were executed. 
Also, its surface was mechanically machined with a grinding tool to remove the smallest, 
most aggressive, parts of the surface.   
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The force F was measured with a C9B force transducer (Hottinger Baldwin Messtechnic 
GmbH, Darmstadt, Germany) and adjusted to the desired value using a screwed bar. The 
traction S´ was executed with a lever device with a lever ratio of 10 and sampled with a 
K25 force transducer (Lorenz Messtechnik GmbH, Alfdorf, Germany) at a rate of 100 Hz.  

To minimize the influence of resisting force from the vertical load (Fl), the bar was 
equipped with a stainless steel ball-bearing wheel which was able to roll on a flat 
aluminium sole mounted in the ski binding. The sole was vertically adjustable at the rear 
part, as well as the tangential traction point, to allow for level adjustments due to different 
loads and the constructions of the tested roller skis (h).  

  
Fig. 6 The fixture in which the grip measurements were executed. 

The tangential traction forces derived from the sum of the resisting forces (S) of the vertical 
stainless steel ball-bearing wheel and the forward and rear wheel of the roller skis were 
measured and finally subtracted from the results for µS, see equations (4-6). For the 
ratcheted wheel roller skis, measurements of S were executed by turning the ratcheted 
wheel to grip and roll, respectively, the opposite way, and for the Camber-Ski without any 
contact between the RS and the forward wheel.  
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There is a schematic sketch of the grip measurements’ experimental setup in the free-body 
diagram in Fig 7.  

 

Fig. 7 Free body diagram of the experimental setup. 

Horizontal equilibrium for the Camber-Ski, when measured without any contact between 
the RS and the forward wheel, shows that: 

  0=−−− lrf FFFS                                                                         
(4) 

In the situation when the RS comes into contact with the forward wheel, the force registered 
in the load cell gives the equation:

 
0´´ =−−− lrf FFFS                                                                         

5) 

With the static friction coefficient (µS) defined as the ratio of the resisting force to the 
normal force (N) on the wheel with the grip function (Nf or Nr), the following relationship 
was established: 
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S
−

=
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The individual normal forces of the forward (Nf) and rear (Nr) wheel were calculated as:
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2.1.4 Force measurement system 

In study V, the roller skis were supplemented with a force plate measurement system (1.2 
kg) located between the ski binding and the roller ski, see Fig. 8. The system measured 
forces in three directions, using strain gauges (N2K-13-S015T-350, N2K-MC-S085N-350, 
Rio Nedo Temecula, USA) at the two areas of contact points, in front of (FFORW) and 
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behind (FREAR) the ski binding, at a horizontal distance of 0.484 m; two wireless voltage 
nodes and some software recorded the forces (1.33 KHz, V-Link, Node Commander, 
MicroStrain, Williston, USA). Two of the coordinates were summarized and analyzed; the 
tangential and normal forces (FX = FX FORW+FX REAR, FZ = FZ FORW + FZ REAR, N, parallel and 
perpendicular to the surface, respectively) during the leg push-off phases.  

 

Fig. 8 The force plate measurement system used in the study. 

2.1.5 Ergo-spirometry system  

The metabolic measurements for V̇O2, respiratory quotient (RQ) and heart rate (HR) were 
taken using an ergo-spirometry system (AMIS 2001, Innovision A/S, Odense, Denmark) 
(Jensen et al. 2002) and a heart rate monitor (Polar Electro Oy, Kempele, Finland). During 
all measurements the gas analyzers were calibrated with concentrations that averaged 
normal expired fractions (O2: 16 % with permissible variation + 0.016, CO2: 4.5 % + 
0.0045, Air Liquid, Stockholm, Sweden) and the differential pressure sensor for flow 
measurements was calibrated with a 3L syringe (Hans Rudolph, USA) for flow rates of 1 to 
4 L . s-1. The system was also calibrated to the present circumstances in the laboratory 
(ATPS) and the results were standardized and calculated (STPD) according to existing 
methods (McArdle et al. 2001).  
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The validity and reliability of the ergo-spirometry system was checked using the “Golden 
standard” Douglas bag method, see Fig. 9.  

 

Fig. 9 Experimental setup of the Douglas Bag system and the metabolic carts used in 
the studies. 

The study showed a 1.7 % higher V̇O2 (0.05 L . min-1 + 0.06, r = 0.99, p = 0.000) and 0.2 % 
lower RQ (0.00 + 0.02, r = 0.97, p = 0.000) for the ergo-spirometry system used in the 
study. The coefficient of variation (CV) of the difference between the two systems showed 
a variation of 3.5 % and 3.3 % for V̇O2 and RQ, respectively, which is at the same level as 
that previously reported between the two systems (Jensen et al. 2002). Another validity and 
reliability study was executed during the time period of the studies, with similar results.  

The linearity of the ergo-spirometry system’s O2 and CO2 analyzers was checked at a 
range that covered almost all of the expired fractions in the studies, using two additional 
concentrations of O2 (14 % and 18 %) and CO2 (3.5 % and 5.5 %). The linearity check 
showed that the deviation for O2 was 0.02 and 0.02 percentage units (0.14 %, 0.11 %) 
respectively, and for CO2 it was -0.03 and 0.03 (-0.86 %, 0.54 %) respectively, meaning 
there was a maximum error for the results of V̇O2 due to the analyses of the two gases of 
less than ~1 % and ~0.2 %, respectively (Withers et al. 2000).  

2.2 Study designs  

Before the tests, the subjects were given instructions on standardized behavior to follow, 
such as avoiding unfamiliar strenuous exercise the week before the test and not exercising 
for 24 hours prior to the test. Food intake was to be normal, i.e. not to contain extremes of 
fats, carbohydrates and protein, and a meal was to be eaten two to three hours before the 
test was conducted. All the subjects had previous experience of roller skiing on the 
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treadmill before the physiological testing took place and were informed about the purpose, 
method and possible risks associated with participation in the upcoming study prior to 
being given the opportunity to provide written informed consent. Before testing, the 
subjects filled out a standard health form to declare their physical condition. The 
experiments on humans (studies II, III and V) were approved by the Regional Ethical 
Review Board in Umeå, Sweden.   

2.2.1 Pilot studies 

Initially, for the purpose of consistently and throughout the thesis using a method with high 
reliability for the collection of the physiological data, a study on two different blood 
sampling methods and exercise protocols was carried out.  

The reproducibility of blood lactate (B-Hla, mmol . L-1) was checked using 40 paired 
blood samples collected from 6 subjects from the vena cephalic and from 6 other subjects 
from capillaries in a fingertip during rest and immediately after 4 to 5 submaximal 
workloads and a maximal test. Before puncturing the skin of a fore- middle- or ring 
fingertip, the area was cleaned and disinfected with alcohol and dried with a cellulose swab.  

The results showed no significant (p>0.05) difference between the paired measurements 
for either the venous (3.6 + 3.0 mmol . L-1) or the capillary samples (3.4 + 2.9 mmol . L-1). 
However, reproducibility was better for the former (TEM; 0.06 mmol . L-1, 1.72 %) than for 
the latter (TEM; 0.15 mmol . L-1, 4.46 %). Thus, the error of a single measure of B-Hla 
should be + 0.06 mmol . L-1 two-thirds of the time for the venous blood sampling technique 
used in the papers in this thesis.  

Furthermore, V̇O2, HR and B-Hla responses were studied as a function of two different 
protocols, where 5 cross-country skiers at a high national level performed 5 submaximal 
workloads on the treadmill using the DS technique. The two protocols were identical as 
regards the speed and inclination of the treadmill. The disparity was that one of the 
protocols had a one-minute break between the workloads to facilitate the handling of a 
capillary blood sample (non-continuous protocol, NC), while the other protocol did not 
have any break between the workloads (continuous protocol, C). For both types of protocol, 
the HR and V̇O2 results of each workload were averaged from the last minute, while the 
venous B-Hla of C was sampled during the last 30 s and the capillary B-Hla of NC at the 
one-minute break. Also, venous B-Hla was sampled simultaneously to the capillary B-Hla 
during the break in the tests with NC for the purpose of studying the effect of the different 
protocols when using the same blood sampling technique (venous). The two protocols were 
tested on two separate days and three out of five subjects started by testing with NC.  

The results showed a significantly higher V̇O2 of 1.8 % for C (3.67 + 1.15 L . min-1) 
compared to NC (3.59 + 1.09 L . min-1), whereas there was no difference for HR (158.1 + 
29.5, 1 . min-1, 155.7 + 28.4, 1 . min-1, respectively), se Fig. 10.  
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Fig. 10 Heart rate (HR) and oxygen uptake (V̇O2) for the continuous (C) and non-
continuous (NC) protocols at five submaximal workloads.  

Furthermore, venous B-Hla was 6.8 % lower for C (2.67 + 2.24 mmol . L-1) compared to the 
capillary B-Hla for NC (2.86 + 2.10 mmol . L-1), while there was no difference in venous B-
Hla between the two different protocols, see Fig. 11.  

 
Fig. 11 Blood lactate concentrations (B-Hla) at five submaximal workloads, from 
capillary and venous blood samples. C and NC denote the continuous and non-
continuous protocol, respectively.  
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The reason for higher concentrations for variables, such as lactate, that are taken from 
capillary finger blood rather than from venous blood is well known, and is mainly due to 
filtration and diffusion of plasma between the capillaries and the interstitial fluid (Guyton 
& Hall 2001). Foxdal (Foxdal 1994) reported a slightly larger difference for B-Hla (~9 %) 
than that found in this study. A trend can be seen towards an increasing difference between 
the two protocols in B-Hla, HR and V̇O2 at higher workloads. This is probably due to a 
slightly larger accumulated fatigue and the V̇O2 slow component when performing C 
compared to NC (Jones et al. 2011).  

