CHAL

UNIVERSITY OF TECHNOLOGY

Effects of speed and incline on double-poling biomechanics

Downloaded from: https://research.chalmers.se, 2026-08-28 13:59 UTC

Citation for the original published paper (version of record):

Horvath, M., Andersson, E., Jansson, G. et al (2026). Effects of speed and incline on double-poling
biomechanics. Sports Engineering, 29(2). http://dx.doi.org/10.1007/s12283-026-00544-9

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Sports Engineering (2026) 29:27
https://doi.org/10.1007/512283-026-00544-9

ORIGINAL PAPER

®

Check for
updates

Effects of speed and incline on double-poling biomechanics
Marton Horvath'? . Erik P. Andersson' - Gustav Jansson? - Albin Hallander? - Nils Wastegard? - Dan Kuylenstierna®

Received: 19 May 2025 / Revised: 10 March 2026 / Accepted: 12 March 2026
© The Author(s) 2026

Abstract

This study investigated the independent and combined effects of incline and speed on the kinetics and cycle characteristics
of double poling. Seventeen trained male cross-country skiers completed a maximum speed, a maximum incline, and a
constant-power-output test on a motorized treadmill. Axial pole force was measured throughout all tests using ski poles
equipped with force sensors. The results indicated that the proportion of propulsive pole force relative to axial pole force
(i.e., the pole force ratio) decreased linearly with increasing speed, which was explained by declining poling time. Con-
trarily, the pole force ratio and poling time barely changed by increasing incline; however, considerable inter-individual
variation emerged in the former. A large proportion of variables describing cycle characteristics and poling kinetics dif-
fered significantly between the final completed stages of the maximum speed and maximum incline tests. Additionally,
participants’ performance in these tests showed a moderate correlation (r = 0.50, P = 0.04). Both pole forces and poling
impulse, as well as the pole force ratio, showed significant variation during the constant-power-output test, suggesting that,
in cross-country skiing, external power output alone is insufficient to accurately capture the magnitude of effort, unless
speed and inclination are also considered. The present study highlights the complexity of double-poling biomechanics and
underscores the need for further research into physiology- and efficiency-related implications. Finally, it provides practical
perspectives for enhancing sprint performance in cross-country skiing through targeted training sessions.

Keywords Cycle characteristics - Force measurement - Poling kinetics -+ Power output - Sports performance - Sports
technology - Training load

1 Introduction

Double poling is one of the fundamental movement pat-
terns, often referred to as sub-techniques, within classical
cross-country skiing [1]. It is typically used at relatively
high speeds (~12 — 40 km/h) on flat terrain, or moderate
inclines [2-5]. In recent years, double-poling performance
has become increasingly important, and in some long-dis-
tance cross-country ski races, such as the Vasaloppet and
the Birkebeinerrennet, it is now the exclusively used sub-
technique [6, 7].
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In the double-poling sub-technique, propulsion is gen-
erated through the skier’s poles, indicating an enhanced
reliance on the upper-body musculature compared to other
sub-techniques [8, 9]. Nevertheless, double poling is not
solely reliant on upper-body power production; it also acti-
vates lower-body muscles that stabilize the body and coun-
teract the upper body’s flexion, as demonstrated by surface
electromyography [8]. Moreover, Danielsen and colleagues
[10] demonstrated that approximately one-third of the total
propulsive power is generated through the use of trunk and
leg muscles at a moderate incline, with this contribution
increasing at steeper inclines.

Studies on the cycle characteristics and kinetics of double
poling have shown that as the speed of travel increases, pol-
ing frequency (i.e., cycle rate) and pole force also increase
[11, 12]. In contrast, absolute poling time, recovery time
(i.e., reposition time or swing time), and time to peak pole
force have been shown to decrease. It was also found that
steeper slopes increase pole force, poling impulse, cycle
rate (CR), time to peak pole force and the pole-off angle [10,
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11, 13, 14]. This results in decreasing cycle length (i.e., the
travelled distance during a complete poling cycle), swing
time, impact pole force and the pole-plant angle.

One study has investigated the combined effect of speed
and incline during constant power output conditions; how-
ever, this investigation included only two different incline
conditions (i.e., 5% and 12% inclines). The study by Dan-
ielsen et al. revealed significant interaction effects of speed
and incline for mean and peak pole power, peak pole force,
pole-off angle and perpendicular center of mass displace-
ment [12].

Stoggl and Holmberg defined the pole force “effective-
ness index” as the ratio of mean propulsive force to mean
axial pole force, which was assessed using strain gauge
force transducers and motion capture analysis [11]. They
found that the "effectiveness index" increased from ~55%
to ~65% at a 7° incline compared to a 1° incline, while
their results suggested that the "effectiveness index" was
relatively invariant to an altered speed.

