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Abstract

Purpose The purpose of this study was to examine the effect of pole length on performance and technique selection during
a simulated skating cross-country (XC) skiing competition on snow in female XC skiers.

Methods Nine female XC skiers and biathletes (VO,,,,, 63.6 +6.2 mL/min/kg, age 22.9 + 3.5 years, body height 1.69+0.1 m
and body mass 60.8 +4.6 kg) completed two 5-km skating time-trail with maximal effort. The athletes had a minimum 4.5 h
of rest between the two races, which were performed in a random order: one with self-selected poles (89.0% + 0.6% of body
height) and one with 7.5 cm increased pole length (94.0% +0.5% of body height). Speed in set terrain sections was determined
and the selection of sub-technique was self-reported immediately after each race based on a detailed review of the entire track.
Results Skiers performed on average 7.1 +7.1 s (P=0.029) faster with the long poles, with this difference occurring during
the first 200 m and in the uphill parts of the track, in which~5% more G3 and ~5% fewer G2 sub-techniques were chosen
(both P <0.05). The rating of perceived exertion was 1+0.9 point lower (P=0.04) and skiing technique was perceived to
be ~ 1.2+ 1.5 points better with long poles (P =0.038), while the physiological responses (i.e., peak and average heart rate,
and blood lactate concentration) did not differ between trials.

Conclusion In conclusion, poles 7.5 cm longer than self-selected ones improved performance in skating, by enhancing speed
in the initial phase (first 200 m) and in the uphill section of the track. In addition, the longer poles induced more use of the
G3 skating sub-technique.

Keywords XC skiing - Skiing performance - Skiing equipment - Sub-technique selection

Introduction

In cross-country (XC) skiing, skiers propel themselves for-
ward by combining ski push-offs and poling. Accordingly,
the characteristics of the skis and poles are crucial for the
effectiveness of most skiing technique in both classical and
skating styles. Previously, the use of longer poles has been
shown to increase skiing efficiency and performance in dou-
ble poling [5, 13, 14, 17] and in the G3 skating technique on
roller skis [29]. Moreover, two previous studies showed posi-
tive effects of increased pole length on snow in the classical
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style [8, 30]. Although there are indications from the above-
mentioned study on G3 roller ski skating [29] that increased
pole length could be beneficial in skating, at least in some
of the sub-techniques, this has not yet been examined while
ski skating on snow.

The use of longer poles in the classical style together
with better equipment and preparation of the track [21] as
well as a stronger and more endurance trained upper body
[18] have contributed to make double poling one of the
most favored classical sub-techniques used in races. Today
double poling is widely employed even in uphill sections
by both male and female cross-country skiers [5, 9, 17,
24]. In classical races, the benefits of longer poles led to
restrictions in pole length and the inclusion of diagonal
zones in competitions [6]. However, the possible benefits
of longer poles in the skating technique have not been
systematically evaluated and the poles in skating are only
limited to the skier’s body height [6].
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A potential effect on performance of increased pole
length may be associated with changes in the fractional
use of the five different skating sub-techniques (G1-5).
The G2, G3 and G4 techniques are the most favored sub-
techniques in skating [12, 16]. Among these, the two most
investigated sub-techniques are G2 [2, 4, 11, 22, 26],
which is mainly used on steep uphill stretches and when
accelerating, and G3, a technique normally used on flat
and slightly uphill terrain. Interestingly, Myklebust et al.
[15] reported that the G3 technique was limited by the
same factors as double poling, especially concerning the
way potential energy is gained between pole plants, the
propulsive force in the poling action, and the conform-
ity in upper-body muscle work. This highlights a particu-
lar potential to enhance G3 speed and thereby use this
sub-technique over a wider range of terrain using longer
poles. The mechanisms behind enhanced performance
and reduced O, cost of longer poles in double poling has
recently been examined by several researchers [5, 13, 17],
showing that double poling with longer poles in low to
moderate uphill terrain resulted in reduced vertical dis-
placement of the center of mass (CoM), and longer poling
time. To what extent these findings also apply to the skat-
ing technique has not yet been examined.

