'." frontiers ‘ Frontiers in Sports and Active Living

") Check for updates

OPEN ACCESS

EDITED BY
Thomas Leonhard Stdggl,
University of Salzburg, Austria

REVIEWED BY

Shih-Wun Hong,

Tzu Chi University, Taiwan
Zihan Yang,

Capital Medical University, China

*CORRESPONDENCE
Shuang Zhao
zhaoshuangzs@hotmail.com

SPECIALTY SECTION

This article was submitted to Sports Science,
Technology and Engineering, a section of the
journal Frontiers in Sports and Active Living

RECEIVED 20 May 2022
ACCEPTED 06 February 2023
PUBLISHED 22 February 2023

CITATION

Zhao S, Lindinger S, Ohtonen O and Linnamo V
(2023) Contribution and effectiveness of ski and
pole forces in selected roller skiing techniques
on treadmill at moderate inclines.

Front. Sports Act. Living 5:948919.

doi: 10.3389/fspor.2023.948919

COPYRIGHT

© 2023 Zhao, Lindinger, Ohtonen and
Linnamo. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Sports and Active Living

Original Research
22 February 2023
10.3389/fspor.2023.948919

Contribution and effectiveness of
ski and pole forces in selected
roller skiing techniques on
treadmill at moderate inclines

Shuang Zhao™, Stefan Lindinger’, Olli Ohtonen'
and Vesa Linnamo'

'Faculty of Sport and Health Sciences, University of Jyvaskyla, Jyvaskyla, Finland, *Center of Health and
Performance (CHP), Department of Food and Nutrition and Sport Science, University of Gothenburg,
Gothenburg, Sweden

Background: Most of the studies about the effects of incline on cross-country
skiing are related to the metabolic efficiency. The effective skiing biomechanics
has also been indicated to be among the key factors that may promote good
performance. The aims of this study were to provide biomechanical
characteristics and investigate the relative contribution and effectiveness of ski
and pole forces in overcoming the total external resistance with double poling
(DP) and Gear 3 (G3) techniques at varying moderate uphill inclines.

Methods: 10 male cross-country skiers participated in this study. Custom-made
force measurement bindings, pole force sensors, and an 8-camera Vicon system
were used to collect force data and ski and pole kinematics at 3°, 4° and 5° with
10 km/h skiing speed.

Results: The cycle length (CL) decreased by 10% and 7% with DP and G3 technique
from 3°to 5° (p < 0.001, p < 0.001). The cycle rate (CR) increased by 13% and 9% from
3° to 5° with DP and G3 technique respectively. From 3° to 5° the peak pole force
increased by 25% (p <0.001) and 32% (p <0.001) with DP and G3 technique. With
DP technique, the average cycle propulsive force (ACPF) increased by 46% (p <
0.001) from 3° to 5°and with G3 technique, the enhancement for ACPF was 50%
(p<0.001). In G3 technique, around 85% was contributed by poles in each incline.
Conclusion: The higher power output in overcoming the total resistance was
required to ski at a greater incline. With DP technique, the upper body demands,
and technical effectiveness were increasing with incline. With G3 technique, the
role of external pole work for propulsion is crucial over different terrains while role
of legs may stay more in supporting the body against gravity and repositioning
body segments.
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double poling technique, gear 3 technique,
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1. Introduction

Cross-country (XC) skiing is a sport in which competition and training are normally
performed on varying track topography. The classical and skating style (also known as
freestyle) are the two basic skiing techniques. Techniques such as double polling, diagonal
stride, and kick double pole, are sub-techniques of classical skiing technique (1). In
skating technique, there are six different sub-techniques, so called gears (Gear 2-Gear 7)
(2, 3). In both classical and skate skiing, skiers change the sub-techniques spontaneously
to maintain high speed and adapt to the change of the terrain (4-6). Several researchers
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have studied the effect of incline and speed on metabolic efficiency
(7-9), technique shift (5, 10), as well as kinematics and kinetics
change (11-16). The effects of incline on metabolic efficiency
have been studied a lot (7-9), as it is a key factor for endurance
sports (17). The effective skiing biomechanics has also been
indicated to be among the key factors that may promote good
performance (18). Therefore, having more knowledge about the
effects of incline on skiing biomechanics may be beneficial for
skiers and coaches with skiing technique improvements for
maintaining the skiing speed at varying uphill inclines.

Several studies have investigated the effects of incline on cycle
and force characteristics of different skiing techniques. The cycle
rate (CR) has been proved to be higher at steeper inclines
(4, 19). In both DP and Gear 2 (G2) technique, the peak pole
force (PPF), average pole force and average cycle pole force were
all greater at the higher incline situations (19). The primary
mechanical determinant of skier’s performance is the propulsive
force (1), which has been defined as the forward directed
component of the 3D resultant reaction force from skis and
poles acting on skiers (1, 16, 20-22). The total external resistance
should be overcome by the total propulsive force in XC skiing.
However, less works (16, 22) have examined the effects of incline
on the forces and propulsive forces generated from skis.

As one of the main techniques in classic XC skiing, the usage
and the importance of DP technique have been increased during
the past years due to increased upper body power, more
systematic strength training and higher skiing speeds (20, 23).
The Gear 3 (G3) technique has also become the most commonly
used technique in the freestyle XC skiing competition (24). DP
and G3 technique are normally used in level terrain up to
moderate uphill inclines. The DP technique, which involves both
arms acting in unison and leg involvement, has often been
(25-27) as the
propulsive forces are exerted only through the poles even though

considered as an upper-body movement
it is clear that also legs contribute to the performance (28, 29).
The G3 contains symmetrical pole thrust on every leg stroke (1).
The propulsive force in G3 are generated from both skis and
poles (30, 31). Although most of the total propulsive force has
been proved to be attributed to the forces from poles in skate
skiing techniques (32, 33), how the ski and pole forces are
performed to maintain the speed with varying uphill inclines
need further investigation.