Although research has demonstrated a positive correla-
tion between upper-body power and maximum speed in
double poling within a homogenous sample of elite cross-
country skiers [15], the ability to reach a high maximum
speed is primarily constrained by the brief available duration
(i.e., poling time) for applying substantial forces through the
ski poles. As Stoggl et al. [16] concluded, the key to a high
maximum speed lies in the transferability of general strength
and power to speed production, which requires high levels
of technical and coordination skills. This underscores the
need for a deeper understanding of double-poling biome-
chanics to optimize training strategies, particularly for the
development of maximum speed and sprint performance.

This study aimed to examine the independent and com-
bined effects of speed and incline on the kinetics and cycle
characteristics of double poling. First, it was hypothesized
that double-poling at high speeds imposes fundamentally
different kinetic demands than at steep inclines. In princi-
ple, a high maximum speed capacity at low gradients would
not necessarily translate into a high maximum power output
capacity at steeper gradients and vice versa. It was further
hypothesized that external power output in cross-country
skiing cannot be meaningfully interpreted without consid-
ering speed and incline. Finally, it was hypothesized that
maximum skiing velocity is primarily constrained by the
skier’s ability to maintain sufficient propulsive force despite
progressively shortening poling time throughout the accel-
eration phase.
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2 Methods

All participants performed three different roller-ski tests
on a motor-driven treadmill in the double-poling sub-
technique: a maximum speed test, a maximum incline test,
and a 10-minute constant-power-output test across various
incline conditions (ranging from 1° to 7°) with correspond-
ing variations in speed. The intensity in this latter test was
determined relative to the participants’ maximum speed.
The three tests together allowed for the investigation of
double-poling biomechanics under conditions of constant
speed, propulsive force, and power output, respectively.
Cycle characteristics and poling kinetics were recorded dur-
ing all tests using load-cell-equipped ski poles and analysed
for differences between tests, test stages and participants.

2.1 Participants

Seventeen trained male cross-country skiers (body mass,
78.3 £ 9.4 kg; body height, 182 + 7 cm; age, 30 + 13 years)
volunteered for the study. All were familiar with treadmill
roller-ski training and testing. The study was conducted
according to the Declaration of Helsinki. The study was
pre-approved by the Swedish Ethical Review Board (2023-
03470-01), and all athletes provided their written informed
consent to participate in the study.

2.2 Testing procedure

The participants completed three different treadmill roller-
ski tests in the double-poling sub-technique: 1) a maximum
speed test, 2) a maximum incline test and 3) a 10-minute
constant-power-output test, all performed on the same labo-
ratory visit. The maximum speed test was conducted accord-
ing to the methodological principles developed by Stoggl
et al. [17]. It was performed at a constant inclination of 3°
beginning with a 20-second initial stage at 12 km/h. After
this stage, the treadmill speed increased by 1 km/h every
6 s until the participant could no longer maintain the pace.
The test was terminated when the roller skis’ front wheels
dropped behind the treadmill belt’s midpoint (i.e., 1.75 m
behind the front roller). The participants wore a safety har-
ness around their waist attached to a rope during all tests.
The maximum speed (vy,q.) Was defined to account for
each commenced stage of the maximum speed test as:

t
— * Vjner + o0, (1)

incr

Umaz =

where is the test duration, ¢;,.- = 6 s, and vg = 12 km/h is
the initial treadmill speed.
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Analogous to the v,,4, test, a maximum incline test was
defined and utilized in the study. This test was performed
at a constant speed of 12 km/h and an initial incline of 4°.
Following the 20-second initial stage, the treadmill incline
increased by 0.5° every 6 s until the participant could not
maintain the treadmill speed. The maximum incline (g
) was defined as:

—— * Qner T Q, (2)

fimaz tiner
where og = 4° and @y, = 0.5°.

Subsequently, all participants completed a 10-min
constant-power-output (CPO) test including ten different
incline-speed combinations (i.e., one minute per stage).
The intensity for this test was prescribed individually based
on the participant’s maximum power output (F;,,) corre-
sponding to their v;,4,. Power output on the treadmill was
calculated as the sum of power against friction and gravity
[11, 18], thus:

P’"mw = mg(,u,,. COS(O&) + Sin(a)) Umax>y (3)

where m is the skier’s body mass, g is the gravitational
acceleration (9.81 m/s?) and p, is the rolling resistance
coefficient. Power output in the CPO test was prescribed as
0.5 - P4, based on the authors’ experience and pilot test-
ing. To make speed shifts more even during the CPO tests,
the incline for the stage of the test (c;) was defined using
logarithmic increments between 1° and 7° as:

i—1
o = 1010g10 145=-(logy 7—logyo 1)' (4)

—— Incline
—— Speed
-- Power Output

Incline [deg], Speed [m/s], Power Output [W/kg]

0 5 10

Time [min]
Fig. 1 Illustration of prescribed incline-speed combinations during a
10-min constant-power-output (CPO) test for a participant reaching
a maximum speed (Umaz) of 7.5 m/s (i.e., 27 km/h) in the maximum

speed test. The power output (green dashed line) is prescribed based on
the participant’s power output corresponding to their vimaz

