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In the sport of cross-country skiing, equipment has a direct influence on results. Ski
teams do extensive testing of different ski base grinds and products on a yearly basis.
To achieve reliable results, the quality of methods used for testing skis needs to be
taken in to account in addition to factors including the physical characteristics of testing
personnel and changes in weather conditions. The aim of this study was to introduce a
custom-made skitester, that was developed for testing skis on real snow, in laboratory
conditions, and to evaluate its precision. The current skitester is capable of glide testing
both classic and skate skis as well as kick simulation for the testing of grip waxes. In the
present study, glide testing precision was completed in three different conditions. Velocity
and pressure of skis were evaluated in three different temperature conditions. During kick
simulation, precision was determined in one temperature condition. For glide testing,
the precision of the measurement unit was able to distinguish the differences between
skis with a relative variation of 0.6-1.1%. However, the track preparation process
caused variation. For kick simulation, precision of the measurement unit was slightly
higher (2.5%), and track preparation caused less variation. The skitester is capable of
distinguishing the differences between both skate and classic cross-country skis with
certain limitations.

Keywords: tribology, cross-country skiing, coefficient of friction, ski testing, snow, waxing

INTRODUCTION

Equipment plays an important role in cross-country skiing because ski glide directly influences the
finishing time of the skier (Moxnes et al., 2014; Pellegrini et al., 2018). To improve ski performance,
national teams use a significant part of their budgets to develop and test methods to improve the
performance of skis. The main objective of the ski service team in World Cup competitions is to
find the best possible ski and ski base preparation to match the current environmental conditions.

Ski Testing

The base of a ski can be optimized for glide by manipulating its structure and surface. Machine and
hand structures can be added to optimize glide in various different snow conditions (Moldestad,
1999; Breitschédel et al., 2010b). Waxing is typically completed in layers using a variety of
products ranging from basic paraffin waxes to highly fluorinated products (Moldestad, 1999; Karlof
and Axell, 2005; Breitschidel et al., 2014). In competitions where the classic technique is used,
the amount and type of grip wax must also be considered. Well-prepared classic skis enable
skiers to ski more economically by enabling more efficient use of horizontal force production
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(Vdhidsoyrinki et al., 2008; Linnamo et al., 2009b; Ainegren
et al, 2014). Adding too much grip wax, however, increases
gliding friction of the grip wax zone in both flat and downhill
sections of the track (Stoggl et al, 2019), slowing the skier.
The characteristics of skis used for testing have a direct
impact on ski service quality. Ski service methods are most
often developed through the extensive testing meaning that
any potential for error during the testing ski identification
process needs to be minimized. When the testing skis are
properly identified, recognizing optimal combinations of ski base
preparation including wax, grinds, and handmade structure is
more reliable.

The complexity of ski testing can be observed at World Cup
races where testing is completed outdoors on a ski track. As
separate measurement or timing systems are not allowed (ICR
Cross Country, 2020), ski testing is completed using subjective
feelings of glide or by parallel gliding, in which two ski service
members glide side-by-side on a downhill to determine which
ski has better glide. This ski testing method gives an overall
estimation of ski glide, however, the body mass of ski service
member as well as their frontal area influences these results
(Spring et al., 1988; Swarén et al., 2014). Several environmental
factors may also change during ski testing ultimately influencing
test results: wind speed and direction; air and snow temperature;
snow deformation on the testing track (Nachbauer et al., 1996;
Fauve et al., 2005).

Ski Selection

Typically, 4-8 pairs of similar skis are identified for a ski
service testing pack. The similarity of testing skis is highly
important because differences between base preparations are
identified using these skis. In recent years testing ski selection has
been aided by methods including measurement of ski stiffness
and height (Béckstrom et al., 2008; Breitschédel et al., 2010a),
however, the hand selection of testing skis still plays a an
important role. Hand selection of skis is highly influenced by
the personal preferences of the individual making the selection
and is based on identification of desired characteristics of the ski
including the location and length of the pressure zones. Different
criteria are used for selecting skate and classic skis. The length
and height of the kick zone is relatively easy to identify from
a classical ski and this information can be used to apply the
appropriate amount of grip wax. In the assessment of skating
skis, results give an overall estimation of ski characteristics that
cannot be used to optimize waxing. The final selection of testing
skis is always completed on real snow and traditionally, the
only methods used for testing ski selection have been timing or
parallel testing.