The question of finding the optimal pole length in skat-
ing has been a “hot topic” since skiers in 1985 started
to use the skating technique systematically during World
Cup events [1], and until now 7.5-10 cm longer poles
(~90% of body height) than those used in classical style
have been regarded as beneficial. However, this has been
sparsely evaluated scientifically, and to our knowledge has
not changed significantly since 1985. Longer poles have
certainly not been systematically evaluated in female XC
skiers despite the fact that longer pole lengths are now
considered more effective in uphill roller ski skating on a
treadmill [29] in double poling [5, 17] but not in the other
classical sub-techniques [30], which may indicate that a
positive effect could also apply to skating. Trgen et al.
[30], however, included seven females in his studies of
classic ski technique on snow and reported an even greater
effect for females than males in double poling with longer
poles. However, the potential benefit of using longer poles
in skating should be further explored on snow, including
how pole length affects the skier’s choice of different sub-
techniques across hilly terrain.

Therefore, this study investigated the effect of increased
pole length on performance and selection of sub-technique
during on-snow ski skating in female skiers. It was hypoth-
esized that longer poles would lead to improved perfor-
mance through greater use of the G3 skating technique.

Materials and Methods
Participants

Nine competitive female junior and senior skiers (maxi-
mal oxygen uptake in running: 63.6 +6.2 mL/min/kg, FIS
points: 100.2 +33.2, maximal heart rate: 197 +7 beats/
min, age: 22.9 +3.5 years, height: 1.69 +0.1 m and body
mass: 60.8 +4.6 kg), participated in this study. The partici-
pants had competed at national and international level for
6.0+ 2.0 years. They were not familiar with using longer
poles than their regular ones at the time of the study. The
participants provided written informed consent to participate
in the study, which was recommended by the Norwegian
Center for Research Data and performed according to the
Declaration of Helsinki. All participants were 18 years or
older at the start of the study.

Design

To compare the effects of self-selected and longer (self-
selected + 7.5 cm) skating poles upon skiing performance,
selection of sub-technique, as well as physiological and
perceptual responses during a simulated competition,
two 5-km time trial races on an internationally approved
track were carried out on the same day using a randomized
cross-over design, acting like their own controls. Five ski-
ers started with the self-selected poles and four started with
the +7.5 cm poles. All skiers had a minimum of 4.5 h rest
between each time trial. On separate days, 5—7 days before
the time trials, all skiers were tested for maximal oxygen
uptake (VO,,,.,) in the laboratory and maximal heart rate
(HR,,,,) in uphill running outdoors. VO, was tested to
describe the aerobic endurance level of the athletes in a
standard incremental uphill running test at 10.0% inclination
on a motor-driven treadmill, with increasing speed every
minute until exhaustion, with a protocol and procedures pub-
lished previously [28]. Similarly, maximal heart rate was
tested in an outdoor uphill running test, also with a protocol
and procedures published previously [10].

Procedure

The participants prepared for all tests as they would for a
regular competition [31], except that a standard warm-up was
performed. In the 24 h preceding all tests, the participants
were instructed to eat their typical diet when preparing for
a competition, and had to avoid strenuous exercise, caffeine,
and alcohol. Each participant arrived in the laboratory or at
the ski venue one hour before each test for a short interview,
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to ensure that they were well nourished, hydrated, motivated
and healthy. A standard warm-up, consisting of 15-min run-
ning at~60%—70% of maximum HR was performed before all
tests. The subjects had at least five hours between each time
trial and were instructed to have total rest in the final two hours
before warm-up for test 2.