The results of the pilot studies on blood sampling methods and exercise protocols thus 
showed that venous sampling is preferable to capillary sampling for B-Hla. The lower 
reliability of the capillary sampling is probably due to local variations in metabolism and 
diffusion, which do not reflect the metabolism of larger working muscle groups. The 
advantages of using a continuous protocol are, besides the ability to use the venous blood 
sampling method, the avoidance of an unnecessary break between workloads. The 
metabolism will change rather abruptly if breaks are put in between workloads, due to large 
fluctuations in metabolic demands. This will entail a later entry to a stable metabolic state 
on the next coming workload. Thus, a continuous protocol and venous blood sampling 
method are in many ways preferable and therefore became the choice for the physiological 
experiments in this thesis.  

2.2.2  Assessment of physiological data   

The results for V̇O2, HR and RQ were calculated as mean values from the last minute (60 s) 
of the submaximal workloads, and from 30 s of the adjacent highest values of the maximal 
tests. Since the V̇O2, for some of the subjects in studies III and V, was not found to attain a 
clear plateau before the maximal test was ended, a decision was taken to use the definition 
peak instead of max for the oxygen uptake and heart rate (V̇O2 PEAK and HRPEAK) from the 
maximal tests in these studies.  

The incremental maximal tests were terminated when the subjects signalled it by taking 
out their mouthpiece. At this signal, the time to exhaustion (TTE) was noted.  

The results of the skiing economy (v̇O2), and the max and peak oxygen uptake per kg 
mass (v̇O2 MAX, v̇O2 PEAK) were calculated from the sum of the total mass of the equipment 
(roller skis, ski boots and ski poles) and the body mass (including the testing clothes: 
shorts, socks and a T-shirt).  

Venous blood samples for analyses of B-Hla were taken during the last 30 s of each 
submaximal workload and one minute after the incremental maximal test ended, using 2 ml 
syringes from a 200 cm (1.5 ml) extension set (ALARIS medical UK ltd, Hampshire, UK) 
connected to a catheter (BD Venflon TM Pro 1.3 × 32 mm, Becton Dickinson, Helsingborg, 
Sweden) in the cephalic vein or, in some cases, in the mediana cubiti vein. Between the 
samples, the system was flushed with isotonic saline to avoid coagulation, see Fig. 12. 
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Thus, each sampling started by discharging a volume greater than 3 ml before the actual 
sample was taken. The B-Hla concentrations were analysed in a laboratory device (Biosen 
5140, EKF-Diagnostic, Magdeburg, Germany) within 10 minutes of the test’s completion.  

 
Fig. 12 Venous blood sampling during DS roller skiing. 

Ratings of perceived exertion (RPE 6-20) (Borg 1998) were carried out for breathing, arms, 
and legs during the last minute of each submaximal workload and directly after exhaustion.  

In studies II and V, the subjects were filmed with a 2-D video camera during the last 
minute of the submaximal workloads for analyses of cycle rates (CR), i.e. the number of 
cycles performed per minute. The length (distance) per cycle (CL) was also analysed by 
dividing the speed (m . min-1) by CR.  

2.2.3 Study I 

To study whether a change in µR occurs during usage, measurements were taken during one 
hour of continuous rolling with 12 different roller skis (PRO-SKI, C2 n = 8, S2 n = 4). A 
mass of 40.6 kg of lead was put on top of the roller skis in order to simulate the average 
weight of a person warming up the roller skis, changing between different techniques 
(double poling, diagonal stride etc.). The mean of µR was calculated for 60 seconds every 
tenth minute, starting with minute one and then normalized, i.e. all the values for each ski 
were divided by the value for the first minute of the test.  

In addition, to see whether the change in µR could be explained by a possible change in 
the temperature (T, ºC) of the roller ski’s bearings, simultaneous measurements of µR and T 
were carried out with 6 C2 roller skis with three different masses (20.6, 41.5 and 61.5 kg) 
put on top of the roller skis. The sensor from the thermometer was attached to the surface of 
the roller ski’s rear, close to the wheel bolt.  
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The coefficient of rolling resistance was also studied with 6 C2 and 6 S2 roller skis as a 
function of different normal forces on the roller ski, as well as the velocities and 
inclinations of the treadmill. Before starting to take measurements, the individual roller ski 
was warmed up for 40 minutes due to the results of the warm-up study.  

The reproducibility of the rolling resistance measurement system was tested with a mass 
of 61.5 kg, using a wide range of treadmill inclinations and velocities. Before starting to 
take measurements, the individual roller ski was warmed up for 40 minutes due to the 
results of the warm-up study. Two separate measurements were taken of the same load and 
between the measurements the treadmill was stopped and the mass and the roller ski were 
taken off the RRMS equipment. The roller ski and mass were then re-established and a 
measurement was reproduced using the same load. For each type of roller ski, C2 and S2, 
this paired procedure was repeated twelve times using different inclinations and velocities 
of the treadmill.  

2.2.4 Study II 

A total of twenty elite athletes who competed in cross country skiing, biathlon and ski-
orienteering at a national level volunteered to take part in physiological tests by roller 
skiing using the G3 or DS techniques. Characteristics of the participants are presented in 
Table 1.  

Table 1 Characteristics of the participants; G3, n = 10 (five women and five men); DS, n = 10 
(four women and six men).  

 Age Body mass Body Height v̇O2  MAX Pole length/Body Height 
 [yr] [kg] [cm] [mL . kg . min-1] [%] 

G3  25.9 + 5.9 66.99 + 6.6 174.9 + 7.6 60.3 + 6.2 90.2 + 1.0 
DS 26.0 + 5.1 72.8 + 11.5 176.5 + 11.7 63.1 + 5.4 84.6 + 0.7 

The subjects performed the same type of test on three different test occasions, and there 
was an average time of 6.4 days (4-12) between each occasion. Two of the test occasions 
(T1 and T2) were carried out on the same pair of roller skis and on the third occasion (T3) a 
pair of roller skis with different µR was used. The order of the roller skis used was 
randomized, and the test subjects had no knowledge of the actual µR of the roller skis.  

On each test occasion the subjects performed two submaximal workloads of 10 minutes 
each, followed by an incremental maximal test to exhaustion.  

In association with the tests using the G3 technique (which took place before the part of 
the study using the DS technique) the S2 roller skis were warmed up by a non-test person 
roller skiing on the treadmill for 30 minutes. Before the tests using the DS technique the C2 
roller skis were warmed up in a low-temperature oven for at least half an hour to a running 
temperature corresponding to a certain normal force on the roller skis, T = 24.43 + 0.0234 . 
NTOTAL. 
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A study to determine µR as a function of different normal forces, used for calculations of 
external power, was completed using masses at 5 kg intervals within the range of 22.7-62.7 
kg, corresponding to NTOTAL 222.7-615.1 N. The study established the following rela-
tionship and correlations for the freestyle roller skis: T1 and T2 µR = 0.030438 - 23 . 10-6 . 
NTOTAL  (r = -0.970, p = 0.000), T3 µR = 0.015830 - 12 . 10-6 . NTOTAL (r =  -0.990, p = 
0.000), and for the classical roller skis: T1 and T2 µR = 0.034790  - 26 . 10-6 . NTOTAL (r =    
-0.987, p = 0.000), T3 µR = 0.0352635 - 16 . 10-6 . NTOTAL (r = -0.996, p = 0.000). 

The external power (PW EXT) from the submaximal workloads (PW) was calculated in 
units of watts using the power from elevating the transported mass against gravity (P) and 
the power from overcoming the rolling resistance coefficient (PµR) in the following 
equation:  

)cos(sin][ αµαµ ⋅+⋅=+= RREXTW vmgPPWP                                  
 (9) 

where α is the inclination and v is the velocity of the treadmill, expressed in m . s-1. 
Maximal external power output (PW MAX) performed during the incremental maximal tests 
was calculated using a method used in bicycle research (Padilla et al. 2000) (in Padilla et 
al. Wmax = Wf + [(t/240) . 35]) with the following equation: 

)60/(][max tPPWP RWW ⋅+=                                                       (10) 

where PR is the relative power output difference between the last two PW, t is the time (s) 
the last PW was maintained and 60 s is the duration of each PW .  

2.2.5 Study III   

A total of 88 subjects with various backgrounds in cross-country skiing and biathlon 
volunteered to take part in the physiological tests using the G3 (n = 36) or the DS (n = 52) 
techniques. In each technique the subjects were arranged in five different groups according 
to their performance ability, age and gender: male recreational skiers (MREC), male and 
female elite juniors (MJUN and FJUN respectively) and male and female elite seniors (MSEN 
and FSEN respectively). The selected characteristics of the participants in each group are 
presented in Table 2.   
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Table 2 Selected characteristics of the participants in the different groups who tested free 
technique gear 3 (G3) and classic technique diagonal stride (DS) on roller skis on a treadmill. 
The v̇O2 PEAK was calculated from the total mass of the equipment (roller skis, ski boots and 
ski poles) and body mass. 