Gliding on Snow

Friction on snow is explained as mechanical friction lubricated
with a liquid layer between the ski and snow. The relationship of
the liquid layer thickness to the coefficient of the friction (CoF)
is parabolic where the most favorable gliding conditions are
achieved at the optimal lubrication level and CoF increases if the
lubrication level is higher or lower (Hamrock and Dowson, 1981).
Factors influencing the liquid layer thickness under a moving

ski have been examined from several perspectives. The velocity
of the ski causing the frictional heating and the temperature are
factors regulating the liquid layer thickness between ski and snow
while pressure is reported to have less influence on the CoF.
Mechanical friction is associated with snow type and hardness
(Colbeck, 1994; Moldestad, 1999; Theile et al., 2009). In extensive
use of the same ski track, frictional heating from the ski base
can change the CoF. Frictional heating causes snow deformation
when the track is skied over several times (Eriksson and Nupen,
1955). Mechanical phenomenon including vibrations of the ski
are also reported to influence ski glide (Koptyug et al., 2012).

Tribometers for Ski Testing

The frictional characteristics of a ski base sliding over snow or ice
have been studied with tribometers in lab conditions (Shimbo,
1961; Buhl et al., 2001; Baurle, 2006; Theile et al., 2009). Some
linear tribometers have been built that are capable of cross-
country ski glide testing (Buhl et al., 2001; Linnamo et al., 2009a;
Fenre, 2016; Hasler et al., 2016). The current linear tribometer
(skitester) was introduced in 2009 for simulating the classical
skiing kick motion (Linnamo et al., 2009a). After that, several
modifications have been made in order to improve measurement
reliability and to control the environment in which tests are
carried out. To the best of our knowledge, the current skitester
is the only linear tribometer capable of simulating classical
skiing kick.

Equipment testing in on the ski tracks during World Cups,
World Championships, and the Olympics are limited to methods
such as parallel gliding. Regrettably, these field methods only
partially reveal the factors influencing results related to glide and
kick. The quality of ski testing can be enhanced by excluding
some of the environmental factors, by improving the testing
protocols, and/or by improving the quality of the test skis by
minimizing the differences between skis in the testing pack
(Fauve et al., 2005). The aim of this paper is to introduce the
technical aspects of the current skitester and to evaluate the
precision of measurements in both glide and kick testing.

MATERIALS AND METHODS
Skitester

The skitester is located in a custom-made low temperature
laboratory (Figure 1A). This low temperature laboratory was
built from two insulated 12-m-long containers and it has two
separate rooms. The smaller room serves as an entrance and
a working space for computing and maintenance. The main
room, where the skitester is located, is temperature controlled.
A condensing unit (Bitzer LHV7V, Germany) is installed outside
of the laboratory and cooled refrigerant is used to cool both
laboratory air as well as the ski track. The room is cooled with
an air cooler (Stefani SHCP 035/3, Italy). Under the ski track
are custom made cooling pipes (Figure 3A). The air and track
temperature cooling systems can be programmed separately to
enable e.g., the simulation of changing conditions. For example,
the track can be programed to temperatures ranging from
—20 to +10°C while air temperature can be programmed to
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sensor. Same as C(ll). (F) Close up picture of vertical sensor. Same as C(l).

FIGURE 1 | (A) The laboratory is built of two 12m long and 2.4 m wide insulated containers forming a 24 m long working space. The main section (21 m) is used as a
low temperature laboratory and houses the skitester. A smaller (3 m) room at the end of the laboratory is used as an entrance and testing office/control room. (B)
Frame of the skitester. The frame is 13.7 m long with an operating length of 10.81 m. Temperature can be set separately for the air and track (C) The skitester
measurement unit has separate force sensors to measure vertical () and horizontal (Il) forces. (D) Ski gliding on the testing track. (E) Closeup picture of horizontal

temperatures ranging from —20 to +10°C. The air cooler has also
has a separate warming system that can be programmed to 4+5°C.