Treadmill speed (v;) corresponding to :th stage (Fig. 1) was
calculated based on P,,,, and the sum of refraining forces
as:

0.5- Pmax
mg(pr cos(ay) + sin(a;))

v; =

©)

2.3 Equipment and measurements

All roller-ski tests were performed on a motor-driven tread-
mill designed for roller skiing (dimensions: 3.5 X 2.5 m;
Rodby Innovation AB, Vinge, Sweden). All participants
used the same pair of Swenor Alutech classic roller skis
(mass: 2100 g/pair, wheels: type 2). The rolling friction coef-
ficient of roller ski wheels (u,) was assessed for warmed
wheel bearings, based on previously established procedures
[18]. According to this measurement, p,» = 0.018 was used
as a constant value in all calculations. During all tests, the
participants used a pole-force measurement system, inte-
grating strain-gauge sensors, microprocessors, and wire-
less communication to enable measurement control over a
smartphone application (Skisens Beta Release Generation
II, Skisens AB, Gothenburg, Sweden) [19].

The collected axial pole force data were stored at a 100
Hz sampling rate similar to ref. [14], and post-processed in
the Skisens software to provide biomechanical variables, for
example, poling time, poling impulse, and CR downsam-
pled to a 1 Hz sampling rate. The pole force data collection
was the most calibration-sensitive measurement included
in our experiments, and consequently, related biomechani-
cal variables (e.g., poling impulse) were dependent on the
accuracy of these force measurements. The primary limita-
tion to measurement accuracy was the mechanical friction
inside the ski-pole handles, which was shown to influ-
ence sensor calibration (see Online Resource). However, it
was also demonstrated that repetitive force measurements
within a given assembly were reliable following appropriate
calibration.

2.4 Biomechanical variables and data analysis

Cycle time was defined as the duration between two subse-
quent pole plants, swing time as the duration between pole-
off and the subsequent pole plant, and relative poling time
as the ratio of poling time (i.e., the duration between pole
plant and pole-off) to cycle time. Cycle length (CL) was cal-
culated as treadmill speed [m/min] divided by CR [cycles/
min]. Poling impulse was computed as the area under the
poling time-axial pole force curve. The values presented for
axial, propulsive, and perpendicular pole forces, as well as
poling impulse, represent the sum of both sides. The pole

INTERNATIONAL SPORTS ENGINEERING ASSOCIATION
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force ratio (PFR) was defined as the ratio of the sum of the
gravitational and frictional forces to the measured axial pole
force, as:

F(]ra’uit'y + Ffriction mg (Sin(a) + Hr COS(Q))

PFR = - .
R Fazial Fazial (6)

The measured axial pole force was plotted against pol-
ing time to generate poling time-pole force curves. These
curves were utilized to assess differences in poling kinet-
ics between the maximum speed and incline tests, as well
as across stages of the CPO test. The analyses focused on
the curves’ key characteristics, including impact and peak
pole forces, their absolute and relative timing, rate of force
development (RFD), and the distribution of impulse until
and after the peak pole force. Impact pole force was defined
as the first local maximum of the time-pole force curve,
and time to impact pole force was the corresponding poling
time value (i.e., the time from pole plant to the first local
maximum). Due to data loss during extraction, the num-
ber of participants varies across analyses and is reported
where relevant. All data were processed and analyzed using
Microsoft Office Excel 2019 (Microsoft Corp., Redmond,
WA, USA) and Python v3.12 (Python Software Foundation,
Wilmington, DE, USA).

2.5 Statistical analysis

Data normality was assessed using the Shapiro-Wilk test.
Differences in cycle characteristics and poling kinetics
between the maximum speed and incline tests were assessed
using paired t-tests, while the magnitude of effect was
assessed using Hedges’ g. To quantify correlations between
variables, the Pearson product-moment coefficient () was
calculated. Correlation coefficients were interpreted based
on Schober et al. [20]. Regarding the CPO test, the means of
measured and calculated mechanical variables were taken
over the final 20 s of each stage, tested for differences using
one-way repeated-measures ANOVA, and reported together
with partial eta-squared (77]2)) effect sizes. Mauchly’s test was
used to test the assumption of sphericity, and the Green-
house-Geisser correction was applied when this assumption
was violated. Linear regression models were used to relate
PFR and poling time to speed and incline, with model fit
assessed by the coefficient of determination (R?). Statis-
tical analysis was performed in SPSS v29.0 (IBM Corp.,
Armonk, NY, USA). Results were considered statistically
significant at « = 0.05. Data are presented as mean =+ stan-
dard deviation (SD).
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3 Results

In the maximum speed test, participants demonstrated
Umaz = 24.2 = 1.5 km/h, while in the maximum incline test,
Qmaz Was 8.8° = 0.7°. These performances corresponded
to test durations of 93.1 &£ 9.0 seconds and 77.8 & 8.8 sec-
onds, respectively.