 MREC MSEN MJUN FSEN FJUN 

G3  n =  8 7 7 7 7 

Age [yr] 36.1  + 10.7 25.9  + 2.5¤ 18.6  + 1.3¤¤¤ 25.1  + 6.2¤ 18.0  + 1.5¤¤¤ 

Body height [cm] 180.6  + 8.0 178.1  + 4.2 179.1  + 8.5 165.0  + 4.4¤¤¤##$$ 170.6  + 4.8¤ 

Body mass [kg] 79.1  + 11.9 76.1  + 6.4 72.0  + 8.6 62.3  + 4.5¤¤## 62.1  + 4.7¤¤## 

Total mass [kg] 82.4  + 11.9 79.3  + 6.4 75.2  + 8.7 65.3  + 4.5¤¤# 65.2  + 4.8¤¤# 

HRPEAK [1 . min-1] 184.5  + 13.8 195.6  + 5.0 195.5  + 15.4 189.4  + 4.7 194.8  + 6.2 

v̇O2 PEAK [mL . kg-1 . min-1] 

 

 

 

50.8  + 4.6 66.3  + 3.3¤¤¤ 64.4  + 1.8¤¤¤ 57.0  + 8.5## 52.6  + 1.9###$$$ 

V̇O2 OBLA [%V̇O2 PEAK] 75.6 + 8.7 79.8 + 5.0 79.1 + 4.1 82.1 + 3.4 79.2 + 5.0 

DS  n =  13 10 9 10 10 

Age [yr] 36.8  + 10.4 22.0  + 2.3¤¤¤ 17.6  + 1.3¤¤¤ 21.9  + 1.9¤¤¤ 17.9  + 1.0¤¤¤ 

Body height [cm] 183.7  + 5.1 179.4  + 4.6 183.8  + 7.8 169.0  + 5.4¤¤¤##$$$ 167.0  + 3.5¤¤¤###$$$ 

Body mass [kg] 82.3  + 9.0 76.4  + 6.6 73.6  + 8.9 62.0  + 4.5¤¤¤##$ 62.9  + 6.5¤¤¤##$ 

Total mass [kg] 85.8  + 9.1 79.8  + 6.6 77.0  + 9.0 65.1  + 4.6¤¤¤###$ 66.1  + 6.5¤¤¤##$ 

HRPEAK [1 . min-1] 179.6  + 8.1 192.8  + 8.4¤¤¤ 197.5  + 8.1¤¤¤ 195.6  + 3.4¤¤¤ 199.0  + 8.0¤¤¤ 

v̇O2 PEAK [mL . kg-1 . min-1] 

 

 

 

53.3  + 4.0 68.5  + 2.2¤¤¤ 64.2  + 4.2¤¤¤ 59.7  + 1.5¤¤### 52.9  + 4.9###$$$** 

V̇O2 OBLA [%V̇O2 PEAK] 82.2 + 4.5 84.6 + 4.2 83.8 + 2.5 85.3 + 4.2 86.3 + 4.1 

¤ vs. MREC, # vs. MSEN, $ vs. MJUN, ** vs. FSEN. ¤, #, $ p<0.05, ¤¤, ##, $$,** p<0.01, ¤¤¤, ###, $$$ p<0.001.  

The test protocol began with the subjects performing an incremental submaximal test with 
four to six workloads of four min each, followed by an incremental maximal test to 
determine V̇O2 MAX (V̇O2 PEAK). The number of submaximal workloads performed was 
limited by the subject’s skill and maximal aerobic capacity, and the final workload was 
settled when RQ exceeded 1.0.  

 In order to minimize the contribution of anaerobic energy, only submaximal workloads 
with a B-Hla concentration of less than 4 mmol . L-1 (OBLA) at group level were included 
in the analyses. Accordingly, two different workloads from each technique were analysed; 
G31 and G32; DS1 and DS2,. G31 and DS1 contained all five groups while G32 and DS2 
included the three groups MSEN, FSEN and MJUN, since the MREC and FJUN groups did not 
perform this workload; this was also the case for one subject in the FSEN group in the part of 
the study that tested G3 roller skiing.  

The point where the subjects’ OBLA occurred at a percentage of V̇O2 PEAK (V̇O2 OBLA 
%V̇O2 PEAK) was decided using an exponential interpolating function (Microsoft Excel 
2007) where the B-Hla response curve at the different workloads was plotted vs. % of    
V̇O2 PEAK (4 mmol . L-1 = C . eax), where C and a are constants and x is the relative % of  
V̇O2 PEAK.   
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The PW EXT was calculated as described in study II. The following relationships and 
correlations were established for μR for the free and classic technique roller skis, used in the 
part of the study that tested G3 and DS respectively: G3; μR = 0.030438 - 23 . 10-6 . NTOTAL 
(r = -0.970, p = 0.000), DS; μR = 0.026558 - 12 . 10-6 . NTOTAL (r = -0.932, p = 0.000).  

To prepare for calculations of gross efficiency, gross energy expenditure (EGROSS) was 
established, using thermal equivalents of V̇O2, with the following equation for RQ values 
between 0.707-1.00 (McArdle et al. 2001):  

]min[)8149.3232.1(]min[ 1
2

.
1 −− ⋅⋅+⋅=⋅ LOVRQKE CALGROSS

              (11) 

where the EGROSS  is the sum of the resting metabolic rate (ERMR) and the requirement of the 
exercise (ENET) above ERMR. The equivalent of 5.047 for carbohydrate was used for RQ 
values above 1.00. The EGROSS was converted into internal power (PW INT) by dividing the 
EGROSS by 0.01433 (McArdle et al. 2001). Finally, the results of gross efficiency were 
estimated using the following equation: 

100[%] ⋅=
WINT

EXTW

P
P

ciencyGross effi                                                 (12) 

In order to investigate whether the roller skis’ µR were similar or changed during the period 
the experiments took place, µR was checked on each day of testing, i.e. on 21 and 32 
different occasions for the G3 and DS roller skis respectively. Linear regression showed 
that µR did not change significantly during the period the experiments took place: G3; μR = 
0.020 + 99 . 10-6 . day  (p = 0.092), DS; μR = 0.025 - 12 . 10-6 . day (p = 0.247). 

2.2.6 Study IV   

The study used six ratcheted wheel designed roller skis, distributed as one pair from each of 
three different manufacturers (PRO-SKI C2, Swenor Fibreglass and Marwe Classic). The 
study also used six roller skis with the adjustable grip function (Camber-skis).  

The roller skis’ µS was studied as a function of different normal forces acting on the 
wheel with the grip functionality. Forces corresponding to masses within the range of 50 to 
150 kg, at 10 kg intervals, were applied on top of the fixtures’ aluminium sole on the roller 
ski, 100 mm behind the ski boot fix point. Together with the mass of the tested roller ski 
and the sole this corresponded to the total normal forces of: PRO-SKI, 505.2 to 1486.2 N; 
Swenor and Marwe, 506.2 to 1487.2 N and Camber-Ski, 508.2 to 1489.2 N.  

The ratcheted wheel roller skis’ µS was studied on three different surfaces; 1) rubber 
mat; 2) dry asphalt; 3) and on wet asphalt, the latter with tap water forming a layer of ~1 to 
2 mm thickness, covering the surface. 

The Camber-Skis’ µS was studied on the rubber mat with; 1) the camber adjusted so that 
the RS and the forward wheel merely established contact for the initial measuring load, after 
which the camber was not adjusted, and; 2) with adjustments of the camber in order to 
determine the spring length for different masses applied on the roller ski, in order to 
maintain a constant µS of 0.2. 
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The results for the tangential force (S´) were based upon a mean of the three adjacent 
highest values registered. The time from applying the traction to when the peak value 
occurred was ~0.2 s, which is approximately what has been reported from skiing on snow 
and from treadmill roller skiing (Stoggl et al. 2011; Vahasoyrinki et al. 2008). 

Finally, the reproducibility of the µS measurements was tested on the rubber mat using 
one roller ski of each construction (PRO-SKI and Camber-Ski) and the same F as above 
(n=11). Two separate measurements were taken for the same load and, between the paired 
measurements, the roller ski was taken off the fixture, re-established and a measurement 
was reproduced using the same F. 

2.2.7 Study V   

A total of nine cross-country skiers participated in the physiological tests (Table 3).  

Table 3 Selected characteristics of the participants.  The total mass was based upon the mass 
of the skier, ski poles, ski boots and the Camber-Ski roller skis. 

Age 
[yr] 

Body height 
[cm] 

Body mass 
[kg] 

Total mass 
[kg] 

Pole length/body height  
[%] 

20.9  + 2.4 173.3  + 11.1 70.4  + 11.1 74.5 + 11.2 84.9  + 2.5 

     
The skiers performed the same type of test on 4 different days with 2-4 days between each 
test occasion. The roller skis used on the different test occasions were: PRO-SKI C2 roller 
skis with the ratcheted wheel 1) in the, standard, rear position (RWREAR) and 2) in the, 
alternative, forward position (RWFORW); the Camber-Ski was used with 3) unstrained 
camber (CamUNSTR), with a similar µS as the ratcheted wheel roller skis (1-3: µS = 0.78 + 
0.09), and 4) with adjustment of the camber in order to establish a µS of 0.2 according to the 
subject’s body mass (Cam0.2µs). The order of the 4 different tests was fully randomized 
within and between the subjects. Before each test occasion, the roller skis’ µR was 
measured, using a mass similar to the subject’s body mass, and adjusted to a value of 0.03. 