The skitester is 13.7 m long (Figure 1B) and consists of a metal
frame and linear actuator (HepcoMotion, DLS5, UK). The ski
sledge (Figures 1C,D) can be operated over a distance of 10.81 m.
The ski sledge is moved along the linear actuator with an electric
motor (Stromberg, HXUR, 7.5 kW/25 Nm, Finland). The electric
motor is located at the end of the frame where sledge acceleration
is started. The motor is controlled with a frequency converter
(ABB, ACS800, Sweden).

The pressure applied to the ski in the ski sledge is operated
with a pneumatic cylinder (0-5 kN) (Pimatic, P2520, Finland).
This cylinder is located on the ski sledge, just above the ski
attachment shoe. The pneumatic cylinder is controlled with
a pressure regulator (Bosch Rexroth, EDO05, Germany). The
location of the ski sledge on the frame is determined using an

incremental encoder (Sick Stegmann, DRS60, Germany) and the
location can be defined at an accuracy of 0.078 mm. The ski
attachment shoe is affixed to the sledge with springs that allow
for horizontal movement. This, in turn, allows for the loading of
the horizontal force sensor.

The force measurement unit is located in the ski sledge. It
has separate force sensors for vertical (Fy, 2.0 kN) (HBM, C2,
Germany) (Figure 1F) and horizontal (Fy, 0.5 kN) (HBM, U9C,
Germany) forces (Figure 1E). The horizontal sensor is located
on the sledge just in front of the ski attachment shoe. The
vertical sensor is attached to the top of ski attachment shoe
(Figure 1C). Information is transferred to a decoder via wires.
The decoder (National Instruments, NI-9205, TX, USA) is read
using 1kHz with custom made computer software (LabView,
National Instruments, USA) that is also used for controlling
the machine. Calibration of the force measurement unit can be
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-100

FIGURE 2 | (A) GF is calculated from the steady state (I-l) of the trial with acceleration and braking phases excluded. (B) Three phases of the simulated kick: Gliding
phase (I-l), preloading phase (II-ll), and kick phase (lll-IV). KF is calculated from point of maximal Fh (X). Force curves are presented as average forces of one testing
set including standard deviations. On the x-axis is one 100% of measured run and kick.

S y—

FIGURE 3 | (A) Cross-section of the track. (I) Snow is added to the ice track.
(I1) Ice accumulates on the track as humidity from the low temperature
laboratory freezes on and around the cooling pipes (Ill) Cooling pipes keep the
track frozen. (B) A groove is cut into the ice of the track. (C) Special tools for
cutting the groove into the track. (D) Adding of the snow is competed
manually.

completed with a custom calibration frame. For measurement
of Fy, the calibration frame is attached to the skitester frame in
the beginning of the track. The horizontal force sensor is loaded
using a rope, that pulls the ski attachment shoe horizontally
backwards. Vertical force sensor calibration is completed in the
calibration frame. The vertical force sensor is removed from the
sledge and the sensor is loaded by placing weights on the sensor.

Glide Testing

For each trial, a pneumatic cylinder applies force to the ski while
an electric motor simultaneously accelerates the sledge to the
desired velocity. Velocity is limited by the software to 6 m/s. For

measurement of gliding friction (GF), a specific measurement
area on the ski tester can be defined by the software to ensure
that forces are measured from a specific velocity (Figure 2A). GF
is calculated as an average value of Fh and Fv (Figure 2A (I-1I))
over measurement area (Equation 1).

Fh
— = GF or KF
Fv

Equation 1. Calculation of GF and KF values.

Kick Testing

To measure the kick friction (KF), forces from a natural classic
kick have been simulated with the skitester (Vahasoyrinki et al.,
2008). A single kick consists three phases (Figure 2B). (I-II) The
first phase is the gliding phase on one ski. In this phase 50% of the
desired skier mass is applied as vertical force. (II-IIT) The second
phase is the preloading phase where the ski is stopped, and 150%
of the skier mass is applied as vertical force to the ski. (III-IV)
The third phase is the kick phase. In the kick phase, the sledge
is moved 2 cm backwards and vertical pressure is released. After
the kick phase, the simulation continues with a short swing phase
where the ski is moved forward with no force applied to start a
new kick simulation. KF is calculated for each simulated kick.
The software automatically detects the highest peak of F, from
the third phase and KF is calculated from the peak horizontal
force by dividing with corresponding vertical force (Equation 1).
The skitester runs ten (10) separate simulated kicks for each trial.
The result of each trial is reported as an average value of the 10
separate kick simulations.