The time trial tests were performed as simulated 5-km
competitions in the skating technique, with participants with
the lowest FIS points starting first, and a 1-min start interval,
to avoid any interference between athletes. The participants
started randomly with self-selected or longer poles. The self-
selected pole length was 89.0%=+ 1.0% of the participant’s body
height, while the longer pole length was 94.0% + 1.0% of body
height. Other ski equipment was individualized to the specific
skiers’ racing preferences, including racing suits, boot style,
ski length and ski base material. All skiers were instructed to
use their own skis for the prevailing conditions; these were
only used for the two time trials, while other skis were used
for warming up and cooling down. All skis were stone ground
and prepared with a 1 mm hand structured linear roller (Swix,
Norway) on the back of each ski. All skis were prepared with
an LF 7 glide wax (Swix, Norway), and an LDF liquid glide
topping (Vauhti, Finland) was used before each time trial. The
track was prepared with a Pisten Bully 600 snowmobile, and
the snow was hard-packed with similar conditions during the
entire experiment. The weather conditions were measured at
the start of each race with a digital weather station (Metnet,
Norway), and weather and snow conditions were stable during
the test day. The air temperature during the test day ranged
between — 2.0° and — 0.9°, and the snow temperature from
—4.0° to — 4.7° (T95 Swix Snow Thermometer, Norway). The
wind was 0-2 m/s from the north-east, the barometric pressure
was from 1055 to 1079 mmHg and there was thin high cloud
the whole day. Possible changes in the coefficient of snow ski
friction were not measured between the two time trials, but the
time spent in the longest straight downhill segment was used as
an indirect measure of friction, which revealed no differences.

Heart rate was measured continuously and the average heart
rate for the entire 5 km was determined. At the end of each
time trial, blood lactate concentration and rate of perceived
exertion (RPE) were assessed. Finally, the skiers were asked to
evaluate their experience of skiing with the longer poles, when
compared to the self-chosen poles, on a custom-made scale
from 1 to 10, where 10 was defined as a much better feeling,
5 no difference and 1 as a much worse feeling. The evaluation
applied to each of the five sections of the track.

Instruments and Measurements
In the outdoor time trial test, the blood lactate concen-

tration of 5-pL samples was taken from the fingertip and
analyzed using a Lactate Pro LT-1710r kit (Arkray Inc.,
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Kyoto, Japan). The subjects’ RPE was recorded using the
Borg (6-20) scale [17]. Course and elevation profiles were
determined with a Catapult Optimeye S5 (Cat-S5) (Catapult
Sports, Melbourne, Australia) global navigation satellite sys-
tem standalone receiver with an external antenna and mass
of ~67 g. The Cat-S5 has recently been validated [7, 19]
with a reported section time error of between 0.1 and 0.2 s
for 20- to 180-m-long sections, and with errors in section
time plateauing for longer sections [3, 19]. The tracks were
10-15 m wide, located in an area with minimal tree cover
and no natural geographical features to interfere with GPS
signals. To ensure correct GPS fixing and minimize inaccu-
racy, the Garmin GPS devices were turned on at least 20 min
before the start of testing and blinded for the participants to
prevent them using them for any guidance during the time
trials.

The participants were timed with an Ipad Air1475 (Apple
Inc., California, USA) using the RaceSplitter timing appli-
cation version 1.7.6 (Makalu Interactive LLC, Delaware,
USA). A questionnaire was constructed and used imme-
diately after each of the time trial tests, which, combined
with a subsequent interview with each participant directly
after the races and visual observations by test leaders, was
used to identify where the participants used the G2, G3,
G4 skating sub-techniques on the track. Figure 1 is used
to help the athletes to point out accurately where the tran-
sitions between techniques were made (Fig. 1). All skiers
trained almost daily in this track, had previous experience
with this procedure and were asked to notice exactly where
they switched between different sub-techniques during the
simulated competitions.