On each of these four test occasions, the subjects performed a submaximal test with two 
different workloads of ten minutes each. In the first workload (72.5 + 7.5 %V̇O2 PEAK) DS 
was used and in the second workload (73.1 + 6.6 %V̇O2 PEAK) DPKICK was used. After the 
submaximal test an incremental maximal test using DS was executed. 

Also, five of the study subjects (3 women and 2 men) who performed the physiological 
tests volunteered to take part in one more experiment for the purpose of studying the forces 
applied to the roller skis during skiing at the submaximal workloads. On this test occasion 
the RWREAR and the Camber-Ski0.2µs were used, i.e. as for tests 1) and 4) above. Both types 
of roller skis were supplemented with the force plate measurement system.  The force 
measurements were unilateral (for the right leg), during one minute for each of the two 
submaximal workloads, DS and DPKICK, respectively, and the order of the two roller skis 
used was cross-over alternated between the subjects.  
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The mean tangential and normal forces (FX MEAN and FZ MEAN, N), the tangential and normal 
force impulses (FtX and FtZ, Ns) and the centre of pressure’s motion in the tangential 
direction (CPZ, m) were calculated from the time (t, s) at which the roller ski became 
stationary on the treadmill rubber mat, i.e. as FX was changing from negative to positive 
values (FX 0), and up to where the peak tangential force occurred (FX PEAK). The results for 
the mean and range of motion of the CPZ (CPZ MEAN and CPZ ROM, respectively) were put 
together as the distance in relation to the ski boot fix point. Furthermore, the time between 
the peak normal force (FZ PEAK) and the FX PEAK was also analysed. Finally, the µS was 
calculated as the ratio between FX PEAK and the FZ registered at FX PEAK (FZ FX PEAK). All 
results were based upon a mean of five representative motions for each skier. 

2.3 Statistical analyses 

The statistical analyses were carried out using SPSS for Windows statistical software 
Release 12.0.1 (pilot study and study Ι), 16.0 (Douglas Bag vs. Ergo-spirometry study, 
studies ΙΙ and III) and 18.0 (studies IV and V) (SPSS Inc., Chicago, Illinois).  

In the pilot study, the differences between the two blood sampling methods and between 
the two protocols were calculated using the paired Student t test. The difference between 
the ergo-spirometry system and the “Golden standard” Douglas Bag method was evaluated 
using the coefficient of variation (CV). The Pearson correlation coefficient r was used to 
measure the linear relationship between the Douglas Bag method and the ergo-spirometry 
system.  

In study Ι, the changes in µR in the warm-up study were calculated using the paired 
Student t test. The Pearson correlation coefficient r was used to measure the linear 
dependence for µR as function of mass, incline and velocity of the treadmill.  

In studies II, IV and V, one-way repeated measures ANOVA with Bonferroni post hoc 
tests were used for comparisons of the physiological results between the different test 
occasions and for comparison of the ratcheted wheel roller skis’ µS between the different 
surface conditions. The Pearson correlation coefficient r was used to investigate the linear 
relationship between variables. Also, the paired Student t test was used in study V for the 
pair wise analyses of the forces applied on the two tested roller skis and in study IV in the 
reproducibility study. 

In study III, the one-way ANOVA with Bonferroni post hoc tests was used for 
comparisons of economy, gross efficiency and the selected characteristics between the 
different groups. The Pearson correlation coefficient r was used to measure the linear 
dependence of µR as a function of different normal forces, and to investigate correlations 
between the selected characteristics and the results of the skiing economy and gross 
efficiency. Linear regression analysis was used to evaluate any changes in the roller skis’ 
µR during the period when the experiments took place.  

The methodological errors in the pilot study, studies I and IV, were calculated as an 
absolute error using Technical Error of Measurement (TEM) (Norton et al. 2000), where di 
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is the difference between the first and second measurement (M1 and M2) and n is the 
number of paired measurements 

n
di

TEM
2

2∑=                                                                                13)  

and a relative error as %TEM.  

100
)21(

2% ⋅
+

⋅
=

MM
TEMTEM                                                                    (14) 

The level of significance was set at p < 0.05 in all studies. The results in figures, tables and 
in the text are presented as mean values + standard deviations (SD).  
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3 RESULTS AND DISCUSSION 

3.1 Study I. Roller skis’ rolling resistance coefficients   

3.1.1 Warm-up study 

The results of the warm-up study showed a significant decrease in µR during the first 30 
minutes of rolling, and for the following 30 minutes there was no significant change, see 
Fig. 13. The results also indicate differences in behaviour between the studied classical and 
freestyle roller skis. The rolling resistance coefficient of the freestyle roller skis decreased 
faster and to a lower value when compared to classical roller skis. As an average value, the 
µR of the freestyle roller skis decreased to about 60-65 %, while µR of the classical roller 
skis decreased to 70-75 % of their initial value. This difference might be due to the different 
design of the tyres, as described in section 2.1.1; the classical roller skis had rather wide 
rubber tyres while freestyle roller skis had thinner, thermoplastic polyurethane tyres. 

 
Fig. 13  Normalized coefficient of rolling resistance (µR) during warm-up.  

For three different loads, the relation between stabilized T and total normal force (NTOTAL) 
under laboratory conditions was significant and very close to a straight line, with the 
equation T = 24.43 + 0.0234 . NTOTAL. The comparison between T and µR changes showed 
that µR decreased as long as T increased and that a stabilized value of µR corresponded to a 
stabilized T (213 N, r = -0.985; 418 N, r = -0.983;  614 N, r = -0.957), see Fig. 14.  
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Fig. 14 Normalized temperature (T) and coefficient of rolling resistance (µR) during 
warm-up with different normal forces. Data from classical roller skis. 

The study clearly showed that a proper warm-up period for roller skis must precede testing 
with roller skis on a treadmill, otherwise the results of different physiological tests cannot 
be compared correctly. The study raised the idea that warming up the roller skis on the 
treadmill could be replaced by controlled warming in a low-temperature oven. Based on the 
weight of the skier, the roller skis could be heated to the appropriate temperature and be 
ready to use at once. 

3.1.2 The influence on µR of normal force, velocity and inclination  

The study of the influence on µR of normal force produced a significant correlation between 
µR and normal force for both the classical (r = -0.978) and freestyle roller skis (r = -0.967). 
Within the studied range of normal forces, µR decreased almost 35-45 % for the classical 
and the freestyle roller skis, see Fig. 15. With µR expressed as a linear function of NTOTAL 
the following relationship was found for classical and freestyle roller skis within the range 
of NTOTAL = 213 – 604 N: 

Classical roller skis: TOTALR N⋅⋅−= −61027038626.0µ  

Freestyle roller skis: TOTALR N⋅⋅−= −61028033572.0µ  
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Fig. 15 Coefficient of rolling resistance (µR) as a function of different normal forces 
on the roller skis. 

Different velocities of the treadmill only resulted in non-significant changes to µR. Raising 
the velocity from 8 to 28 km . h-1 resulted in a decrease of µR of less than 3 % for the 
classical (r = - 0.577) and about 8 % for the freestyle roller skis (r = - 0.611), see Fig. 16.  

 
Fig. 16 Coefficient of rolling resistance (µR) as a function of different velocities of the 
treadmill.  

A study with a raised incline α from 0º - 9º produced a significant increase of µR of about 8 
% for classical (r = 0.889) and a non-significant increase of 2 % (r =0.447) for the freestyle 
roller skis, see Fig. 17.   

In contrast to earlier studies (Hoffman et al. 1990a; Hoffman et al. 1994; Hoffman et al. 
1995; Millet et al. 1998), this study showed a clear negative correlation between normal 
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force and µR. This phenomenon, along with the small positive correlation between 
inclination and µR (higher inclination means lower total normal force), is probably 
explained by a raised T in the roller bearings because of higher normal forces. Raised T in 
the bearings results in lower viscosity in the grease (Hamrock et al. 2004), which results in 
lower rolling resistance. Increased velocity is also followed by increased heating in the 
roller bearing, resulting in lower µR. Greater changes in µR probably require higher 
velocities.  

 

Fig. 17 Coefficient of rolling resistance (µR) as a function of different inclinations of 
the treadmill. 

The error bars (+ SD) in Fig. 15, 16 and 17, gave a reflection of the variation in µR among 
the tested roller skis of the same model from the same manufacturer. The difference 
between the individual roller skis was of a magnitude up to 0.0007 and 0.0010 µR (28 % 
and 34 %) for the freestyle and classical roller skis, respectively. The differences follow the 
different rolling ages of the roller skis (rolling ages not shown here). This is normal 
behaviour for roller bearings. They have a breaking in period when they are new, and 
during that period the rolling resistance slowly sinks as they become more and more used 
(SKF 2006).  

The results of the reproducibility study showed no significant difference between the 
paired measurements with either the classical or the freestyle roller ski and the TEM was 
relatively small, especially for the classical roller ski (TEM, 0.00037 µR, 2.27 %). The 
higher TEM for the freestyle roller ski (TEM, 0.00058 µR, 4.84 %) might be due to a 
different tyre design, as discussed above. Another possible explanation might be the 
difference between the protocols used, where the freestyle roller ski protocol used higher 
velocities than the classical roller ski protocol. Greater vibrations in the treadmill and 
therefore in the RRMS fixture were observed at higher velocities.   
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3.2 Study II. Physiological responses to different rolling resistance 
coefficients 

3.2.1 Rolling resistance coefficients 

Measurements to check the roller skis’ µR showed that the two test occasions, T1 and T2, in 
the freestyle and classical part of the study, carried out on the same pair of freestyle and 
classical roller skis respectively, were accomplished with non-significant differences in µR; 
Freestyle roller skis: T1 µR = 0.01772, T2 µR = 0.01707, Classical roller skis: T1 µR = 
0.01969, T2 µR = 0.01974, see Fig. 18.  