Track Preparation

Track preparation is completed in two parts. (1) Before use of
the skitester, the track needs to be frozen using the skitester
track cooling system. This happens automatically if the cooling
system is kept on in humid weather as humidity condenses
and freezes over the cooling pipes (Figure 3A). Freezing can be
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completed more quickly by pouring water on the track several
times. After the track is frozen and the cooling pipes are covered
with a layer of ice, a groove for the ski is cut into the track with
special tools that are attached to the ski sledge (Figures 3B,C). (2)
Next, snow can be added (Figure 3A (I)) to the track manually
(Figure 3D). The small amount of snow needed enables for a
quick change of snow and the use of different types of snow.
In the present study, snow was made with a high-pressure snow
cannon (Ratnik, NY, USA) inside the Vuokatti ski tunnel located
next to the laboratory. Snow was collected from the tunnel and
moved to the low temperature laboratory in a plastic container.
Snow was stored and used for a maximum of 12h in stable
laboratory conditions.

Renewing the snow on the track requires two steps. (1) Old
snow is removed; (2) New snow is applied to the track manually
(Figure 3D). New snow was packed 10 times using a separate ski
and was completed with the same setup and protocol (0.6 kN and
4 m/s) as used in glide testing. During kick testing, the track was
packed between each run by performing five glide tests before a
new kick test. Extra packing is needed in kick testing because the
track is exposed to stress and, depending on snow type, snow may
shift during each kick.

Measurement Protocol

Environment Control

Air temperature and humidity were monitored throughout the
present study with a device (Vaisala, HM40, Finland) located
in the middle of the skitester frame at the height of 1 m. Snow
temperature (Swix, T93, Norway) was measured from the middle
of the track. Snow free water content (Snow moisture meter
hydrogen 011, Doser Messtechnic, Kempten, Germany) was
assessed from the same spot. Snow free water values must be
considered carefully because of the possible effect of the ice under
the thin snow layer. Snow density (672.4 kg/m?) was analyzed
from each container collected from the ski tunnel. Snow density
was calculated as an average value of 5 measurements. Grain
size (0.78 mm =-0.38) was analyzed visually from macroscopic
pictures using 100 representative snow crystals. Size was analyzed
using picture manipulation software (GIMP, www.gimp.org).

Ski Preparation

Two cross-country skating skis were used for all GF tests
(Madshus redline, 191 cm, Norway). Skis were freshly ground
(Swecom, Italy). Roughness of the ski base was measured with
a profilometer (Mitutoyo Surftest SJ-31, Japan). Stiffness of each
ski was measured using the Finish National Ski Team’s standard
protocol using a Classic Ski Control device (Tuotepalvelu
Isohannu Oy, Yl6jarvi, Finland, Table 1). Two different skis (A
and B) were used during the glide tests. All precision tests were
done with ski A while pressure and velocity were tested with
ski B (Table 1). KF testing was competed with a skin-grip ski
(Salomon S-lab/skin, 201cm, France). After each measured set,
the ski base was refreshed by brushing the base with a fine metal
brush (RedCreek, Sweden). After brushing, a fresh layer of liquid
glide wax (LF Polar, Vauhti speed Oy, Joensuu, Finland) was
applied to the base. After the liquid wax was dried, the base of

TABLE 1 | Properties measured from measured skis.

Ski Roughness [xm] Ski height [nm] Stiffness [kg]
Madshus redline skate A 3.3 3.1 90.0
Madshus redline skate B 3.3 3.0 85.0
Salomon S-lab classic 35 1.6 54.0

Ski base average roughness, ski height, and ski stiffness. Ski height and stiffness were
measured using standard Finish Ski Team protocols.

TABLE 2 | Programmed laboratory temperature settings for three different
conditions: WARM, MEDIUM, and COLD.