Therefore, the current study was conducted to (1) provide
biomechanical characteristics and (2) investigate the relative
contribution and effectiveness of ski and pole forces in
overcoming the total external resistance of both DP and G3
uphill
hypothesized that with DP technique, we could measure some

techniques at varying moderate inclines. We
propulsive forces from skis, but it would be quite small, and
pole forces would be more effective at steeper inclines than at
relative lower inclines. We also hypothesized that pole forces
contribute more and would be more effective than the ski
forces with G3 technique (32, 33) in overcoming the total
resistance at any incline, but the relative contribution of ski
forces to overcome the total resistance would increase at

steeper grade.
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2. Materials and methods
2.1. Participants

10 male participants (age: 29.4+7.9 vyears; height:181.4 +
5.7 cm; weight:77.9 £ 8.9 kg) who were familiar with treadmill
roller-skiing volunteered to participate in this study. The
participants’ group included experienced skiers, such as high-
level junior athletes, recently retired athletes from the national
team, local skiing club members and national team coaches, both
latter ones are with high roller skiing skill and fitness levels. All
protocol used in this study were approved by the Ethics
Committee of the University of Jyvaskyld. All participants were
provided written informed consent before the measurement and
were free to withdraw from the experiments.

2.2. Protocol

Passive reflective markers were attached onto skiing equipment
before the measurement. First, participants completed a 10-15 min
warm-up roller skiing on the treadmill. After the warm-up activity,
the DP technique was performed at 3°, 4° and 5° at a speed of
10 km/h. This speed is commonly used in aerobic capacity tests
where the speed is kept constant. There was a 1-min rest between
each incline. When the DP technique was done, pole length was
adjusted to a comfortable length for G3 technique (1). The
comfortable pole length for DP technique were 85.9% + 2.5%, and
for G3 were 90.0% £ 1.3% of skiers’ body height in this study.
The participants were given a 5-min rest period while adjusting
the pole length. The G3 technique was then performed on the
treadmill. The protocol for changing the incline was the same as
during the DP test.

2.3. Data collection

An 8-video-camera motion capture system and NEXUS 2.8.1
software (Vicon, Oxford, United Kingdom) were used to collect
and record the three-dimensional (3D) trajectories of reflective
markers at a sampling rate of 150 Hz. The global coordinate
system (GCS) was defined by using the right-hand rule when
the incline of the treadmill was 0° and was calibrated
according to Vicon’s specifications. The Y-axis of GCS was
defined as the longitudinal axis of the treadmill. The Z-axis of
GCS was perpendicular to the ground pointing upward. 15
reflective markers were used in this study. 6 markers were
attached onto the roller skis (3 markers each, Figure 1) and 6
markers were attached onto the poles (3 markers each,
Figure 1). Another 3 markers were attached onto the
treadmill. Two markers were attached to the front and rear
right corners of the treadmill. Another one was attached to the
rear left corner of the treadmill. All markers in this study were
used to provide the position of roller skis, poles, and the
treadmill in the GCS.
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Ski_1 Ski_4
Pole1
Ski_2 Ski_3 Ski_6 Ski_5
Pole2
Pole3
FIGURE 1
Illustration of the marker placement on skis and Poles.
Measurements were performed on a motorized treadmill —measurement bindings (Neuromuscular Research Centre,

with a belt surface 2.7m wide and 3.5m long (Rodby
Innovation AB, Vinge, Sweden). A same pair of roller-skis
(Marwe SKATING 620 XC, wheel no. 0, Marwe Oy, Hyvinkai,
Finland) were used for both techniques and all participants.
Two custom-made pole force sensors (VIT MIKES, Technical
Research Centre of Finland Ltd., Kajaani, Finland) were used
to measure axial ground reaction force (GRF) from poles at a
sample rate of 400 Hz. The pole force sensors were mounted
below the pole grip and were calibrated in a certified
laboratory for force and mass measurements (VIT MIKES,
Technical Research Centre of Finland Ltd., Kajaani, Finland).

Two custom-made 2D (vertical and medio-lateral) force
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University of Jyviskyld, Finland) (34) were mounted on the
roller-skis to measure the leg forces generated from roller-skis
at a sampling rate of 400 Hz. Both pole force sensor and ski
measurement bindings have been used in our previous study
(35). The total mass of one equipped pole and one equipped
roller ski were 202 g and 664 g greater than the normal ones.
A trigger sent from the Coachtech online
and feedback (36)
Research Centre, University of Jyvéskyld, Finland) to the

signal was

measurement system (Neuromuscular
motion capture system to mark the start of the force capture.
Data from each subject at each incline were collected for at

least 30s when the treadmill speed was constant at 10 km/h.
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2.4. Data processing

The marker labeling was performed by using NEXUS 2.8.1
software. The raw 3D trajectories of all reflective markers were
low-pass filtered (fourth-order, zero-lag, Butterworth filter) with
a cut-off frequency of 11.3 Hz (37). Force data were low-pass
filtered (eighth-order, zero-lag, Butterworth filter) with a cutoff
frequency of 15 Hz (38). Filtering and parameter calculation were
performed in MATLAB R2018a (MathWorks, Natick, United
States). 10 cycles from each DP technique trail and 5 cycles from
each G3 technique trail were analyzed in this current study. For
DP technique trails, one cycle was defined as the period between
two consecutive right pole plant. For G3 technique, one cycle
was defined as the time between consecutive same side ski force
minima after ski plant and contained the kicking, overlapping,

10.3389/fspor.2023.948919

pure gliding action of both left and right ski and two double
poling action from both poles (Figure 2A).