Cycle characteristics and poling kinetics showed consid-
erable differences and negligible to very strong correlations
between the two maximum tests, as presented in Table 1.
Furthermore, «,,,, demonstrated a moderate correlation
With Ve (1 = 0.50, P = 0.04).

The PFR showed a linear decline across submaxi-
mal speeds (i.e., between 12 and 23 km/h) in the maxi-
mum speed test PFR = —0.13 Speed + 0.75, R? = 0.99
, P < 0.001), which was also representative of individual
trends (Fig. 2A). Similarly, poling time typically demon-
strated a linear decrease as the treadmill speed was raised
(Poling time = —9.45 Speed + 449.70, R?2 =0.99,
P < 0.001; Fig. 2C). Consequently, PFR could be accu-
rately modeled as a function of poling time during the vy,
tests (PFR = 0.001 Poling time + 0.153, R? = 0.99,
P < 0.001). No significant correlation was found between
the rate of PFR decline across stages (i.e., the slope of indi-
vidual speed-PFR regression lines) and v,,4, (r = —0.30
, P =10.29).

Prior to failure in the v,,4, test, CL showed a gradual
decline after reaching its peak (CLpeak) in all participants.
The peak CL showed a strong positive relationship with
Vmaz (Vmaz = 3.04 CLpeax + 8.16, R? = 0.81, P < 0.001
). It occurred 20.3 & 4.3 seconds before v,,,4, Was attained
(Fig. 4), corresponding to ~80 — 90% of v,4.; however,
the relative timing of CLycak (i.€., the ratio of time required
to attain to the test duration) was not associated with v,,q4
(P =0.98).

Regarding poling kinetics in the maximum speed test,
increasing speed was typically associated with higher
impact and peak pole forces, a greater rate of force develop-
ment, and a marked shortening of both poling time and time
to peak pole force concerning the vy,q test (see Fig. 3A, B
for examples).

In contrast to the maximum speed test, the PFR barely
changed by incline during submaximal stages (i.e.,
between 4° and 8.5° inclines) in the maximum incline test
(PFR = 0.003 x Incline — 0.54, R? =0.46, P < 0.001
). Nevertheless, individual trends showed considerable
variation, with some participants demonstrating decreas-
ing PFR with increasing incline, while in others, the PFR
showed a gradual increase during the test (Fig. 2B). Pol-
ing time remained relatively constant at both an average and
an individual level (Poling time = 1.0 x Incline 4 354.5,
R? = 0.42, P = 0.04; Fig. 2D). Increased incline resulted
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Table 1 Differences and linear correlations between biomechanical variables describing cycle characteristics and poling kinetics during the final
completed stages of the maximum speed (Vma2) and maximum incline (maz ) tests

VUmaaz test Qmaq test Pi_test g r Peorr
Treadmill speed [km/h] 23.3+1.6 12.0 - - - -
Treadmill incline [°] 3.0 8.5+0.7 - - - -
External power output [W] 363.8 £55.1 441.7 + 69.2* < 0.001 2.94 0.94 < 0.001
Poling impulse [Ns] 95.5+16.1 180.0 + 26.6* < 0.001 3.70 0.59 0.02
Poling time [ms] 224.5+21.0 355.0 &+ 35.5* < 0.001 4.15 0.55 0.03
Cycle time [ms] 774.3 £39.7 766.8 £ 53.5 0.63 -0.12 0.37 0.18
Swing time [ms] 549.8 + 36.0 411.9 + 36.0" < 0.001 3.03 0.32 0.25
Relative poling time 0.29 +0.24 0.46 + 0.03* < 0.001 6.10 0.55 0.03
CR [cycles/min] T7.7T£3.9 78.7+54 0.52 0.16 0.40 0.14
CL [m] 54+1.6 2.6 +0.2" < 0.001 -1.67 0.04 0.88
Axial pole force [N] 1249 +19.6 235.0 + 31.2* < 0.001 4.39 0.65 0.01
Propulsive pole force [N] 56.1 + 6.6 132.5 + 20.8* < 0.001 4.84 0.90 < 0.001
Perpendicular pole force [N] 111.1 £+ 20.8 193.4 + 28.0* < 0.001 3.78 0.69 0.005
PFR (Fyrop/Fazial) 0.46 £ 0.07 0.57 & 0.05* < 0.001 2.19 0.72 0.002
Impact pole force [N] 294.7 4+ 104.9 241.8 + 67.9* 0.02 -0.96 0.95 < 0.001
Time to impact pole force [ms] 26.3 2.5 25.7+4.8 0.86 —0.06 —0.78 0.02
Relative time to impact pole force 0.124+0.01 0.08 +0.02* 0.02 -1.07 —0.54 0.18
Peak pole force [N] 431.1£72.2 451.4£95.5 0.61 0.14 0.61 0.04
Time to peak pole force [ms] 747+ 11.7 124.7 4+ 33.3* < 0.001 1.47 0.54 0.07
Relative time to peak pole force 0.33 £ 0.05 0.35+0.09 0.65 0.13 0.48 0.13
RFDimpact [kN/s] 11.4+4.2 9.94+29 0.08 —0.65 0.80 0.02
RFDpeak [kN/s] 12.6 £5.9 6.0 + 2.8* < 0.01 -1.22 0.59 0.56
Impulse until peak pole force [Ns] 19.3+2.3 38.0 + 14.5* < 0.001 1.53 0.61 0.04
Impulse after peak pole force [Ns] 29.2+5.6 51.34+9.6* < 0.001 2.35 0.41 0.19
Relative impulse until peak pole force 0.40 £ 0.03 0.42+0.11 0.55 0.17 —0.12 0.97
Relative impulse after peak pole force 0.60 + 0.03 0.58 £0.11 0.55 —-0.17 —0.12 0.97