Temperature setting Air [°C] Track [°C]
WARM -1 -1
MEDIUM -6 -6
COLD -12 —-12
TABLE 3 | Measurement protocols.
Measurement Condition Protocol Velocity Pressure  Ski

[m/s] [N]
Precision WARM 5 x 50 4 600 Skate A
Precision MEDIUM 5 x 50 4 600 Skate A
Precision COLD 5 x 50 4 600 Skate A
Pressure MEDIUM 3 x 50 4 600, 900, Skate B

1200

Velocity MEDIUM 3 x 50 2,4,6 600 Skate B
Kick test MEDIUM 5 x 10 - 800" Classic/Skin

Six different measurements were carried out in the study. Precision measurements were
carried out in different condlitions. For pressure, velocity, and kick measurements MEDIUM
condition was used. Protocol, velocity, and pressure changed between measurements.
"In kick testing pressure of 800N was used to calculate the desired pressures for three
phases (gliding, preloading, and kick) of the test. Three different skis were used during
the measurements.

"Pressure used in simulation.

the ski was brushed gently using a fine metal brush (RedCreek,
Sweden) and finished with a nylon brush (RedCreek, Sweden).

Precision and Repeatability in Glide Testing

Precision testing was completed in three different conditions:
WARM, MEDIUM, and COLD (Table 2). In all precision tests
the same pressure and velocity were used (0.6 kN and 4 m/s).
The test protocol consisted of five sets of 50 (i = 1-50) glides in
each condition (Table 3). After each set of 50 glides, used snow
was removed from the track and replaced such that the track was
prepared five times for each condition. The goal of preparing the
track between each set was to maintain the track condition.

In all conditions (1) overall precision, (2) precision of the
measurement unit, and (3) the influence of the snow and ski was
analyzed (Table 4). Precision calculations were completed based
on Hasler et al. (2016). Because GF values are changing non-
linearly during the first 10 runs, the later runs (i = 11-50) were
used for precision calculations.
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TABLE 4 | Calculation of precision values.

Precision value Equation Note Relative SD
" 5 2 ) ) ) ) o
Overall precision & = % > (;L/,, - ;7,‘) Where , is GF i value of j test and ; is the mean of five i values = &/I;
J=1

50

Precision of the measurement unit Emu = 4% (i — i m)z Where p; is GF value of i and 1 4 is corresponding value i from linear regression fit = emu/It
=11

S 2

Influence of the ski and snow Essi = |2 % (M/,/ — m) Where p, is ith linear regression fit and 7z,  is the mean of linear fit of j:th test = gss,/i(Wi fit)

(1) Overall precision of the skitester was calculated as relative standard deviation over five (j = 1-5) measurement sets of 50 (i = 11-50) runs. Standard deviation e; was calculated from
all five i values (j = 1-5) and the mean of the same values. For the relative standard deviation, every standard &; was divided by the mean of the corresponding ; values. (2) Precision of
the skitester was calculated by comparing measured values of the each p; to the corresponding p; i least square linear regression line. For relative standard deviation of the skitester
deviation was divided by the mean of GF runs (i = 11-50). (3) Influence of the ski and track were calculated as the difference between least square linear regression lines of the measured
five sets. Standard deviation of linear fit lines were calculated in each ess . For relative standard deviation, standard deviations were related to the mean values of linear fit i values.

Effect of Pressure and Velocity

Pressure testing was performed one test at a time. Three different
pressure settings were used (0.6 kN, 0.9 kN, and 1.2 kN) utilizing
forces that normally occur in both classic and skate skiing
(Leppdvuori et al., 1993; Vihasoyrinki et al., 2008). Velocity
testing was performed at three different speeds (2, 4, and 6
m/s). Both pressure and velocity measurement were analyzed in
each 50 sets as least square regression lines over i = 11-50 to
show changes in GF levels and in measurement unit precision
(Table 3). The track was prepared according to the previously
described protocols prior to each set of velocity and pressure tests.

Precision and Repeatability of KF Testing

The KF test consisted of five sets of 10 repetitions (i = 1-10) that
were averaged for analysis. After each set of 10 tests, the snow
was changed and the track prepared according to the previously
described protocol. Precision of KF tests were analyzed using the
previously described methods.