2.4.1. Propulsive force calculation
Forces measured in the force coordinate system were first
transformed into the GCS (35). The measured axial pole forces
were considered as the ground reaction forces acting along the
—_—
pole from the tip to the top. The pole forces vector (F pole) in
GCS were calculated as:.

. .
F yole = Fxd

where F was the magnitude of the measured axial pole force and
u was the direction vector from the tip to the top of the pole.

Peak kicking force
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FIGURE 2
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Definition of cycle and force variables and time-force curve of propulsive force with G3 technique. A. Definition of cycle and force variables. Areas under
the gray shade were the overlap phase. B. Time-force curve of propulsive force from skis and Poles
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The direction vector was defined by using the reflective markers
that were attached to the pole. As the measurements were
performed at different inclines, the propulsive force component
from ski (F,_q) and from pole (F,,_poie) were calculated by:

Fp . = Faiy* cosa + Fypx sina

Fp_pole = Fpole_y* cos & + Fpgle_z* sina

where a was the incline of the treadmill (3°, 4°, or 5°); F,o1e_y and
Fyole_» were the corresponding pole force components in GCS;
Fgiy and Fg, were the components of GRFs’ vector generated
from legs in GCS.

2.4.2. Cycle characteristics

The cycle rate (CR) for each technique was the cycles per second
(CR =1/Cycle time, Hz). The cycle length (CL) was defined as the
product of cycle time and the speed of the treadmill. In both
techniques, the poling time was the ground contact time of the
right poles. For G3 technique (Figure 2A), the kicking time of
one leg was the time from unweighting minima to the ski release.
The overlap time of the legs were defined as the time from one
ski plant to the adjacent ski release of the other ski. The relative
poling, kicking, and overlap times were calculated for the analysis.

2.4.3. Impulses, effectiveness and contributions of
ski and pole forces

The kinetic variables analyzed in this study were similar to those
in another study which we concentrated on the effect of changing the
treadmill speed. The peak pole force (PPF) for both techniques, and
peak kicking force (PKF) for G3 technique were determined by the
resultant force from pole and ski respectively (Figure 2A). For both
techniques, pole and ski propulsive force impulses as well as ski
vertical impulse were calculated. The propulsive force impulse was
equal to the cumulative time integral of the propulsive force,
restricting the integral to the intervals over which the integrand was
positive. The effectiveness index of pole and ski forces was
calculated by expressing the pole propulsive impulse and the ski
propulsive impulse as a percentage of pole and ski resultant force
impulse, respectively (16). The contribution of pole and ski forces
in overcoming the total resistance were calculated by expressing the
pole and ski propulsive impulse as a percentage of total propulsive
impulse (32), respectively. The average cycle propulsive force
(ACPF) were determined by dividing the total propulsive impulse
by cycle time (16). The power output in overcoming the total
resistance in skiing direction was calculated by multiplying the
APCF and the speed of the treadmill (m/s) (16).

2.5. Statistical analyses

All the data in this current study were shown as means + SD.
One-way ANOVA with repeated-measures and Bonferroni post hoc
analysis were conducted to reveal the effect of incline on each
characteristic. The effect size (7;12,) and statistical power were also
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provided for further evaluation. The level of statistical significance
was set at 0.05. All statistical analyses were carried out by using
SPSS 22.0 Software (SPSS Inc., Chicago, United States.).

3. Results

In DP technique, the CL (Figure 3A) decreased by 10% as the
incline of the treadmill elevated from 3° to 5° (p <0.001). The CR
(Figure 3A) and relative poling time (Figure 3B) increased by 13%
(p<0.001) and 7% (p <0.001) from 3° to 5°, respectively. From 3°
to 5°, PPF increased by 25% (p <0.001, Figure 3C) and the pole
(p<0.001,
Figure 3D). The pole force effectiveness increased by 7% from 3°
to 5° (p <0.001, Figure 3E). With DP technique, the ski vertical
force impulse decreased with the increasing incline (p <0.001,

propulsive force impulse increased by 29%

Figure 3F). The ski propulsive force impulse was small and
independent from the incline of the treadmill (p=0.284,
Figure 3F). The ACPF and the power output in overcoming the
total resistance increased by 46% (p <0.001, Figure 3G) and 45%
(p <0.001, Figure 3H) with DP technique, respectively.