The track was 5.2 km (i.e. 2 laps of 2.5 km plus 200 m),
which was divided into five 1-km track sections (S1-S5),

Fig. 1 Profile of the entire 5.2-km track (i.e. 2 laps of 2.5 km plus
200 m) used in the simulated competition. Uphill, flat and downhill
terrains are marked with red, white/gray and green colors, respec-
tively
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according to distance from start (see Fig. 1). Section 1 con-
sisted of varied terrain, while section 2 included two hills
with mean inclines of 9.3% and 5.7% and lengths of 259 m
(26-m climb) and 272 m (19-m climb), respectively. Sec-
tion 3 contained varied terrain and included two short hills
with 5 and 8 m climbs in the start of the section and the
longest uphill of 396 m (41-m climb) with a mean incline of
9.3%. Section 4 included the longest downhill section of the
track. The two main downhill parts of the track contained
inclines of 7.8% and 5.8% for lengths of 407 m and 182 m in
sections 2 and 4, respectively. Section 5 included an uphill
of 272 m (19-m climb where the steepest part was 18.6%),
followed by a 200-m flat segment. The maximal difference
in elevation was 41.5 m with a total climb of 176 m for the
entire track. The time each skier spent in each of the five
sections was calculated based on split times. Speed for each
section was calculated by dividing the length of a section by
the time elapsed within that section.

Statistical Analysis

The Shapiro—Wilk test confirmed that data did not deviate
from normal distribution, and all results are presented as
means =+ standard deviation (SD), except for the perceptual
responses, which are presented as medians (IQR). To com-
pare the differences in race time, use of sub-technique, as
well as physiological and perceptual responses between the
two time trials (long poles versus self-selected pole length),
a one-way analysis of variance (ANOVA) with repeated
measures was performed on each variable. To compare RPE
between the two time trials, a Wilcoxon ranked sign test was
applied. To identify the differences in time between the time
trials for each km, a 2 (condition) X5 (1-5 km) ANOVA
was performed. Post hoc comparisons with the smallest
mean differences were performed for pairwise comparisons
between the different sections. The effect size reported in
this study was eta squared (%), where 0.01 <#?<0.06 con-
stituted a small effect, 0.06 <52 < 0.14 a medium effect, and
n*>0.14 a large effect. The level of significance was set at
P <0.05 for all tests and the analyses were carried out with
SPSS Statistics v26 (IBM Corp., Armonk, NY, USA).

Results
Time Trial Performance

There were no significant differences in the average time
spent on the entire 5-km track between test one in the
morning and test two in the afternoon (5.4 s faster), inde-
pendent of pole length. The total time used for the 5 km
was 7.1 +7.1 s shorter (F=7.1, P=0.029, >=0.47) when
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Fig.2 The influence of pole length on performance in the five sec-
tions of the track, as well as the first 200 m. *Indicates a significant
time difference between the two pole lengths

Table 1 Physiological and perceptual responses after 5-km cross-
country skiing with self-selected and long (+7.5 cm) poles

Self-selected Long poles
Peak heart rate (beats/min) 184.7+7.4 185.2+7.7
Percentage of max heart rate (%) 88.2+3.2 87.9+3.2
Average heart rate (beats/min) 174.0+7.1 173.4+7.1
Percentage of max heart rate (%) 93.6+3.2 93.8+2.8
Lactate concentration (mmol/L) 9.4+2.0 92423
RPE (6-20) 16.8 +1.0% 159+0.9

*Indicates a significant difference between the two conditions,
P<0.05

using the 7.5 cm longer poles (867.4 +58.4 s) than self-
selected poles (874.3+55.8 s). When divided into split
times, the third km that included the longest uphill sec-
tion of the track was significantly faster (by ~4 s) with
the longer than with the self-selected poles (P <0.001).
In addition, the first 200 m were also faster (by ~2.7 s)
with the long poles compared with the self-selected
ones (P <0.05; Fig. 2). The other sections and the final
200 m did not differ in performance between the two pole
conditions.