RESULTS

Average temperatures for the air and track remained close to
the desired values although larger variation was observed in
WARM condition (SD %+ 1.6) while MEDIUM (SD =+ 0.6), and
COLD (SD = 0.4) conditions remained more stable. MEDIUM
(—6.3°C) temperature conditions showed meaningful variation
when same temperature was desired for pressure (—7.7°C),
velocity (—5.7°C), and kick (—8.7°C) tests. Only in COLD was
the temperature higher (—8.3 vs. —12°C) than the temperature
setting for the laboratory (Table 2).

Precession of the Skitester and Influence
of the Condition

In all glide test sets, the change in GF was greatest over the
first 10 glides (i = 1-10) and was more stable in glides 11-
50 (Figure 4D). Non-linear changes in GF values were greatest
during WARM conditions. Least square linear regression lines
showed variation after each track preparation while GF values
also showed meaningful variation. The tendencies in GF where
mainly positive, but in MEDIUM and WARM conditions testing
sets were also negative meaning that the glide improved during
the set (Figures 4A-C).

Overall precision of the skitester showed some variation in
different conditions, however, precision values stabilized after
the first 10 glides and remained more stable after that. Overall
precision (i = 11-50) in the MEDIUM condition showed the
lowest relative variation values (2.4%). In the COLD condition,
relative variation was slightly higher (3.0%) and in the WARM
condition (5.5%) relative variation was highest. Precision of the
measurement unit stayed under 1% in the COLD and MEDIUM
conditions. In the WARM condition, the measurement unit
performed slightly worse (COLD 0.6%, MEDIUM 0.8%, WARM
1.1%). The influence of the ski and track showed the highest
relative variation of the analyzed measures. The highest variation
was observed in the COLD condition (16.7%) and lowest in the
MEDIUM (10.4%) condition (Table 5). Influence of ski and snow
changed in different conditions. In the WARM condition, the
influence of the ski and snow increased toward the end of the
set. In MEDIUM and COLD conditions, the influence of ski and
snow decreased toward the end of the set (Figure 4E).

Effect of Velocity and Pressure

GF values had a tendency to shift from slightly negative
to positive when velocity was increased from 4 to 6 m/s
(Figure 5A). In the pressure test, slightly greater GF values were
observed when pressure increased (Figure 5B). Measurement
unit precision was lowest at 4 m/s and was slightly worse in other
examined velocities [1.16% (2 m/s), 0.86% (4 m/s), and 1.31%
(6 m/s)]. In the pressure test, measurement unit precision was
lowest at 0.6 kN (0.69%) and 0.9 kN (0.72%) and higher at 1.2
kN (2.06%).

KF Measurement

Precision calculations for KF testing were completed for i = 1-
10 (Figure 6A). Overall precision and skitester precision with
regard to variation in kick testing was similar (2.5 vs. 2.4%)
(Table 5). The influence of ski and snow was 4.1%. The effect of
ski and snow decreased slightly from 4.4 to 3.9% in test seven
after which the influence of the snow increased to 4.05% by test
10 (Figure 6B).

DISCUSSION

Main Results
In glide testing the skitester showed precision between 0.6 and
1.1%. In overall precision, where a shift in GF values during
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FIGURE 4 | Measured values of five tests of 50 runs and linear regression lines over i = 11-50 runs where (A) COLD, (B) MEDIUM, and (C) WARM conditions. (D)
Overall precision values in different condition (COLD, MEDIUM, and WARM) during measurements (i = 1-50). (E) Effect of snow and ski in different conditions [COLD,
MEDIUM, and WARM during measurements (i = 1-50)]. In all (A-E) x-axis i:th value of the set. In (A-C) figures y-axis is measured GF values. (D,E) y-axis indicates

relative variation.

measurement was taken into account, variation was higher 3.0-
5.5%. The influence of the ski and snow demonstrated the most
variation in calculated precision values 10.4-16.7%. Based on
these results, the skitester is reliable for glide testing during one
track preparation and the observed shift in GF values needs to
be taken into an account when using the skitester. The influence
of the ski and snow on measurement precision was greater than

expected, which suggests that ski and track preparation should be
further developed.