With G3 technique, the CL (Figure 4A) decreased by 7% as the
incline of the treadmill elevated from 3° to 5° (p <0.001). The CR
(Figure 4A) and the relative poling time (Figure 4B) with G3
technique increased by 9% (p <0.001) and 8% (p <0.008) from
3° to 5° respectively. With G3 technique, the relative kicking
time (Figure 4C) was independent from the incline (p=0.794).
The relative overlap time (Figure 4D) at 3° was greater than
relative overlap time at 4° and 5° (p=0.101). From 3° to 5°, the
PPF and the PKF increased by 32% (p<0.001, Figure 4E) and
6% with G3 (p <0.037, Figure 4E) technique, respectively. From
3° to 5° the pole propulsive force impulse increased by 36% (p <
0.001) with G3 technique (Figure 4F). The ski propulsive force
impulse (Figure 4G) at 4° was not different from that at 5° (p =
0.338), but both were greater than the ski propulsive force
impulse at 3° (p<0.001). The ski vertical force impulse
decreased by 11% from 3° to 5° (p <0.001, Figure 4H). With G3
technique, the enhancements for ACPF were 50% (p<0.001,
Figure 5A). The power output in overcoming the total resistance
increased by 50% (p<0.001, Figure 5B). The pole force
effectiveness (Figure 5C) increased by 5% (p<0.001). The ski
force effectiveness (Figure 5C) at 3° was significantly lower than
at 4° to 5° (p<0.001, p <0.001). No significant difference on ski
force effectiveness between 4° and 5° was found (p=0.101). In
G3 technique, around 85% of the total propulsive force was
contributed by poles (Figure 5D). The relative contributions of
ski and pole forces to overcome the total resistance were affected
by the treadmill incline (Figure 5D), but the only difference was
between 3° and 4° (p =0.003).

4. Discussion

This study provided the biomechanical characteristics and
investigated the relative contribution and effectiveness of ski
and pole forces in overcoming the total external resistance
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of both DP and G3 techniques at varying moderate uphill
inclines. 0.03-0.04 N*s ski propulsive force impulse was
found, and the pole force effectiveness increased by 7%
from 3° to 5°with DP technique, which
hypothesis that some propulsive forces from skis could be

support our

measured but it would be quite small and pole forces
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With G3
resultant pole forces was

would be more effective at inclines.
55%-58% of the

generated to overcome the external resistance and about

steeper
technique,

85% of the total propulsive force was contributed by poles.

Thus, the hypothesis of more contribution from poles and
greater pole effectiveness was satisfied.
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resistance. The data are presented as mean + SD. The p value, ng, and power presented in the figure are from the One-Way ANOVA with repeated
measurement test. **p <0.01, compared with all other inclines. a, A; b, B; ¢, C, represent different to 3°, 4°, 5°, respectively. a, b, c=p<0.05; A, B,
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4.1. Cycle characteristics

In response to increases in incline, the CR increased
significantly at steeper inclines with both techniques (Figures 3A,
4A). This indicated that shorter time was used by subjects to
finish one cycle at steeper inclines. This finding is consistent with
previous studies that the CR was higher at steeper inclines with
G3 technique (4), and DP technique (19). Since the treadmill
speed remained the same at different incline, the CL decreased at
steeper inclines with both techniques. Similar finding was found
in a previous study that the CL was decreased with both G2 and
DP techniques in response to a steeper incline (19). Comparable
phenomenon has been demonstrated in uphill running where
step length (CL) was decreased and step frequency (CR) was
increased with the elevated treadmill incline (39, 40). The
adjustment of CL and CR in uphill running was coped with the
uphill progression and the available metabolic power (40).

The relative poling time (Figures 3B, 4B) are greater at
steeper incline with both technique in this study. Specifically,
the time for getting ready for the next pole plant was shorter at
steeper incline, and the proportion of cycle for generating pole
forces increased with the elevated treadmill incline in both
techniques (19). As the G3 technique contains both pole and
ski thrusts, the ski movements were analyzed as well. The
relative kicking time (Figure 4C) was independent from
the incline of the treadmill. This indicated that in response to
the increased treadmill incline, the proportion of cycle for
generating ski forces would not change.
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The relative overlap time (Figure 4D) at 4° and 5° were shorter
when compared to that at 3°. The less relative overlap time
indicated that the skier may start “seeking ground contact” with
the new glide ski later at steeper grade (15). The magnitude of
the relative overlap time in this study (23%-25%) was higher
than that reported by Ohtonen et al. (15) (around 10%). This
difference might be attributed to environmental difference (on
snow vs. on treadmill) and athletes’ level (a group of elite skiers
vs. a group of diverse level skiers). Faster elite skiers may control
balance more securely than averaged level skiers (15).

4.2. Forces and impulses

With both techniques, the PPF (Figure 3C and Figure 4E), and
pole propulsive force impulse (Figure 3D and Figure 4F) increased
continuously up to the steepest incline in this present study.
Combined these results with results from cycle characteristics,
although less time was used for getting ready for pole plant,
greater pole force and pole propulsive force should be reached at
steeper incline. These results were consistent with the previous
study that in both DP and G2 technique, the force variables
from poles were all greater at the steeper grade than the lower
grade (19). 0.03-0.04 N*s ski propulsive force impulse was found
(Figure 3F) for DP technique in this study. This result supports
our hypothesis that with DP technique, we could measure some
propulsive force from skis, but it would be quite small. The
magnitude of the ski propulsive force impulse was very small and
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seems to be negligible. Therefore, from overcoming the total
resistance point of view, DP technique could be considered as an
upper-body movement as indicated by other previous studies
(25-27).

Greater ski force and ski propulsive force should also be
generated to overcome the increased total resistance at steeper
incline with G3 technique, as the PKF and ski propulsive force
impulse all increased at steeper incline in this study. However,
although participants in this study had similar bodyweight with
participants in other previous studies (15, 41), the magnitude of
PKEF in this study was lower than those in previous studies. The
additional weight and height of the roller ski equipped with the
force measurement bindings may decrease the usage of legs,
thereby greater ski forces could not be reached. In addition, the
difference in skiers’ level and the skiing intensity level may also
be attributed to the difference in PKF.