The test occasions carried out on a different pair of roller skis, T3, were accomplished 
with significantly different µR, which was 47 % lower for the freestyle roller skis used in 
the freestyle part of the study, T3 µR = 0.00941 and 50 % higher for the classical roller skis 
used in the classical part of the study, T3 µR = 0.02949, see Fig. 18. 

 
Fig. 18 Rolling resistance coefficients (µR) for the freestyle and classical roller skis, 
used in the freestyle gear 3 (G3) and in the classical diagonal stride (DS) part of the 
study, respectively, and the time to exhaustion (TTE) from the incremental maximal 
tests, on the three test occasions (T1, T2, T3).  *** p < 0.001. 

These results for µR gave a good opportunity to study the reproducibility and significance 
of the athletes’ performance between different test occasions with non-significant variation 
in µR, putting this in relation to the results from the test occasion that was carried out with a 
significantly different µR. 

3.2.2  The influence of μR on steady state exercises 

A comparison between the two test occasions carried out on the same pair of roller skis 
with no significant difference in µR, T1 vs. T2, resulted in non-significant differences for 
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PW, V̇O2, HR and B-Hla, see Fig. 19 to 22, and for CL, RPE breathing, arms and legs 
(results not shown here). Only CR, in the first submaximal workload in the freestyle part of 
the study, showed a significantly changed result, see Fig. 23.  

The use of different pairs of roller skis with 47 % lower and 50 % higher µR, on the 
third, T3, G3 and DS test occasions respectively, resulted mostly in significantly changed 
PW, V̇O2, HR and B-Hla at the submaximal workloads.  

 
Fig. 19 Power (PW) from two submaximal workloads (sub 1, sub 2) and from an 
incremental maximal test (max) on three test occasions (T1,T2,T3) using freestyle 
gear 3 (G3) and classical diagonal stride (DS) techniques on roller skis. *** p < 0.001. 

PW decreased by an average of 12.2 % in both submaximal workloads in the freestyle part 
of the study and increased by 12.6 % and 8.0 % in the first and second submaximal 
workloads respectively, in the classical part of the study, see Fig. 19.  

V̇O2 decreased by 7.4-9.4 % in the freestyle part of the study and increased by 5.4-6.8 % 
in the classical part of the study, see Fig. 20. This result clearly shows that control of the 
roller skis’ µR must be carried out in association with tests of skiing economy, for example, 
otherwise results cannot be accurately compared.  
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Fig. 20 Oxygen uptake (V̇O2) from two submaximal workloads (sub 1, sub 2) and 
from an incremental maximal test (max) on three test occasions (T1, T2, T3) using 
freestyle gear 3 (G3) and classical diagonal stride (DS) techniques on roller skis.        
* p < 0.05, ** p < 0.01, *** p < 0.001. 

HR was significantly changed in the second submaximal workloads, except for T2 vs. T3 in 
the classical part of the study, while there were no differences in the first submaximal 
workloads, except for T2 vs. T3 in the freestyle part of the study, which was significantly 
changed, see Fig 21.  

 
Fig. 21 Heart rates (HR) from two submaximal workloads (sub 1, sub 2) and from an 
incremental maximal test (max) on three test occasions (T1, T2, T3) using freestyle 
gear 3 (G3) and classical diagonal stride (DS) techniques on roller skis. * p < 0.05,   
** p < 0.01. 
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HR decreased by 5.9-8.3 % in the freestyle part of the study and increased by 3.2-6.4 % in 
the classical part of the study. Åstrand and Rodahl (Åstrand & Rodahl 1986) mention that 
emotional factors can affect heart rate during light and moderate intensity exercise, and 
during repeated maximal exercise the heart rate is, however, remarkably similar under a 
range of conditions. Also, a variation in heart rate at a given oxygen uptake at rest and 
during submaximal exercise often produces a change in stroke volume so that cardiac 
output is maintained at an appropriate level. 

B-Hla concentrations were significantly changed in the second submaximal workloads, 
while differences in the first submaximal workloads were mostly non-significant, see Fig. 
22.  B-Hla decreased by 20.3-38.8 % in the freestyle part of the study and increased by 
14.6-46.6 % in the classical part of the study. 

 
Fig. 22 Blood lactate (B-Hla) concentrations from two submaximal workloads (sub 1, 
sub2) and after an incremental maximal test (max) on three test occasions (T1, T2, 
T3) using freestyle gear 3 (G3) and classical diagonal stride (DS) techniques on roller 
skis. * p < 0.05, ** p < 0.01. 

This partially unequal result for B-Hla between the freestyle and classical part of the study, 
and between the two submaximal workloads, can be explained by differences in %V̇O2 MAX 
and how lactate responds to increased workload. The classical part of the study had an 
easier first workload than the freestyle part of the study (~51 %V̇O2MAX and ~59 %V̇O2MAX, 
respectively). Consequently, the B-Hla concentration was lower in the first submaximal 
workload in the classical than in the freestyle part of the study. The B-Hla response curve 
does not have a linear increase, in contrast to HR and V̇O2, with a linear increase in exercise 
(Bourdon 2000). For elite athletes performing incremental light to moderate exercise there 
may be a baseline where lactate does not increase significantly with an increase in 
workload. During harder exercise, the ratio of increased lactate to increased workload 
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changes quickly due to oxygen deficiency. B-Hla is thus more sensitive to a change in µR 

during harder exercise, as can be seen in Fig 22. At an intensity of ~75 % of V̇O2 MAX, on 
the second submaximal workloads, this study showed that B-Hla changed ~40 % to a ~50 
% decrease or increase in µR.  

In most cases, RPE resulted in non-significant differences between the three test 
occasions (results on RPE not presented here). Only RPE for breathing and arms (only T2 
vs. T3), in the second submaximal workload in the classical part of the study, showed a 
significant change between test occasions with significantly different µR. RPE for breathing 
decreased by 3.8-8.7 % in the freestyle part of the study and increased by 0.0-8.4 % in the 
classical part of the study. RPE for arms decreased by 4.8-8.3 % in the freestyle part of the 
study and increased by 2.3-7.1 % in the classical part of the study. RPE for legs decreased 
by 1.0-4.8 % in the freestyle part of the study and increased by 0.7-5.1 % in the classical 
part of the study.  

The earlier interpretation that lactate is the actual cause of muscle fatigue has become 
controversial (Allen et al. 2008; Place et al. 2010). However, it is well known that high 
intensity exercise (high energy requirements) is partially generated by anaerobic 
metabolism, which leads to lactate accumulation with a relation to muscle fatigue 
(McArdle et al. 2001). In this study the significant change of 35-46 % for B-Hla in the 
second submaximal workloads, due to an increased anaerobic metabolism, was in most 
cases not large enough for the participants to rate (RPE) a significantly changed muscle 
fatigue.  

In most cases CR and CL were non-significantly different between the test occasions. 
However, a difference was found for CR in the first submaximal workload in the freestyle 
part of the study, between the two test occasions with no difference in µR, see Fig. 23.  

 
Fig. 23 Cycle rates (CR) from two submaximal workloads (sub 1, sub 2) on three test 
occasions (T1, T2, T3) using freestyle gear 3 (G3) and classical diagonal stride (DS) 
techniques on roller skis. * p < 0.05. 
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Between the test occasions with different µR, only T1 vs T3 in the second submaximal 
workload in the freestyle part of the study resulted in significant changes for CR and CL. In 
the first submaximal workload, in the freestyle part of the study, CR on average both 
decreased by 4.7 % and increased by 1.3 % and CL both decreased by 0.8 % and increased 
by 5.4 %. In the classical part of the study CR increased on average by 0.3-3.0 % and CL 
decreased by 0.3-2.8 %. 

There are three possibilities for adaptation to a change in µR (or a change in velocity 
and/or inclination of the treadmill); to change CR or CL independently or CR and CL 
together. The results of this study showed that the latter alternative was chosen by the 
athletes, and of course a change in µR is of lesser importance when distributed over two 
variables rather than a single variable. A comparison between the first and second 
submaximal workload for CR vs. V̇O2 and PW shows that an increase in V̇O2 of ~32 % and 
~40 % and in PW by ~42 % and ~75 %, for the freestyle and classical part of the study 
respectively, only increases CR by ~8 %. Thus the significant change in PW of 8-12 % 
within the same workload, due to the significant change in µR, obviously had little influence 
on CR.  

3.2.3 The influence of μR on incremental maximal tests 

Between the incremental maximal tests that tested freestyle G3 and classical DS technique 
roller skiing with no differences in µR, T1 vs. T2, there were no differences in TTE, PW MAX, 
V̇O2 MAX, HR MAX, and B-Hla, see Fig. 18-22, and for RPE breathing, RPE arms and RPE 
legs. 

The use of different pairs of roller skis with 47 % lower and 50 % higher µR, on the 
third G3 and DS test occasions, T3, respectively, resulted in a significantly changed TTE 
on the incremental maximal tests, see Fig. 18. TTE increased by 20.4-24.0 % and decreased 
by 12.2-13.5 % in the freestyle and classical part of the study, respectively. This result 
clearly shows that TTE is greatly influenced by changes in µR and that whenever this 
variable is evaluated it is important to control the roller skis’ µR. 