In kick testing, variation in overall precision and measurement
unit precision were at the same level meaning that the shift in KF
values and measurement unit precision have equal influence on
the measurement. The influence of ski and snow showed greater
variation, but it was significantly lower compared to glide testing

Frontiers in Mechanical Engineering | www.frontiersin.org

May 2021 | Volume 7 | Article 661947


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Lemmettyla et al. The Development and Precision of a Custom-Made Skitester

A B
0.025 0.025
0.02 = 0.02
0.015 0.015

[GF]
[GF]

0.01 0.01
2m/s —0.6 kN
0.005 —am/s 0.005 —0.9kN
3 Velocity —6m/s . Pressure —1.2kN
0 10 20 30 40 0 10 20 30 40

FIGURE 5 | GF values (i = 1-50) and linear regression lines (i = 11-50). (A) Effect of velocity (2, 4, and 6 m/s) and (B) effect of pressure (0.6, 0.9, and 1.2 kN).

TABLE 5 | Overall precision, precision of the skitester, and influence of ski and snow.

COLD MEDIUM WARM Kick
AVG [%] SD [%] AVG [%] SD [%] AVG [%] SD [%] AVG [%] SD [%]
Overall precision 3.0 21 2.4 0.7 55 1.8 2.5 1.3
Precision of measurement unit 0.6 0.1 0.8 0.3 1.1 0.9 2.4 0.6
Influence of ski and snow 16.7 11 10.4 1.3 12.3 1.4 41 0.1

Relative standard deviation values were taken as precision values (AVG). Standard deviations were calculated over different measurement sets (overall precision and precision of the ski
tester) or over i = 11-50 (Influence of ski and snow) in different conditions and kick testing.
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FIGURE 6 | (A) KF values and linear regressions in five tests series over i = 1-10. (B) Effect on ski and snow on the measurement i = 1-10. In x-axis is i:th value of
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43

4.1

[%]

3.9

3.7

3.5

[10.4% (MEDIUM) vs. 4.1%]. There is no earlier data to evaluate
the effect of this variation, in practice. Nevertheless, to the best
of our knowledge, the skitester offers reasonable precision to
identify similar characteristics in individual classic skis.

Environmental Management System
Generally, stable conditions were harder to maintain for the
WARM condition (Tables 2, 6) whereas COLD conditions were

easier to maintain inside the laboratory. This is mainly due to
the cooling system, which runs at higher frequency, meaning
that system runs more often and for longer periods when the
desired temperature is colder. In WARM (—1°C) conditions,
the cooling system runs at lower frequency causing more
variation in air temperature. Already in MEDIUM (—6°C)
condition cooling ran more frequently compared to WARM,
which was observed from reported SD (1.6 vs. 0.6%) values
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TABLE 6 | Snow and air conditions during measurements.

WARM MEDIUM COoLD Pressure Velocity Kick
AVG SD AVG SD AVG SD AVG SD AVG SD AVG SD
Air temperature [°C] -0.3 1.6 —-6.3 0.6 -8.3 0.4 7.7 1.3 -5.7 0.1 -8.7 1.1
Relative humidity [%)] 64.7 6.2 57.4 2.5 46.7 2.7 541 3.2 54.5 0.2 52.2 1.3
Snow temperature [°C] —2.4 0.5 -7.3 0.5 —13.9 0.2 -7.8 0.3 -7.8 0.4 —8.1 0.3
Doser [F] 38.2 1.3 39.8 1.0 37.4 0.5 40.5 0.9 40.3 0.5 40.8 0.7

Air temperature, air humidity, snow temperature, and snow humidity during different measurement setups. Measurements were performed prior to each set of 50 (kick 10) measurements
and the average (AVG) and standard deviation (SD) values were calculated over the measurement in each setup (WARM, MEDIUM, COLD, pressure, velocity, and kick).

of the temperature measurement. Limitations in the laboratory
cooling system are related to the small air space. Changes
caused by the cooling system, or just by entering the cold
laboratory, can affect the overall temperature and temperature
distribution. These changes must be minimized to achieve more
stable measurement/testing results.