* Significantly different value compared with the maximum speed test (P < 0.05)

Pi_test, P-value for paired t-tests; g, Hedges’ g effect size; Pecorr, P-value for linear correlations; 7, Pearson correlation coefficient; CR, cycle
rate; CL, cycle length; PFR, pole force ratio; Fprop, propulsive pole force; Fyziqi, axial pole force; RFDimpact, rate of force development of the
impact pole force; RFD,caxk, rate of force development of the peak pole force

in a higher peak pole force and a larger area under the poling
time-pole force curve while the overall shape of the curve
and the relative timing of the peak pole force were main-
tained (see Fig. 3C, D for examples).

Power output during the CPO test was 185.2 +19.5 W
(i.e., 2.43 £ 0.16 W/kg). Throughout this test, the PFR and
poling time both showed a nonlinear increase, while a com-
bined effect on the characteristics of the poling time-pole
force curve was observed (Table 2).

4 Discussion

This study demonstrated that speed and incline have distinct
and independent effects on the kinetics and cycle charac-
teristics of double poling. Increasing speed reduced both
the PFR and poling time, while increasing pole forces. An

increasing incline elevated pole forces, but typically did not
affect the PFR or poling time. When speed and incline were
manipulated simultaneously at a constant power output (i.e.,
decreasing speed while increasing incline), their combined
effects resulted in a longer poling time, a greater poling
impulse, and a higher PFR, without significantly affecting
cycle rate.

4.1 Independent and combined effects of speed
and incline

Comparison of the final stages of the maximum speed and
maximum incline tests revealed distinct biomechanical
demands on the participants, with significant differences
in most reported variables. Axial pole force, poling time,
and poling impulse were all substantially higher during the
last completed stage of the maximum incline test compared

INTERNATIONAL SPORTS ENGINEERING ASSOCIATION
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Fig. 2 Effects of speed and incline on the pole force ratio (PFR),
defined as the proportion of propulsive pole force relative to the mea-
sured axial pole force (panels A and B), and on poling time (panels C
and D) during double poling at submaximal intensities in the maxi-
mum speed test (i.e., constant propulsive force condition) and in the
maximum incline test (i.e., constant speed condition), respectively.
The maximum speed test was performed at a 3.5° incline, while the
maximum incline test was performed at a constant speed of 12 km/h.

with the maximum speed test (Table 1). In contrast, CR did
not differ significantly, suggesting that during maximal-
intensity roller skiing, CR may be primarily determined by
intrinsic factors, such as anthropometrics, muscle contrac-
tion velocity, and pole length, rather than by extrinsic fac-
tors such as gradient. The observed moderate correlation
between v,nqq and aupey (r = 0.50, P = 0.04) further sup-
ports the hypothesis that the two maximum tests imposed
fundamentally different biomechanical demands on the
participants. Therefore, it was concluded that a high short-
duration power output capacity over climbs does not neces-
sarily indicate a high maximum speed capacity on moderate
inclines, and vice versa.

Regarding the PFR, previous work by Stoggl and Holm-
berg [11] reported an 18% higher effectiveness index during
uphill compared to flat double poling, albeit under different
power output conditions. Our findings show an even greater
increase of 29% in the PFR between 1° and 7° (Table 2) in
the CPO test. Moreover, our results extend previous find-
ings by revealing the linear decrease in both poling time
and the PFR with increasing speed (Fig. 2). Nevertheless,
comparisons across studies should be interpreted with
caution due to differences in assessment methods. During
the maximum incline test, trends in the PFR across stages

INTERNATIONAL SPORTS ENGINEERING ASSOCIATION

Poling Time [ms]

4 5 6 7 8 9
Treadmill Incline [°]

Only stages in which kinetic data could stabilize were included in
the analysis. Maximum speed test data are presented for n = 16 par-
ticipants, while maximum incline test data are presented for n = 15
participants, except for the final stages, due to individual differences
in performance. Data are presented as mean £ SD. The faint lines
indicate results from individual participants. $, data from n = 15 par-
ticipants; #, data from n = 11 participants; T, data from n = 12 par-
ticipants; §, data from n = 9 participants

showed relatively high inter-individual variation, with some
participants demonstrating a decrease (~0.05), while oth-
ers maintained or even increased the PFR as the incline
rose. This observation is likely explained by two competing
effects under increasing incline conditions: greater align-
ment with the sagittal plane may promote an increased PFR,
whereas increasing CR may result in altered pole-off angles
[11], thereby suppressing the PFR. Nevertheless, this inter-
pretation remains speculative, as no 3-d kinematic data were
collected.