The gravity component parallel to the treadmill surface
increased with the incline (38), thus more forces and greater
power output are needed at a steeper grade. Therefore, the ACPF
increased continuously with the elevated treadmill incline with
both techniques (Figure 3G and Figure 5A). In response to the
elevated treadmill incline, the power output in overcoming the
total resistance increased by 45% and 50% with the DP and G3
technique respectively in this study (Figure 3H and Figure 5B).
For DP technique, the propulsive impulse was mainly generated
by poles and more pole propulsive force impulse are needed if
skier intend to maintain the speed with increasing incline. But
with G3 technique, increase the propulsive force generated from
both poles and skis are needed. It is also worth remembering
that in treadmill conditions skiers do not have to work against
wind resistance as is the situation when skiing outside. Especially
with higher speed, the wind resistance would have a great
influence on propulsive forces (42). Therefore, the results about
the magnitude of forces in this study may be different from
studies which concentrated on snow skiing (15).

4 3. Effectiveness and contributions of ski
and pole forces at different inclines

Effectiveness index has been used as a useful tool to evaluate
athlete’s overall economy on force production (16). The results of
this study support our hypothesis that with DP technique, the
effectiveness of pole force in overcoming the total resistance
would be greater at steeper inclines than at relative lower
inclines. The pole force effectiveness increased by 7% from 3° to
5° with DP technique, indicating that a greater proportion of the
resultant force is generated to overcome the total resistance and a
higher overall economy on force production. For DP technique,
the increase in power output in overcoming the resistance was
mainly due to the increase in pole force effectiveness because
none of the propulsive force could be obtained by skis.

The results of our study support our hypothesis that pole forces
would contribute more to overcome the total resistance and more
effective than ski forces at any incline. Our results indicated that
the relative contributions of pole forces were 5-6 times greater
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than the relative contributions of ski forces (Figure 5D), and
55%-58% of the resultant pole forces is generated to overcome
the external resistance which is greater than the effectiveness of
(0.9%-1.6%, 5C).
demonstrated that for G3 skating technique, about two thirds of
propulsive is due to the pole forces and one-third due to the ski
forces (33). The difference between our current study and the
previous study (33) may be attributed to the difference in

ski  force Figure A previous study

treadmill incline and speed. In addition, the extra weight and
height of roller-skis caused by the force measurement bindings
may decrease the usage of legs. Therefore, more pole force than
ski forces were used in overcoming the total resistance. However,
the results of our study do not support our hypothesis that the
relative contribution of ski forces to overcome the total resistance
Although the
contribution from ski and pole forces were affected by the incline
of the treadmill, the effects were medium (n;:0.106), and the
magnitude of the change did not vary so much. Specifically,

would increase at steeper grade. relative

increasing the propulsive force generated from both poles and
skis are needed at steeper grade but the contribution ratio will
not change.

However, what should be noted was that the contribution
mentioned in this study were the relative amount of force to
overcome the external resistance. The internal work, which is
used to move the internal structures and not used to perform
work on external objects (43), was not included. A previous
study reported that about 37%-46% of the external power was
contributed by the trunk and legs in DP technique (38). During
the recovery phase of the DP technique or the pure gliding phase
in the V2 skating technique, the lower extremity also contributes
to repositioning the body, which may help skiers enhance the
use of body weight (29, 44) and may increase the forces
kind of
contribution of lower extremity could not be revealed by the

generated from skis and poles. However, this
propulsive force. Therefore, only 0.9%-1.6% of the ski forces
were generated to overcome the resistance. Results from this
study suggests that the role of legs is quite small, but this might
be affected by the height and weight of the roller ski and the
level of study group. This result needs to be confirmed with
higher level athletes and more advanced measurement equipment.

Our study has several limitations. The first limitation is that
subjects in this study had varying skiing levels, and we
recruited make subjects only. Therefore, future studies with a
group of more skilled skiers of both genders will enhance the
generality of our conclusion. The measurements of this study
were performed in an indoor laboratory and on the treadmill.
The lack of wind resistance (42) and the motor and belt of the
treadmill (45) may prevent the results of this study from being
directly applicable to snow skiing. In addition, the roller skiing
equipment used in this study contained force measurement
sensors, which are heavier and add extra height compared to
the normal ones, may affect the skiing techniques. Future study
could reduce the impact of measurement equipment by using
portable force measurement roller skis (46) and lighter force
measurement poles to help the results more easily transferable
to daily roller ski training.
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5. Conclusions

The
information of DP and G3 techniques at three different

present study provides detailed biomechanical
uphill inclines. The higher power output in overcoming the
total resistance was required to manage skiing at a greater
incline. With DP technique this was supplied by greater
pole forces and pole force effectiveness, which means that
the upper body demands, and technical effectiveness were
increasing with incline. This fact plays a role when skiers
using DP also to a greater extent in moderate uphill
sections like e.g., in “Visma Ski Classic” race events or
when skiers are forced to use DP in uphill sections due to
worse grip wax conditions for diagonal skiing. With G3
technique, increasing both pole and ski force effectiveness
were needed at steeper grade, but the much larger relative
contribution of pole forces vs. ski forces in overcoming the
total resistance did not change over incline. This underlines
the crucial role of external pole work for propulsion during
G3 over different terrains while the role of legs may stay
body and

more in supporting the

repositioning body segments.

against  gravity

Data availability statement

The original contributions presented in the study are
further
inquiries can be directed to the corresponding author.

included in the article/Supplementary materials,

Ethics statement

The studies involving human participants were reviewed
and approved by Ethics Committee of the University of
Jyvdskyld. The patients/participants provided their written
informed consent to participate in this study.