This change in TTE occurred without changes in PW MAX, V̇O2 MAX, HR MAX and B-Hla, 
see Fig. 19-22, and RPE except for the arms (T2 vs. T3) in the classical part of the study. 
Thus, PW MAX, when changing µR and the power for overcoming the rolling resistance 
(PµR), is almost fully compensated by a change in power from elevating the transported 
mass against gravity (P). It is perhaps not surprising that µR had very little influence on  
V̇O2 MAX since a non-significant change in V̇O2 MAX with protocols of different durations and 
designs has been reported in other situations (Roffey et al. 2007; Zhang et al. 1991). 

It is difficult to compare the results of the present study with similar studies since the 
present study was carried out in stationary conditions, while a comparative study measured 
the roller skis’ µR on a treadmill using a different method and with the physiological 
measurements carried out outdoors on asphalt, i.e. on a different surface with an unknown 
friction between the roller skis and the surface (Hoffman et al. 1998). Outdoor 
measurements also imply air resistance and often a varying ambient and surface 
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temperature. The results presented in section 3.1.1 showed that µR is temperature 
dependent. In Hoffman et al. (1998) the ambient temperature ranged from 15.2 to 36.8 °C 
during testing. Nevertheless, the results in this study showed a change in V̇O2 of ~7 % for a 
50 % change in µR, which is quite similar to that reported by Hoffman et al. (1998) (13 % 
to a 100 % increase in µR), while HR in this study showed a change of ~6 %, which is more 
than double the comparative (5 % to a 100 % increase in µR). The external power output in 
this study was changed by 8-12 % due to the 50 % change in µR, while Hoffman et al. 
(1998) presented a change of 17 % to a 100 % increase in µR.  

3.3 Study III. Economy and efficiency in recreational and elite skiers 

The results over the different testing groups showed that skiing economy was significantly 
poorer in G31 and DS1, ~12 % and ~10 %, respectively, for MREC compared with MSEN and 
FSEN, while no statistical difference was found for MREC compared with MJUN and FJUN in 
economy in either of the two techniques, see Fig 24. However, when the two junior groups 
were combined (MJUN + FJUN) and compared with the MREC, the juniors had significantly 
better economy (~6 %) in G31 and DS1. Furthermore, gross efficiency was ~18 % and ~12 
% lower in G31 and DS1 respectively, for MREC compared with MSEN and FSEN and ~12 % 
and ~8 % lower in G31 and DS1 respectively, compared with MJUN and FJUN, see Fig. 25.  

 
Fig. 24 Economy (v̇O2) for the different groups that tested freestyle gear 3 (G3) and 
classical diagonal stride (DS) techniques on roller skis at two different workloads (1 
and 2). MREC = Male recreational skiers, MSEN = Male elite seniors, MJUN = Male elite 
juniors, FSEN = Female elite seniors, FJUN = Female elite juniors.    

Between the separate groups of elite athletes there was no significant difference in economy 
and gross efficiency in either of the two techniques and workloads, except for economy in 
G32 between MSEN and MJUN. However, when the two senior groups were combined    
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(MSEN + FSEN) and compared with the two groups of juniors (MJUN + FJUN) the seniors had 
4-5 % better economy and higher gross efficiency in G31 and DS1. When the genders were 
compared with each other using a combination of testing groups (MSEN + MJUN vs. FSEN + 
FJUN ), still no differences were observed.  

The economy and gross efficiency ranges were large in all the tested groups. In G31 and 
DS1, a range of 17 to 27 % was found for MREC and 9 to 22 % for the MSEN, FSEN, MJUN and 
FJUN. This is a smaller range than previously reported for economy for V1 (gear 2), DPKICK 
and DP techniques on roller skis (Hoffman et al. 1990b) and for DS on snow (Macdougall 
et al. 1979).  

Our findings, that there was no difference in economy and gross efficiency between the 
genders, agrees with earlier investigations on economy for DS found on snow (Macdougall 
et al. 1979) and on delta efficiency for DS on roller skis (Hoffman et al. 1995). In the latter 
case there was a gender difference found for the DP technique, but the number of female 
participants was only two and four for DS and DP respectively. 

 
Fig. 25 Gross efficiency (%) for the different groups that tested freestyle gear 3 (G3) 
and classical diagonal stride (DS) techniques on roller skis at two different workloads 
(1 and 2). MREC = Male recreational skiers, MSEN = Male elite seniors, MJUN = Male 
elite juniors, FSEN = Female elite seniors, FJUN = Female elite juniors.         

It is difficult to translate a 10 or 20 % range in economy and gross efficiency to a “real” 
effect in racing speed. However, from the calculations it can be stated that a certain range in 
economy has a consequence proportional to v̇O2 and the time spent in the race. The greater 
the difference in v̇O2 and the longer the competition time, the more influence skiing 
economy has on the time difference between the competitors. Also, a range in percent in 
gross efficiency gives an equal range in percent in v̇O2, if the athletes are skiing at similar 
speeds and other factors are equal. For example, for elite male cross-country skiers with a 
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similar v̇O2 PEAK of 80 ml . kg-1 . min-1 and a utilization fraction around 90 %, a range of 10 
% in gross efficiency gives a range in v̇O2 of ~7 ml . kg-1 . min-1 at similar speeds. 
Furthermore, for recreational skiers with a similar v̇O2 PEAK of 50 and a utilization fraction 
around 80 %, a range of 20 % in gross efficiency reflects a difference in v̇O2 of ~8 ml . kg-1 . 
min-1 at similar speeds. In both examples, there is a difference in calorie expenditure of 
~2.5 to 3 kcal . min-1.  

However, differences in relative racing speeds are also due to a relative contribution of 
anaerobic energy (Mygind et al. 1994; Norman et al. 1989) and psychological factors. 
Also, the pw EXT between and within competitors varies due to factors like the friction 
between the skis and the snow, the drag force and head or tail winds and track profile in 
relation to anthropometrics (Bergh 1987; Bergh & Forsberg 1992; Carlsson et al. 2011). 
Also, mass starts are now common in World Cup races as well as in the FIS Marathon Cup 
and hobby races, so a position in front of or behind other competitors (drafting) will cause 
heart rate to vary considerably, indicating differences in oxygen consumption and energy 
expenditure (Bilodeau et al. 1994). All these factors more or less influence the utilization 
fraction and may thus increase, reduce or eliminate the gap due to a difference in economy 
and gross efficiency between individuals.  

Interestingly, there was no difference in V̇O2 OBLA between the five different testing 
groups and, despite there being large ranges for V̇O2 OBLA and the economy and gross 
efficiency, no correlation was found between them. Thus the fraction of V̇O2 PEAK at OBLA 
seems not to be different between recreational and elite cross-country skiers during 
treadmill roller skiing, nor is it necessarily connected to good or poor skiing economy and 
gross efficiency. On the other hand, an increased level of blood lactate is an indicator of an 
increased anaerobic metabolism with a relationship to muscle fatigue (Allen et al. 2008; 
McArdle et al. 2001). Thus, individual differences in V̇O2 OBLA will probably also to some 
extent influence the utilization fraction.  

Furthermore, there was a time difference of ~3 hours between the recreational skiers 
who participated in this study, and the normal winning time (~4 hours) for the elite 
competitors in the 90 km Vasaloppet race. Thus, a 15 % difference in economy and gross 
efficiency between the elite male seniors and the recreational skiers would account for 
about 50 minutes of the time difference in this race. Together with the 25 % difference in 
v̇O2 PEAK between these two categories, this would explain about a total of about 2 hours and 
10 minutes time difference in the race, consequently leaving the remaining 50 minutes to 
the other factors discussed above.  

Considering the normal time difference between the male and female winners in 
Vasaloppet (~20-30 min), and that this study showed no difference in economy and gross 
efficiency between the genders, this could almost entirely be explained by the difference in 
v̇O2 PEAK between the genders. 

While V̇O2 MAX often can be improved among recreational skiers, it tends not to increase 
for senior elite athletes in endurance sports after some years of hard training. However, the 
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economy and gross efficiency of skiing can be improved for both elite and recreational 
skiers throughout their career, as long as there are highly motivated skiers and coaches, as 
well as good knowledge and strategies for further development. Besides, cross-country 
skiing, in comparison to running and cycling, involves many different core-techniques, 
meaning that there are greater advantages and opportunities, but at the same time it is more 
difficult to obtain a world class, efficient skiing technique in all of the existing core-
techniques.  

3.4 Study IV. Classical style roller skis’ grip 

Within the studied range of vertical loads (F), the ratcheted wheel roller skis showed results 
of µS of 0.81 + 0.09 for the treadmill rubber mat and 1.05 + 0.11 and 0.92 + 0.07 for dry 
and wet asphalt surfaces, respectively, see Fig. 26 and 27. This is about 5 to 8 times the 
values reported from on-snow skiing (Ekstrom 1981; Komi 1985; Komi & Norman 1987; 
Vahasoyrinki et al. 2008).   

 
Fig. 26 Results for static friction coefficients (µS) on a treadmill rubber mat for the 
ratcheted wheel roller skis and the Camber-Ski roller skis.   