Our results indicate that the increasing incline primarily
affected the magnitude of peak pole force (see Fig. 3C, D for
examples). However, notable inter-individual differences
were observed in the consistency of axial pole force-time
curves of two participants with similar performances. In
particular, the standard deviation of time to peak pole force
during the maximum incline test was higher for Skier B than
for Skier A (Fig. 3C, D) reflected by a leftward shift in the
timing of the peak pole force at steeper inclines (Fig. 3D).
This shift may impair performance, as it suggests that a
greater portion of the axial pole force was applied when the
poles were positioned more vertically relative to the ground,
which could potentially reduce the mechanical efficiency of
propulsion.



Effects of speed and incline on double-poling biomechanics

Page70of 13 27

Fig. 3 Axial pole force as a function of poling Skier A Skier B
time during the maximum speed (panels A 6001 A 6001 B
and B), the maximum incline (panels C and
D), and the constant-power-output (CPO) 5004 5004
tests (panels E and F) for two participants = =
(Skiers A and B) with similar performances 2 4004 % 4004
(Vmaz = 26.8 km/h vs. 26.2 km/h respec- E :5_’
tively; mae = 10° for both). Each panel 9 3004 9 3004
presents seven mean pole force curves, which & &
represent one-seventh of the total number of 2 S 2 2004
pole thrusts. The curves” hue darkens as the < =
test time proceeds, indicating higher speed 1064 100
(for A and B), higher incline (for C and D),
and steeper incline and lower speed (for E & 5
and F). Shaded areas represent + SD. For 0.0 01 02 04 05 06 0.7 00 01 02 03 04 05 06 0.7
the maximum incline tests, the mean time to Poling time [s] Poling time [s]
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The simultaneous manipulation of speed and incline sig-
nificantly affected most of the examined kinetic variables,
revealing consistent trends across the ten test stages (Table
2). Notably, CR did not show a statistically significant
change throughout the test. Instead, participants primarily
adapted to the increasing incline by prolonging the poling
time and increasing the axial pole force, which together led
to a substantially increased poling impulse and PFR. Nota-
bly, the relative distribution of poling impulse, measured
as the area under the axial pole force-time curve until and
after the peak poling, relative to the total pole force impulse,
remained constant across stages (P = 0.64). However, a
substantial variation in the force-production demand arose

Poling time [s]

across different speed-incline combinations. Specifically,
the fraction of axial pole force directly devoted to propul-
sion decreased at higher speeds.

Accordingly, the CPO test results indicate that exercise
demands in cross-country skiing cannot be accurately char-
acterized by power output alone; speed, incline, or alterna-
tively, the PFR should also be considered. This aligns with
recent findings suggesting that when implementing the criti-
cal power concept to cross-country skiing, metabolic power
should be considered [21]. Furthermore, it supports findings
from gross efficiency research [22, 23], indicating that at a
fixed submaximal power output, gross efficiency (i.c., the
ratio of mechanical power output and metabolic power)
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Table 2 Cycle characteristics and poling kinetics during the 10-min constant-power-output (CPO) test at inclines ranging between 1° and 7°

F

Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9 Stage 10

Stage 1

0.049 0.86

11.8

34+14 40+13 33£10 3.6£13 38%£17 Fizoar

5.0+£1.2

52+1.6

85+£03 72+£20 6.0£18

RFDimpact [kN/s]

< 0.001 0.77

22.9

50£1.7 42+15 37+£14 3.0£10 3.0%£12 28+11 28+£14 2.7£15 22%15 Figi40

6.5+2.2

RFDjpear [KN/s]

< 0.001 0.77

’

14.3+£3.1 169+26 184+£3.7 195+40 21.9+49 246+£73 28.1£81 302+£9.0 36.2+11.145.8+14.3 Fr 3957 = 36.5

Impulse until peak pole

force [Ns]

< 0.001 0.86

Impulse after peak pole

force [Ns]

23.4+£45 23.84+42 275£57 305+6.4 343£72 37.2+£82 4514+94 50.8£11.258.4+15.861.0£14.3 F224.1 = 68.7

0.64 0.05

0.6

Relative impulse until

peak pole force

0.38 +0.030.42 £ 0.020.40 £ 0.03 0.39 & 0.03 0.39 + 0.04 0.40 £ 0.070.38 £ 0.070.37 + 0.08 0.38 £ 0.100.43 £ 0.09 Fh 8311