No physiological responses differed between the two
conditions (F<0.7, P>0.46, n? <0.07). However, a signifi-
cantly lower RPE (P =0.046) was observed with the long
poles compared with the self-selected poles (Table 1). The
perception of skiing technique with long poles showed a
mean value of 6.2+ 1.5, which was 1.2 points above the
score for self-selected poles (P =0.038).

The distribution of different sub-techniques used during
the 5 km was reported differently between the two condi-
tions (Table 2; F=28.7, P <0.001, 2=0.78). When the ski-
ers were equipped with 7.5 cm longer poles, they reported
using G3 five percentage points more than the G2 sub-tech-
nique; G3 was used further up on uphill sections before they
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switched to G2. The use of other sub-techniques did not
significantly differ.

Discussion

The main findings in this study were that: (1) long poles
enhanced performance compared to self-selected poles,
without any alterations in average heart rate, blood lactate
concentration and RPE, (2) the use of longer poles led to
more use of the G3 sub-technique at the expense of G2 in
the uphill sections of the track, and (3) the skiers reported
lower RPE and a substantially better perception of the skiing
technique when using long poles compared to their self-
selected ones.

Our findings of better performance with long compared
to self-selected poles in this study are in line with earlier
investigations claiming that longer poles enhanced perfor-
mance and reduced O, cost during both uphill treadmill
roller skiing with the G3 skating technique [29] and uphill
double poling while roller skiing on a treadmill [5, 13, 14,
17]. In the present study, the effect of pole length was tested
on snow using the skating technique for the first time. We
found significant performance improvements with 7.5 cm
longer poles compared to self-selected ones, which were
mainly related to enhanced performance in the first 200 m
and during the longest uphill in section 3. While the supe-
rior improvement in the initial 200 m may be explained by
faster acceleration, as previously shown for double poling
in the studies by Hansen, Losnegard [8] and Losnegard
et al. [14], better section 3 performance was probably due
to enhanced performance in the longest uphill section, where
skiers reported more use of the G3 technique with longer
poles. Since it is assumed that performance in G3 and dou-
ble poling has clear similarities in the contribution of the
upper body to forward propulsion [15], it is reasonable to
assume that the improved uphill performance with longer
poles in skating on snow found here would be explained by
the same mechanisms as previously found in double poling
on a treadmill [5, 13, 17, 30]. Here, longer poles resulted in
lower O, cost, which was associated with reduced vertical
displacement of CoM and longer poling time.

Table 2 Reported distribution of different techniques (%) used during
the 5-km cross-country race with self-selected and long (+7.5 cm)
poles, exclusive of skating without poles, tucks and turns

G3 G2 G4
Self-selected 66.4+20.5 19.7+10.3 1444104
Long poles 71.6+20.0* 14.9+9.1* 13.7+11.0

*Indicates a significant difference between the two conditions for this
sub-technique, P <0.05
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In a previous publication [29], we reported a higher gross
efficiency with long poles compared to self-selected ones in
G3 skating at 11% uphill inclination and 10 km/h in roller
skiing on a treadmill. This supports the present study, where
the skiers reported more use of G3 in uphill sections of the
track (9.3% incline and average speed of 13.5 km/h) with
longer poles. The effectiveness of using longer poles in
uphill skating may be explained by a higher start position
for poling and thereby a more upright position with reduced
vertical displacement of the CoM, as also found in skating
by Torvik et al. [29]. A smaller distance between CoM and
pole plant in double poling has also been pointed out by
Carlsen et al. [5] and Losnegard et al. [14]. Notably, the
enhanced performance found in the present study was found
with equal physical strain, and with slightly lower perceived
exertion with longer poles.