Therefore, the problem with ratcheted wheel designed roller skis is, regardless of the 
statistical differences between the different surface conditions, that this mechanism 
provides an excessively high µS under conditions normally used for training and for 
research, even when roller skiing with a poorly performed technique. This is in great 
contrast to on-snow skiing on groomed trails, where a proper technique is essential for good 
grip, i.e. where a good grip is far less than for ratcheted wheel roller skis.  Also, the high µS 
for ratcheted wheel roller skis does not negatively affect the rolling resistance, which is also 
a great contrast to grip-waxed cross-country skis, where an improved grip results in a 
change for the worse in the skis’ gliding ability. A µS in cross-country skis that is similar to 
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ratcheted wheel roller skis would probably lead to a very poor glide, which would not make 
the cross-country skis (the skier) competitive.  

For the Camber-Skis tested on the treadmill rubber mat, µS changed from nothing up to 
the level of the ratcheted wheel roller skis with the following equation: µS = -0.000001F2 + 
0.003F – 1.29 (R² = 0.98), see Fig. 26. 

 
Fig. 27 Results for static friction coefficients (µS) on dry and wet asphalt surfaces for 
the ratcheted wheel roller skis.  

Furthermore, when a stationary µS of 0.2 was confirmed in the fixture, the following length 
(L, mm) of the spring was established for the Camber-Ski roller skis: m = 50-110 kg; L =    
-0.12m + 54.95 (R² = 0.99), m = 110-150 kg; L = -0.00008m3 + 0.035m2 – 4.88m + 266.4 
(R² = 0.98), where m corresponds to masses (kg) for different skiers. Furthermore, after the 
mass was removed, the following length of the spring was established: m = 50-110 kg; L = 
-0.12m + 57.37 (R² = 0.99), m = 110-150 kg; L = -0.00009m3 + 0.039m2 – 5.33m + 287.7 
(R² = 0.98). 

The results for the Camber-Skis showed that µS, with this type of construction, can be 
varied within a range of no grip at all up to the level of the tested ratcheted wheel roller 
skis. By using different cross knurling patterns for the RS, the friction between the RS and 
the forward wheel can also be affected. A smaller knurling or entirely smooth RS would 
probably cause reduced friction (more gliding) between the RS and the forward wheel and 
thus a slower increase in µS, for different F, and possibly a lower peak value. 

The reproducibility study showed a significant difference between the paired 
measurements for the ratcheted wheel roller ski, while there was no significant difference 
for the Camber-Ski. The TEM for the ratcheted wheel roller ski was found to be; TEM: 
0.063 µS, 5.46 %, and for the Camber-Ski; TEM: 0.040 µS, 5.16 %. 
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3.5 Study V. The influence of grip on economy and leg forces 

3.5.1 The influence of μS on physiological measuresures 

The economy and HR were similar for RWREAR, RWFORW and CamUNSTR roller skis during 
both DS and DPKICK techniques. Accordingly, skiing economy during DPKICK was highly 
correlated between all four tests using different roller skis and also in DS between the 
RWREAR, RWFORW and CamUNSTR roller skis, see Fig. 28 and 29. However, the Cam0.2µs 

roller skis resulted in a significantly poorer economy (~14 % higher v̇O2) and a higher HR 
(~7 %) and RPEBREATH (only DPKICK, ~14 %), while there were only trends towards a 
higher B-Hla, CR, RPEARM, RPELEG and a shorter CL with the use of the Cam0.2µs roller skis 
(results not shown here). Furthermore, the correlation for economy between Cam0.2µs vs. the 
RWREAR, RWFORW and CamUNSTR roller skis was poorer in DS, see Fig. 28.  

 
Fig. 28 Results of economy (v̇O2) when using diagonal stride (DS) on roller skis with 
different grip functions and µS.  

Between the incremental maximal tests, no difference was found in TTE, v̇O2 PEAK, HRPEAK, 
B-Hla, RPEBREATH, RPEARM and RPELEG using the RWREAR, RWFORW and CamUNSTR roller 
skis, while the tests using the Cam0.2µs roller skis resulted in a significantly shorter TTE 
(~30 %), see Fig. 30, and this change occurred without changes in v̇O2 PEAK, HRPEAK, B-
Hla, RPEBREATH, RPEARM and RPELEG (results not shown here). The correlation for TTE 
was significant between the tests using the CamUNSTR roller skis vs. the RWREAR and 
RWFORW, but not between the RWREAR and RWFORW, while the correlation of the Cam0.2µs 

vs. the RWREAR, RWFORW and CamUNSTR was poor, see Fig. 30.  
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Fig. 29 Results of economy (v̇O2) when using kick double poling technique (DPKICK) 
on roller skis with different grip functions and µS.  

Thus, the results of this study showed that economy, HR and TTE are highly influenced by 
classical style roller skis with different µS, while no difference was found between tests 
using roller skis with similar µS. Also, the poor correlation for economy in DS and TTE 
showed that skiers with the best economy and performance time, respectively, with roller 
skis with a high µS, did not have the best economy and performance time when using roller 
skis with a µS more similar to on-snow skiing.  

 

Fig. 30 Results of time to exhaustion (TTE) from incremental maximal tests using 
diagonal stride (DS) on roller skis with different grip functions and µS.  
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In study III, skiing economy and efficiency were calculated to be almost as decisive for 
performance time in cross-country skiing competitions as the V̇O2 PEAK has shown to be for 
many years. Thus, considering that skiing economy and efficiency seem to be so important 
for the performance time of different skiers, and influenced by different µS, the question is 
raised whether the detection of a skier’s economy and efficiency is valid when using roller 
skis with a µS several times higher than the µS of skiing on snow.  

B-Hla was not influenced by different µS during the submaximal workloads. This is 
probably explained by relatively low exercise intensities for some of the subjects and the 
non-linear form of the B-Hla response curve, as discussed in study II.  

Furthermore, CR, CL and RPE seem less influenced by µS (as for rolling resistance) 
and, considering the great differences in economy, they seem less accurate for evaluations 
of human performance in varying conditions in an exercise laboratory.    

3.5.2 The influence of μS on leg forces 

In the force measurements carried out on the RWREAR and Cam0.2µs roller skis during 
submaximal skiing in DS and DPKICK techniques, a significantly higher µS was used, and a 
higher FX PEAK  applied, by the skiers during the push-off phases when skiing with the 
RWREAR roller skis. Furthermore, in DS, the FX PEAK occurred later than the FZ PEAK with the 
use of the RWREAR roller skis, see Fig. 31, while other variables showed only a trend to 
higher values with the use of RWREAR roller skis, mainly for FX MEAN, FZ PEAK, FtX and FtZ in 
DS.   

 
Fig. 31 The normal (FZ) and tangential (FX) forces measured on the RWREAR and 
CAM0.2µs roller skis for one of the skiers during the leg push-off phase in the diagonal 
stride (DS) technique.   
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The µS used during skiing with the RWREAR roller skis was about 3 to 4 times higher than 
what has been reported from on-snow skiing (Ekstrom 1981; Komi 1985; Komi & Norman 
1987; Vahasoyrinki et al. 2008) and was likely due to the higher µS established in the 
fixture for the RWREAR roller skis, see study IV. However, the µS established in the fixture 
for the RWREAR roller skis was not entirely used in practical skiing.  

During the push-off phase, the CPZ ROM started at a point in front of the heel and moved 
to a point in front of the ski boot, with a CPMEAN close to the ski boot fix point. The reason 
why the CPZ was able to move in front of the ski boot fix point was probably due to a 
rubber pad in the ski binding that is located vertically above the ski boot fix point. With 
increasing pressure from the ski boot on the rubber pad, such as during the latter part of the 
push-off phase, leverage will appear from the ski boot fix point and up to the rubber pad, 
creating torque and thus an increased FZ on the ski in front of the ski boot.  

The FtX and the CR were not significantly different between the Cam0.2µs and RWREAR 
roller skis. However, there was a trend to a 10 and 17 % lower FtX in DPKICK and DS 
respectively, when using the Cam0.2µs roller skis. If normalizing the force impulses, as 
regards the measured CR of the five skiers, into FtX per second (FtX . s-1), this results in an 8 
% (Cam0.2µs: 11.8 FtX . s-1, RWREAR: 12.9 FtX . s-1) and 15 % (Cam0.2µs: 17.4 FtX . s-1, 
RWREAR: 20.2 FtX . s-1) difference in DPKICK and DS, respectively, between the two types of 
roller skis used.  

During skiing, the speed of the skier’s centre of mass varies slightly around its mean 
(Komi et al. 1982), with an acceleration phase during the FtX and a deceleration during the 
gliding phase (or rolling phase), when no propulsive force is applied on the ground surface 
by the skis and the ski poles. To maintain a certain average speed, the sum of FtX . s-1 from 
the roller skis and the ski poles needs to be maintained. A reduction in FtX . s-1 from the 
roller skis therefore needs to be compensated by an equally increased FtX . s-1 from the ski 
poles. In this study, forces from the ski poles were not measured. However, the trend 
towards a lower FtX and FtX . s-1 using the Cam0.2µs roller skis is most likely to be a 
changeover of FtX from the roller skis to the ski poles. This changeover, from less 
propulsive leg work to more upper body work, is most probably the reason for the poorer 
economy and shorter TTE found during skiing with the Cam0.2µs roller skis. However, it 
must be kept in mind that only five skiers participated in this part of the study.  