0.64 0.05

0.6

0.62 +0.030.58 £ 0.020.60 & 0.03 0.61 & 0.03 0.61 = 0.04 0.60 £ 0.070.62 & 0.07 0.63 = 0.08 0.62 £ 0.100.57 £ 0.09 F5g31.1

Relative impulse after

peak pole force

CR, cycle rate; CL, cycle length; PFR, pole force ratio; Frop, propulsive pole force; Fuziqi, axial pole force; RFDimpact, rate of force development of the impact pole force; RFDypeak, rate

of force development of the peak pole force

should increase with increasing incline. In this context, the
observed declining trend in the PFR, together with previous
findings on gross efficiency, suggest that the PFR may be
linked to gross efficiency, indicating that alterations in the
conversion of metabolic to mechanical power during double
poling could be potentially explained by variation in poling
mechanics.

Training load and training intensity distribution are topics
of increasing attention in cross-country skiing and biathlon
research [24-29]. As some studies have hypothesized [21,
30], the availability of accurate mechanical power output
and work assessment would provide a significant improve-
ment to the quantification of effort and external training load
in these sports, and facilitate advanced performance analy-
sis, as demonstrated in cycling [31, 32]. However, from a
biomechanical standpoint and given the physiological evi-
dence [22, 23], it appears that mechanical work could not
provide a valid estimate of external training load, unless it
is scaled for changes in gross efficiency, induced by external
factors such as speed and incline.

4.2 Double-poling strategies

Studies have suggested two main double-poling strategies
- the "wide elbow" and the "narrow elbow" strategies [8,
11]; furthermore, modern and old-fashioned double-poling
techniques have also been distinguished [33]. These stud-
ies generally propose that the fastest cross-country skiers
adopt double-poling strategies characterized by greater peak
pole forces, higher poling impulse, and shorter relative pol-
ing time. Notably, it is not the impact pole force but rather
the peak pole force that mainly contributes to propulsion.
Some skiers can exhibit a high impact pole force but lose
momentum in the next phase of the poling cycle, resulting
in a considerable decline in pole force [34].

An example comparison of the axial pole force curves for
two skiers, referred as Skier A and Skier B (Fig. 3), revealed
remarkably different double-poling strategies despite their
level of performance (i.e., difference in v,q,: 0.6 km/h,
Omagz = 10° for both). Skier A applied consistently lower
impact pole force across all tests than Skier B (and in some
cases, no identifiable impact pole force at low speeds),
yet demonstrated higher peak pole forces. This observa-
tion raises questions about the role and significance of the
impact pole force in effective propulsion.

4.3 Cyclerate, poling impulse, and cycle length

For analyses of the simultaneous changes in poling impulse,
CR and CL, it was observed that skiers with v, slightly
below the mean showed a greater decline in poling impulse
throughout the maximum speed test than those with

INTERNATIONAL SPORTS ENGINEERING ASSOCIATION
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Fig. 4 Interactions between treadmill speed, cycle rate (CR), poling
impulse and cycle length (CL) during maximum speed tests for three
participants with maximum speeds above (panel A) and below the

above-mean performances (see Fig. 4 for examples). CL
typically peaked before the final stages of the test, coincid-
ing with a disproportionately large increase in CR relative
to the treadmill speed. Notably, the CR corresponding to
CLpeak, here referred to as the “threshold CR”, was around
60-65 polings per minute, and showed a relatively low
inter-individual variation. Contrarily, there was no relation-
ship found between the time interval from attaining CLpeak
t0 Upmae (i.€., failure) and performance. This was likely
due to substantial individual variation in the herein-called
"CR reserve", which can be utilized by the participant after
attaining CLpca1 to compensate for the decline in poling
impulse.

Although Lindinger et al. [35] noted that cross-country
skiers can increase speed through both CR and CL, con-
sidering the definition of CL as the ratio of speed to CR
together with the findings of the present study, it appears
that performance is better characterized by the skier’s abil-
ity to maintain propulsive poling impulse at high speeds.
Thus, a long CL is rather a consequence of effective force
application than an individual performance determinant.
This underscores the importance of strength training that is
specific to cross-country skiing [36—38], as well as the need
to develop technical and coordination skills, such as timing
and balance, for improving v ax.