The possible benefit of long poles in uphill terrain is
interesting, since most of the racing time is spent on uphill
sections during a race and the greatest time differences
between skiers occur there [19]. However, it is not known
to what extent lower speed or steeper incline determine the
positive effect of increased pole length. Indeed, speed and
incline are interrelated, and cycle characteristics and the
choice of sub-technique seem to be influenced by both fac-
tors when they are isolated. However, the fact that longer
poles are most effective at lower speeds, which take place
at steeper inclines and at the start when accelerating from
zero, indicates that speed might be an important contributor.
Because of the lower speeds among women, longer poles
might be more beneficial for women than men. While Trgen
et al. [30] indicated that this is the case in the classic style,
this aspect needs to be further examined in skating.

We expected the last 200-m sprint towards the finishing
line to be negatively affected by the long poles due to pos-
sible problems with rapid repositioning and maintenance
of frequency. However, no such disadvantage was found
although none of the skiers was used to skiing with longer
poles. In fact, the lack of experience with longer poles indi-
cates that extensive practice with long poles may enhance
performance even more. This was exemplified by closer
analysis of the data, showing that the only skier who did
not benefit from longer poles over the entire 5-km time trial
lost 10 s during the first 2 km. Our communication with the
athlete revealed that she struggled to find the right technique
for “timing” the pole plants in the first 2 km. However, this
participant was also 5 s faster with the long poles in sec-
tion 3, which had the longest uphill section of the track. In
addition, the two athletes with the lowest FIS points and
best performance during the time trial had the greatest effect
from the long poles, with 14 and 16 s improvement. This is
not unexpected since these two skiers probably have the best
potential for utilizing longer poles, with a well-developed
technique and upper-body capacity [25]. However, due to the
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small number of athletes participating in this study, results
should be interpreted with caution and further studies with
a high number of athletes and a wider range of performance
levels would be required to draw firm conclusions.

Despite the lack of practice with longer poles, the par-
ticipants reported a significantly better perception of ski-
ing technique (i.e., a better feeling) when skiing with longer
than with self-selected poles. However, it should be noted
that four of the skiers reported that one short 25-m steep
uphill section 500 m from the finishing line was challeng-
ing with long poles, due to longer repositioning of the long
poles in the G2 sub-technique. Overall, we suggest that with
extended practice, longer poles may be a strategy to enhance
performance in ski skating. Although Losnegard et al. [14]
did not find such an effect of practice with long poles in dou-
ble poling, it is worth noting that the present study examined
skating, where the movement pattern is more complex than
in double poling.

Limitations

Detailed questionnaires and communication with the athletes
were used to estimate the use of skating sub-technique in this
study. Although there are clear limitations to this method
and future approaches should include automatic detection
of sub-techniques as implemented previously in the classi-
cal style by, e.g., Seeberg et al. [20] and Solli et al. [23], no
previous studies had provided valid algorithms for skating
[15, 27]. Although there are clear limitations to this method-
ology, all the athletes involved in this study had trained for
several hundred hours and regularly performed competitions
in this track over several years. Accordingly, we believe that
they had a sound basis for judging their use of sub-tech-
nique, although we do not have reliable data or evidence to
state the precise accuracy.

Although there were only nine participants in this study,
the data indicated that skiers should consider experimenting
with longer poles in ski skating, while a direct translation
to competitions may require extensive practice and experi-
ence with different types of tracks, snow and weather condi-
tions. In addition, a further understanding of the underlying
mechanisms is required, in which information on temporal
patterns and joint kinematics in the different skiing sub-tech-
niques with various pole lengths on snow outdoors should
be analyzed further.

Conclusions

This study demonstrates that increasing pole length by
7.5 cm in on-snow ski skating can be beneficial. Here, the
performance improvement induced by longer poles occurred

in the initial part of the race and the longest uphill section,
which coincided with more use of the G3 sub-technique than
G2. Since this took place without any changes in physiolog-
ical parameters, but with improved perceived feeling and
lower RPE with the long poles, we conclude that female XC
skiers may enhance performance by choosing longer poles
than those preferred in skating today.
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