References

1. Smith GA. Biomechanics of cross country skiing. In: H Rusko, editors. Cross
country skiing handbook of sports medicine. New York: Wiley (2003). p. 32-61.

2. Andersson E, Supej M, Sandbakk @, Sperlich B, Stoggl T, Holmberg HC.
Analysis of sprint cross-country skiing using a differential global navigation
satellite system. Eur ] Appl Physiol. (2010) 110(3):585-95. doi: 10.1007/s00421-010-
1535-2

3. Nilsson J, Tveit P, Eikrehagen O. Effects of speed on temporal patterns in classical
style and freestyle cross-country skiing. Sports Biomechanics. (2004) 3(1):85-107.
doi: 10.1080/14763140408522832

4. Bilodeau B, Boulay MR, Roy B. Propulsive and gliding phases in four cross-
country skiing techniques. Med Sci Sports Exercise. (1992) 24(8):917-25. doi: 10.
1249/00005768-199208000-00014

5. Ettema G, Kveli E, @ksnes M, Sandbakk @. The role of speed and incline in the
spontaneous choice of technique in classical roller-skiing. Hum Mov Sci. (2017)
55:100-7. doi: 10.1016/j.humov.2017.08.004

6. Nilsson J, Tveit P, Eikrehagen O. Cross-country skiing: effects of speed on
temporal patterns in classical style and freestyle cross-country skiing. Sports
Biomechanics. (2004) 3(1):85-108. doi: 10.1080/14763140408522832

Frontiers in Sports and Active Living

10.3389/fspor.2023.948919

Author contributions

Conceptualization, SZ, OO, SL, and VL; Data curation, SZ;
Formal analysis, SZ; Funding acquisition, SZ and VL; Investigation,
SZ, OO0, SL, and VL; Methodology, SZ, OO, SL, and VL; Project
administration, SZ; Resources, SZ, and OO; Supervision, SZ, OO,
SL and VL; Validation, SZ; Visualization, SZ; Writing — original
draft, SZ; Writing - review & editing, SZ, OO, SL, and VL. All
authors contributed to the article and approved the submitted version.

Funding

The author Shuang Zhao was funded by the China Scholarship
Council, grant number 201806520003.

Acknowledgments

The author SZ would like to express her appreciation and
thanks to the staff, athletes, and coaches for their participation,
enthusiasm, and cooperation in this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

7. Lokkeborg J, Ettema G. The role of incline, speed and work rate on the choice of
technique in classical roller skiing. PloS one. (2020) 15(7):¢0236102. doi: 10.1371/
journal.pone.0236102

8. Sandbakk @, Ettema G, Holmberg H-C. The influence of incline and speed on
work rate, gross efficiency and kinematics of roller ski skating. Eur J Appl Physiol.
(2012) 112(8):2829-38. doi: 10.1007/s00421-011-2261-0

9. Sandbakk @, Hegge AM, Ettema G. The role of incline, performance level, and
gender on the gross mechanical efficiency of roller ski skating. Front Physiol. (2013)
4:293. doi: 10.3389/fphys.2013.00293

10. Stoggl T, Welde B, Supej M, Zoppirolli C, Rolland CG, Holmberg H-C, et al.
Impact of incline, sex and level of performance on kinematics during a distance
race in classical cross-country skiing. J Sports Sci Med. (2018) 17(1):124.

11. Lindinger SJ, Holmberg HC. How do elite cross-country skiers adapt to different
double poling frequencies at low to high speeds? Eur J Appl Physiol. (2011) 111
(6):1103-19. doi: 10.1007/s00421-010-1736-8

12. Lindinger SJ, Stoggl T, Miiller E, Holmberg HC. Control of speed during the
double poling technique performed by elite cross-country skiers. Med Sci Sports
Exerc. (2009) 41(41):210-20. doi: 10.1249/MSS.0b013¢318184f436

frontiersin.org


https://doi.org/10.1007/s00421-010-1535-2
https://doi.org/10.1007/s00421-010-1535-2
https://doi.org/10.1080/14763140408522832
https://doi.org/10.1249/00005768-199208000-00014
https://doi.org/10.1249/00005768-199208000-00014
https://doi.org/10.1016/j.humov.2017.08.004
https://doi.org/10.1080/14763140408522832
https://doi.org/10.1371/journal.pone.0236102
https://doi.org/10.1371/journal.pone.0236102
https://doi.org/10.1007/s00421-011-2261-0
https://doi.org/10.3389/fphys.2013.00293
https://doi.org/10.1007/s00421-010-1736-8
https://doi.org/10.1249/MSS.0b013e318184f436
https://doi.org/10.3389/fspor.2023.948919
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Zhao et al.

13. Millet GY, Hoffman MD, Candau RB, Clifford PS. Poling forces during roller
skiing: effects of technique and speed. Med Sci Sports Exerc. (1998) 30(11):1645-53.
doi: 10.1097/00005768-199811000-00014

14. Nilsson J, Tinmark F, Halvorsen K, Kinematic AA. Kinetic and electromyographic
adaptation to speed and resistance in double poling cross country skiing. Eur J Appl
Physiol. (2013) 113(6):1385-94. doi: 10.1007/s00421-012-2568-5

15. Ohtonen O, Linnamo V, Lindinger SJ. Speed control of the V2 skating technique
in elite cross-country skiers. Int J Sports Sci Coach. (2016) 11(2):219-30. doi: 10.1177/
1747954116637156