Snow deformation occurs in different conditions and tests at
different pressures and velocities (Eriksson and Nupen, 1955).
Snow deformation was observed in the present study as the
testing track started to shine during measurement sets. The
change in GF was greater at lower temperatures and at higher
velocities. Pressure did not clearly change the GF tendency.
Interestingly, the shift in GF values did not have a constant
direction. Tendencies in individual tests sets was negative or
positive within the test setup. In MEDIDUM, the direction of the
change varied between track preparations. Possible explanations
for this observation include variation in snow quality or ski
preparation. Another possibility is that the track preparation
process is inadequate. A perfectly even track is very difficult to
achieve and even small differences in track preparation can affect
the ski snow contact area and snow deformation. Vibration from
the frame of the skitester may also influence the measurement
(Koptyug et al., 2012). However, this influence is probably greater
for the glide testing because measured forces are smaller.

GF Measurement

GF testing precision values varied according to the condition.
In comparison to previously reported precision values by
Hasler et al. (2016), overall precision in MEDIUM was 2.4%,
which is 1% higher than previously reported (1.4). Precision of
the measurement unit showed similar relative variation [0.8%
MEDIUM vs. 0.4% (3 m/s), 1.2% (10 m/s)] as previously
reported. Nevertheless, track preparation and snow deformation
were a greater source of variation and were clearly higher than in
earlier reports (10.4% medium vs. 1.2-2.2%).

Measurements were carried out in three different conditions.
Actual GF values were similar between MEDIUM and COLD
conditions with an average of 0.016. In WARM, GF average
was higher at 0.021. Also, tendencies during the measurement
where more similar between COLD and MEDIUM than between
WARM and MEDIUM, which suggests that MEDIUM and
COLD conditions are similar with used snow. In the future, more
aggressive snow and/or colder temperatures will be needed to
achieve more meaningful differences.

Velocity and Pressure Measurement

The values for GF increased with velocity, in line with study
of Hasler et al. (2016). This result is also in line with the
observed increase in CoF with velocity (Moldestad, 1999, 13).
Measurement unit precision did not show a linear decrease in
precision, but the lowest value (0.86%) was observed at 4 m/s.
In pressure testing, the measured GF values were slightly higher
with higher pressure. The most meaningful differences observed
were in the precision of the measurement unit where variation
ranged from 0.72 to 2.06% when pressure was changed from 0.9
to 1.2 kN. An increase in variation can be caused by the bending
in the structures under the track or the increased vibrations of the
measurement sledge when high pressure is applied.

KF Measurement

No previous comparison was found for kick testing precision
values. Although the precision of the measurement unit was
somewhat greater in the glide test, the kick test involves greater
forces and differences between measurable variables are often
greater. Moreover, the ski preparation process for kick testing
includes more variables such as achieving an exact thickness in
the applied layers of grip wax. Overall, the precision of kick
testing is challenging to achieve. During the kick phase, great
stress is applied to the track and changes inside the snow layer
under the ski can influence the measured forces. In the current
test a skin ski was used to ensure minimal change in kick areas
properties of the test ski. In the future the kick testing can be
combined with glide testing to achieve a better overall picture of
the classic ski performance.

Limitations

Renewing of the snow on the track is relatively fast process.
Unfortunately, maintaining the desired friction conditions
appears to be challenging. In the present investigation, the
influence of the ski and snow showed values over 10%, which
are rather high if differences between 1 and 2% are desired
and previously reported (Hasler et al., 2016). With the current
skitester model, these limitations suggest that results are not
comparable between different track preparations. Other possible
sources of error in glide testing come from ski preparation. The
test ski was waxed with liquid wax in the cold environment and
wax was added for every preparation. The ski preparation process
needs to be re-evaluated and compared to e.g., just cleaning or
brushing the ski between tests.
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In the coming development of the skitester, the factors
mentioned above must be considered. Better control over the
processes for preparing the snow and track is essential to achieve
better precision. Outside weather may affect the relative humidity
and temperature stability of the current version of the cold
laboratory. During the present measurements, the conditions
outside were stable and typical of autumn weather in the Vuokatti
area with an average temperature 5.3°C and relative humidity of
80.7%. Controlling of the laboratory temperature and humidity
would be easier in a larger space.

Conclusions

Measurement of glide from cross-country skis is a complicated
process even when completed in laboratory conditions. Total
control of all influencing factors from the testing environment
as well as in the utilized equipment is challenging and needs to
be completed with care. Laboratory measurements provide the
advantages of being able to test skis while excluding factors such
as weather and the influence of the ski service members and
dependence of testing skis in pairs. Several practical implications
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