Among the few studies that have presented results from 3D force measurements from 
skiing on snow, the majority presented very little detailed information. However, the more 
recently published paper by Vahasoyrinki et al. (2008) is an exception, with more detailed 
information from experiments during DS in an indoor ski tunnel on a 20 m long force plate 
system covered with snow.   

In this study, the speed was slightly lower and the inclination higher than those of 
Vahasoyrinki et al. (2008). Furthermore, there was no drag force from any headwind acting 
on the skier during the treadmill experiments, while the dynamic friction coefficient during 
the gliding phases in the ski tunnel is unknown. However, even though the time of the 
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applied FX in DS in this study was slightly shorter than that reported by Vahasoyrinki et al. 
(2008), the FX MEAN was slightly higher, giving an comparable FtX, i.e. slightly lower for the 
Cam0.2µs and likewise higher for the RWREAR roller skis (in Vahasoyrinki et al. (2008) ~14 
Ns). Furthermore, calculations of the total FtX needed for elevating the skier against gravity 
and overcoming the roller skis’ rolling resistance, leave a remaining FtX from the ski poles 
of ~38 to 39 Ns for the Cam0.2µs and RWREAR roller skis, respectively, compared with the 
~28 Ns found by Vahasoyrinki et al. (2008). Of note is that the two comparative studies 
had similar CRs.   

The FZ measured on the roller skis in this study was lower than in other studies that 
were carried out on snow, particularly the FZ PEAK (Ekstrom 1981; Komi 1985; Komi & 
Norman 1987). Again, the paper by Vahasoyrinki et al. (2008) presented results in DS that 
were closer to the results of this study, with an FZ MEAN, at similar speeds, of about 0.8 of 
body mass. There was a trend towards a lower FZ MEAN and FZ PEAK for the Cam0.2µs roller 
skis in DS and the opposite in DPKICK. This can be explained by the need for increased FX 
from the ski poles, as described above. The ski poles’ angle towards the surface changes 
during the push-off phase but, to some extent, there will always be an applied FZ from the 
poles along with the FX. During DS, the push-off phases from the roller skis and ski poles 
will be applied relatively simultaneously, while during DPKICK the arms and ski poles will 
be in a forward swing phase during the leg push-off phase. Thus, the higher applied FX 
from the ski poles in DS with the Cam0.2µs roller skis also implies a higher FZ from the ski 
poles, which slightly counteracts the FZ on the roller ski, while on the contrary the FZ on the 
Cam0.2µs roller skis in DPKICK can be increased due to the absence of lifting force from the 
ski poles during the push-off phase. This is partly the reason why the FZ was lower than 
body weight.   

The skiers chose different strategies for the applied FZ, see Fig 31. From the curves, it 
can be seen that FZ for a skier in DS more or less slowly decreased during the gliding and 
push-off phases with the use of the RWREAR roller skis, while the FZ with the use of the 
Cam0.2µs roller skis was highest at the same point of time as the FX PEAK occurred. 
Furthermore, the preload phase with a rapid decrease in FZ followed by a rapid increase up 
to the FZ PEAK and FX PEAK, indicating a stretch-shortening cycle as described by Komi & 
Norman (1987), was not so evident for all skiers, especially not with the use of the RWREAR 
roller skis. Furthermore, the FX PEAK occurred later than the FZ PEAK when skiing with the 
RWREAR roller skis, as also can be seen in Fig. 31. This way of pushing off is named a “too 
late push-off”, by cross-country ski coaches at a high level in Sweden, and is possible when 
roller skiing with ratcheted wheel roller skis due to the high µS.  
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3.6  Methodological considerations 

The results of study I showed some differences in behaviour between the classical and 
freestyle roller skis. However, the overall findings were similar for both types of roller skis, 
despite the differences in their construction, i.e. the classical roller skis were equipped with 
rather wide rubber tyres, while the freestyle roller skis had thinner, thermoplastic 
polyurethane tyres. Even though there were similar results for the classical and freestyle 
roller skis despite their differences in construction, it cannot be established that the results 
in this study can be applied to all types of roller skis, since this study did not investigate the 
rolling resistance of roller skis from more than one manufacturer.  

A source of uncertainty is the side forces on the wheels that occur when the roller skis 
are edged during G3 roller skiing. How these forces affect rolling resistance was not 
examined in the studies. Both differences in construction and the side forces will have some 
influence on the rolling resistance part of the power calculations. Furthermore, the situation 
for the G3 technique is especially complex as the roller skis are not rolling straight up the 
hill but at an angle to the forward direction. Also, the rolling resistance measurements were 
made on the treadmill surface using specific equipment and with a “static” normal force, in 
contrast to the more “dynamic” normal force acting on the wheels during human roller 
skiing. In the calculations it was assumed that a particular value of µR, established in the 
apparatus, likewise existed during human roller skiing.  

The results of DS in study III were based upon measurements using ratcheted wheel 
rollers skis and it is not known how the high µS for these roller skis may have affected the 
comparison of economy and gross efficiency between the studied groups. The hypothesis is 
that skiers with less skiing experience could have been favoured and that the difference 
between recreational and elite skiers, and the ranges within groups, might be even larger on 
snow (and if using Camber-Ski roller skis with similar µS as for on-snow skiing) than was 
reported in this study.  

The results of µS in study IV were based upon measurements of tangential and normal 
forces in a fixture. The measurements of the tangential forces were carried out while a static 
vertical load (static normal force) was applied on top of the roller skis. During human roller 
skiing both normal and tangential forces are applied dynamically and simultaneously. This 
disparity may have affected the results to some, but likely a minor, extent. 

The part of study V which investigated forces applied on roller skis with different µS, 
during the leg push-off phases in DS and DPKICK, were based upon participation of only 
five subjects. Many of the interesting trends for the causes in differences in economy and 
TTE could unfortunately not be statistically verified.     

Strong support for the results of the experiments is provided by the validity and 
reliability study of the ergo-spirometry system, which showed very high accuracy for the 
V̇O2 and RQ measurements, and thereby also the calculations of the PW INT and efficiency.  
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3.7  Conclusions 

In conclusion, this thesis has highlighted some key results from the experiments. 
They can be explained as follows:  

Study I During a warm-up period of 30 minutes, freestyle and classical roller 
skis’ µR significantly decreased to 60-75 % of its initial value. For another 
30 minutes of rolling no significant change was found. Thus, the results 
from the warm-up study showed that a proper warm-up of the roller skis 
must proceed physiological testing, otherwise results cannot be accurately 
compared.  

The study of the influence on µR of normal force, velocity and 
inclination showed that µR was strongly influenced by normal force, while 
the different velocities and inclinations of the treadmill had little 
influence on µR. Within a range of normal forces, NTOTAL = 213 – 604 N, 
µR decreased almost 35-45 % for the tested classical and the freestyle 
roller skis. Also, the variation in µR between individual roller skis of the 
same model from the same manufacturer were of a magnitude up to 28 
and 34 % for the tested freestyle and classical roller skis, respectively. 

Study II The study of the effects of a ~50 % change in µR on physiological 
variables on submaximal steady rate exercises in most cases resulted in 
significant changes: PW of 8-12 %, V̇O2 of 5-9 %, HR of 3-8 % and B-Hla 
14-46 %, while there were mostly non-significant or small changes to CR, 
CL and RPE. The study showed a tendency for some of the variables to 
be more influenced by changes in µR during harder rather than lighter 
submaximal steady rate exercise. The incremental maximal tests showed 
that TTE was significantly changed by 12-24 % and this occurred without 
a significantly changed PW MAX, V̇O2 MAX, HR MAX and B-Hla, and that the 
influence on RPE was non-significant or small.  

Study III This study, which investigated skiing economy and efficiency from the 
perspectives of performance ability, age and gender, showed that elite 
cross-country skiers have better skiing economy and higher gross 
efficiency during treadmill roller skiing than recreational skiers and that 
the senior elite have better economy and higher gross efficiency 
compared with their junior counterparts. However, no differences could 
be found between the genders. There are usually small differences in 
performance time between elite competitors but, in this study, large 
ranges in skiing economy and efficiency were observed for all the tested 
groups. Thus, the conclusion is that skiing economy and gross efficiency 
factors are almost as highly influential as v̇O2 PEAK on the differences in 
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performance time in competitions between recreational, junior and senior 
cross-country skiers and between individual skiers within each category. 

Study IV The results in this study showed that ratcheted wheel roller skis, on a 
treadmill rubber mat and on dry and wet asphalt surfaces, reached values 
for µS that were five to eight times more than the values reported from on-
snow skiing with grip-waxed cross-country skis. Thus, the results showed 
that grip during classical style roller skiing contrasts greatly with on-snow 
skiing on groomed trails, where proper technique is essential for good 
grip, i.e. where good grip is accordingly far less than for ratcheted wheel 
roller skis. 

Study V The study of the influence of classical style roller skis’ µS on cross-
country skiers performance showed that skiing economy, propulsive 
forces coming from the legs and TTE are highly changed for the worse 
when using roller skis with a lower µS, such as for on-snow skiing with 
grip waxed cross-country skis, in comparison to ratcheted wheel roller 
skis with a higher µS. Thus, a question is raised whether evaluations of 
economy, efficiency and time performance testing of cross-country skiers 
is valid when using ratcheted wheel roller skis, which have a much higher 
µS than cross-country skis for on-snow skiing. Furthermore, does training 
using roller skis with a high µS improve on-snow skiing technique and 
performance in DS and DPKICK, or instead imply an adaptation towards a 
roller skiing technique which is not optimal for on-snow skiing? 
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