16. Stoggl T, Holmberg HC. Three-Dimensional force and kinematic interactions in
V1 skating at high speeds. Med Sci Sports Exercise. (2015) 47(6):1232-42. doi: 10.1249/
MSS.0000000000000510

17. Bassett DR, Howley ET. Limiting factors for Maximum oxygen uptake and
determinants of endurance performance. Med Sci Sports Exercise. (2000) 32
(1):70-84. doi: 10.1097/00005768-200001000-00012

18. Hebert-Losier K, Zinner C, Platt S, Stoggl T, Holmberg HC. Factors that
influence the performance of elite sprint cross-country skiers. Sports Medicine.
(2017) 47(2):319-42. doi: 10.1007/s40279-016-0573-2

19. Millet GY, Hoffman MD, Candau RB, Clifford PS. Poling forces during roller
skiing: effects of grade. Med Sci Sports Exercise. (1998) 30(11):1637-44. doi: 10.
1097/00005768-199811000-00013

20. Stoggl TL, Holmberg HC. Double-Poling biomechanics of elite cross-country
skiers: flat versus uphill terrain. Med Sci Sports Exercise. (2016) 48(8):1580-9.
doi: 10.1249/MSS.0000000000000943

21. Pellegrini B, Bortolan L, Schena F. Poling force analysis in diagonal stride at
different grades in cross country skiers. Scand ] Med Sci Sports. (2011) 21
(4):589-97. doi: 10.1111/j.1600-0838.2009.01071.x

22. Andersson E, Stoggl T, Pellegrini B, Sandbakk O, Ettema G, Holmberg HC.
Biomechanical analysis of the herringbone technique as employed by elite cross-
country skiers. Scand ] Med Sci Sports. (2014) 24(3):542-52. doi: 10.1111/sms.12026

23. Sandbakk O, Holmberg HC. A reappraisal of success factors for Olympic cross-
country skiing. Int J Sports Physiol Perform. (2014) 9(1):117-21. doi: 10.1123/ijspp.
2013-0373

24. Stoggl T, Stoggl J, Miiller E. Competition Analysis of the Last Decade (1996-2008)
in Crosscountry Skiing. In: Erich Miiller SL, Thomas Stoggl, editor. Science and Skiing
IV; UK: Meyer & Meyer Sport (2008). p. 657-77.

25. Gaskill SE, Serfass RC, Rundell KW. Upper body power comparison between
groups of cross-country skiers and runners. Int ] Sports Med. (1999) 20(5):290-4.
doi: 10.1055/s-2007-971133

26. Hoff ], Helgerud J, Wisleff U. Maximal strength training improves work
economy in trained female cross-country skiers. Med Sci Sports Exerc. (1999) 31
(6):870-7. doi: 10.1097/00005768-199906000-00016

27. Mittelstadt SW, Hoffman MD, Watts PB, O’Hagan KP, Sulentic JE, Drobish KM,
et al. Lactate response to uphill roller skiing: diagonal stride versus double pole
techniques. Med Sci Sports Exercise. (1995) 27(11):1563-8. doi: 10.1249/00005768-
199205001-00631

28. Holmberg L], Lund Ohlsson M, Supej M, Holmberg H-C. Skiing efficiency
versus performance in double-poling ergometry. Comput Methods Biomech Biomed
Engin. (2013) 16(9):987-92. doi: 10.1080/10255842.2011.648376

29. Holmberg H-C, Lindinger S, Stoggl T, Bjorklund G, Muller E. Contribution of
the legs to double-poling performance in elite cross-country skiers. Med Sci Sports
Exercise. (2006) 38(10):1853. doi: 10.1249/01.mss.0000230121.83641.d1

30. Ohtonen O. LV, Gépfert C, Lindinger S. Effect of 20km Simulated Race Load on
Propulsive Forces During Ski Skating. In: Karczewska-Lindinger M. HA, Linnamo V.,

Frontiers in Sports and Active Living

1

10.3389/fspor.2023.948919

Lindinger S., editor. Science and skiing VIII; Finland: University of Jyvaskyld (2019).
p. 130-7.

31. Smith GA, Mcnitt-Gray J, Nelson RCF. Kinematic analysis of alternate stride
skating in cross country skiing. Int J Sport Biomech. (2010) 4(1):49-58. doi: 10.
1123/ijsb.4.1.49

32. Gopfert C, Pohjola MV, Linnamo V, Ohtonen O, Rapp W, Lindinger SJ.
Forward acceleration of the centre of mass during ski skating calculated from force
and motion capture data. Sports Engineering. (2017) 20(2):141-53. doi: 10.1007/
512283-016-0223-9

33. Smith G, Kvamme B, Jakobsen V. Ski Skating Technique Choice: Mechanical
and Physiological Factors Affecting Performance. In: Schwameder H SG,
Fastenbauer V, Lindinger S, Miiller E, editor. 24 International Symposium on
Biomechanics in Sports; Austria: University of Salzburg (2006). p. 397-400.