As CL represents speed expressed relative to CR, enhanc-
ing CLpeax may be an effective strategy to improve vpqz.
Practically, a rightward shift of the CL curve (i.e., increased
CLpeax while maintaining the "CR reserve") would trans-
late into a higher vy, (Fig. 4). Targeted training sessions
performed under controlled conditions, near or slightly
above the speed (and CR) corresponding to the CLpeak
, could emphasize propulsive impulse development (i.e.,
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mean maximum speed (panel B). Data points represent mean values
for each six-second stage

poling impulse - PFR) rather than CR increase, which may
facilitate technique development and result in improved
mechanical efficiency at high speeds. As it follows from its
definition, propulsive impulse might be primarily developed
through either increasing the applied pole force or PFR (i.e.,
decreasing the PFR decline from submaximal speeds to
Umaz ); however, there was no relationship found between
Umae and the degree of PFR decline.

Poling time is primarily determined by skiing speed,
anthropometrics and pole length (which is regulated by
rules in classical cross-country skiing), with its lower bound
constrained by neuromuscular control and the contractile
speed of the recruited muscles, which vary with individual
fibre type composition [39, 40]. Notably, since a very strong
relationship was found between poling time and the PFR,
limitations posed to poling time are likely determinants of
the PFR as well. In the current study, faster participants
reached an approximately 10% higher vy, 4, relative to their
slower counterparts. Nevertheless, no association was found
between the minimum poling time and v,q, (r = 0.16,
P = 0.57), highlighting the importance of generating great
pole forces in the maximum speed test. Minimum poling
time in the maximum speed test was consistent with pre-
vious findings at a 1° incline [34], showing 11% variation
across participants and suggesting a physical limit around
180 — 220 ms. For context, this duration is about 25-60%
longer than typical ground contact times in the long jump
[41].

4.4 Limitations

This study included only male cross-country skiers, which
limits the generalizability of some of the presented findings.
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For example, research has shown that female cross-country
skiers typically exhibit higher cycle rates than males [42,
43], which may suggest sex-related differences in the inter-
action among cycle rate, poling impulse, and cycle length,
as well as potential differences in the “threshold CR” and
“CR reserve”.

Double-poling biomechanics were investigated at the
cycle level without incorporating kinematic measure-
ments. Consequently, the methodology did not allow for the
detailed analysis of propulsion dynamics within individual
poling cycles, which should be addressed in future research.

Pole force data were extracted from the ski pole handles
at a sampling rate of 100 Hz, which limited the temporal
resolution of the assessed variables. Consequently, results
for variables that are sensitive to sampling frequency, such
as the timing of the impact pole force and the rate of force
development, should be interpreted with caution.

In the CPO test, minor variations in external power out-
put occurred between stages, resulting in statistically sig-
nificant differences across stages (Table 2). These variations
stemmed from the inherent limitations in the accuracy of
treadmill speed and incline settings (+ 0.1 km/h and +0.1°
, respectively). However, considering the typical measure-
ment error of 1.6 W relative to the mean power output
(~185 £ 20 W), the protocol and corresponding test results
were considered to reflect a constant-power-output condi-
tion adequately [44].

Although the rolling friction coefficient () was mea-
sured following a warm-up of the wheel bearings, minor
fluctuations in u, may have occurred due to its temperature
and normal-force sensitivity [45]. Based on the participants’
mean body mass and the mean prescribed velocities in the
CPO test, +0.001 deviation from the measured value (i.e.,
e = 0.018) would have resulted in an absolute difference
in frictional power ranging from approximately 1.3 to 5 W,
with a linear increase at higher speeds.

4.5 Future directions

Currently, little is known about the potential of the novel
maximum incline test for performance assessment. The high
demands on propulsive pole force and impulse generation
observed in this test suggest that it may serve as a practical
means of evaluating maximum power output and accelera-
tion capacity in cross-country skiers. Nevertheless, further
research is required to validate its relevance to on-snow
race performance. Additionally, the present findings sup-
port future research into the PFR and potential relationships
with physiological parameters, such as gross efficiency and
skiing economy. Furthermore, these findings suggest that
technological development should focus on assessing ski-
ers’ power output directly at the poles and ski bindings. In

addition, there is a need to develop methods for estimating
metabolic work from mechanical work while accounting for
external factors, as these factors are crucial for obtaining
valid estimates of external training load.

5 Conclusions

This study provides insights into the biomechanics of cross-
country skiing, being the first to examine double poling
under constant propulsive force, speed, and power output
conditions, with a particular focus on cycle characteristics
and poling kinetics. The results indicate that the maximum
speed and maximum incline tests pose considerably dif-
ferent biomechanical requirements for cross-country ski-
ers and demonstrate that faster skiers are not necessarily
superior on steep gradients. The main finding of the pres-
ent work is that, from a biomechanical perspective, external
power output alone is insufficient for accurately quantifying
exertion in cross-country skiing unless speed or incline are
also considered. Consequently, neither can external work
provide a valid measure of external training load without
addressing these factors. Additionally, this study demon-
strates the potential of biomechanical analyses of axial pole
force data and cycle characteristics for skiing technique
refinement and the development of targeted training strate-
gies to enhance double-poling performance. In particular,
the findings suggest that training at or near the peak cycle
length may represent an effective approach for enhancing
maximum skiing speed.
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