34. Ohtonen O, Lindinger S, Lemmettyld T, Seppild S, Linnamo V. Validation of
portable 2d force binding systems for cross-country skiing. Sports Engineering.
(2013) 16(4):281-96. doi: 10.1007/s12283-013-0136-9

35. Zhao S, Ohtonen O, Ruotsalainen K, Kettunen L, Lindinger S, Gépfert C, et al.
Propulsion calculated by force and displacement of center of mass in treadmill cross-
country skiing. Sensors. (2022) 22(7):2777. doi: 10.3390/s22072777

36. Ohtonen O, Ruotsalainen K, Mikkonen P, Heikkinen T, Hakkarainen A,
Leppdvuori A, et al. Online Feedback System for Athletes and Coaches. In:
Hakkarainen A, Lindinger S, Linnamo V, editors. 3rd International Congress on
Science and Nordic Skiing; Finland: University of Jyviskyla (2015). p. 35

37. Yu B, Gabriel D, Noble L, An K-N. Estimate of the Optimum cutoff frequency
for the butterworth low-pass digital filter. J Appl Biomech. (1999) 15(3):318-29.
doi: 10.1123/jab.15.3.318

38. Danielsen J, Sandbakk @, McGhie D, Ettema G. Mechanical energetics
and dynamics of uphill double-poling on roller-skis at different incline-
speed combinations. PloS one. (2019) 14(2):e0212500. doi: 10.1371/journal.pone.
0212500

39. Gottschall JS, Kram R. Ground reaction forces during downhill and uphill
running. J Biomech. (2005) 38(3):445-52. doi: 10.1016/j.jbiomech.2004.04.023

40. Padulo J, Powell D, Milia R, Ardigd LP. A paradigm of uphill running. PloS one.
(2013) 8(7):€69006. doi: 10.1371/journal.pone.0069006

41. Stoggl T, Kampel W, Muller E, Lindinger S. Double-Push skating versus V2 and
V1 skating on uphill terrain in cross-country skiing. Med Sci Sports Exercise. (2010) 42
(1):187-96. doi: 10.1249/MSS.0b013e3181ac9748

42. Ainegren M, Linnamo V, Lindinger S. Effects of aerodynamic drag and
drafting on propulsive force and oxygen consumption in double poling cross-
country skiing. Med Sci Sports Exercise. (2022) 54(7):1058. doi: 10.1249/MSS.
0000000000002885

43. Robertson GE. Engergy, work, and power. In: GE Robertson, GE Caldwell, J
Hamill, G Kamen, S Whittlesey, editors. Research methods in biomechanics. 2 ed.
USA: Human kinetics (2013). p. 132.

44. Holmberg HC, Lindinger S, Stoggl T, Eitzlmair E, Miiller E. Biomechanical
analysis of double poling in elite cross-country skiers. Med Sci Sports Exerc. (2005)
37(5):807. doi: 10.1249/01.MSS.0000162615.47763.C8

45. Van Hooren B, Fuller JT, Buckley JD, Miller JR, Sewell K, Rao G, et al. Is
motorized treadmill running biomechanically comparable to overground running?
A systematic review and meta-analysis of cross-over studies. Sports Med. (2020) 50
(4):785-813. doi: 10.1007/s40279-019-01237-z

46. Zhao S, Linnamo V, Ruotsalainen K, Lindinger S, Kananen T, Koponen P, et al.
Validation of 2d force measurement roller ski and practical application. Sensors.
(2022) 22(24):9856. doi: 10.3390/522249856

frontiersin.org


https://doi.org/10.1097/00005768-199811000-00014
https://doi.org/10.1007/s00421-012-2568-5
https://doi.org/10.1177/1747954116637156
https://doi.org/10.1177/1747954116637156
https://doi.org/10.1249/MSS.0000000000000510
https://doi.org/10.1249/MSS.0000000000000510
https://doi.org/10.1097/00005768-200001000-00012
https://doi.org/10.1007/s40279-016-0573-2
https://doi.org/10.1097/00005768-199811000-00013
https://doi.org/10.1097/00005768-199811000-00013
https://doi.org/10.1249/MSS.0000000000000943
https://doi.org/10.1111/j.1600-0838.2009.01071.x
https://doi.org/10.1111/sms.12026
https://doi.org/10.1123/ijspp.2013-0373
https://doi.org/10.1123/ijspp.2013-0373
https://doi.org/10.1055/s-2007-971133
https://doi.org/10.1097/00005768-199906000-00016
https://doi.org/10.1249/00005768-199205001-00631
https://doi.org/10.1249/00005768-199205001-00631
https://doi.org/10.1080/10255842.2011.648376
https://doi.org/10.1249/01.mss.0000230121.83641.d1
https://doi.org/10.1123/ijsb.4.1.49
https://doi.org/10.1123/ijsb.4.1.49
https://doi.org/10.1007/s12283-016-0223-9
https://doi.org/10.1007/s12283-016-0223-9
https://doi.org/10.1007/s12283-013-0136-9
https://doi.org/10.3390/s22072777
https://doi.org/10.1123/jab.15.3.318
https://doi.org/10.1371/journal.pone.0212500
https://doi.org/10.1371/journal.pone.0212500
https://doi.org/10.1016/j.jbiomech.2004.04.023
https://doi.org/10.1371/journal.pone.0069006
https://doi.org/10.1249/MSS.0b013e3181ac9748
https://doi.org/10.1249/MSS.0000000000002885
https://doi.org/10.1249/MSS.0000000000002885
https://doi.org/10.1249/01.MSS.0000162615.47763.C8
https://doi.org/10.1007/s40279-019-01237-z
https://doi.org/10.3390/s22249856
https://doi.org/10.3389/fspor.2023.948919
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Contribution and effectiveness of ski and pole forces in selected roller skiing techniques on treadmill at moderate inclines
	Introduction
	Materials and methods
	Participants
	Protocol
	Data collection
	Data processing
	Propulsive force calculation
	Cycle characteristics
	Impulses, effectiveness and contributions of ski and pole forces

	Statistical analyses

	Results
	Discussion
	Cycle characteristics
	Forces and impulses
	Effectiveness and contributions of ski and pole forces at different inclines

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


