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Abstract
The nature of snow and the ever-changing environment makes measuring friction on snow and ice challenging. Additionally, 
due to the low friction involved, the equipment used must exhibit high sensitivity. Previous investigations of ski–snow friction 
have ranged from small-scale model experiments performed in the laboratory to experiments with full-sized skis outdoors. 
However, few have been conducted under conditions similar to those encountered during actual skiing. Here, we present a 
novel sled tribometer which provides highly reproducible coefficient of friction (COF) values for full-sized skis gliding at 
relevant speeds (approximately 5.9 m/s) in a controlled indoor environment. The relative standard deviation (RSD) of the 
COF is as low as 0.5%. The continuous recording of velocity allows for innovative investigations into COF variations when 
skis are permitted to free-glide in a natural setting. Different methods of analysing the results are presented which shows 
that the precision is not a single number, but a function of the range of velocities over which the average COF is calculated.
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List of Symbols
A	� Frontal area m2

cd	� Coefficient of drag –
Fd	� Aerodynamic force N
Ff 	� Friction force N
g	� Gravitational constant m∕s2

m	� Mass of the sled kg
R	� Track radius of curvature m
t	� Time s
u	� Sled (horizontal) speed m∕s

uw	� Wind speed in the direction of motion m∕s

v	� Effective speed v = u ± uw m∕s

x	� Horizontal distance m
��	� Relative standard deviation of � –
�	� Coefficient of friction (COF) –
�ad	� Coefficient of drag –
�	� Averaged friction coefficient –
�	� Air density kg∕m3

��	� Standard deviation of � –
�	� Inclination –

1  Introduction

The pursuit of faster and more energy-efficient skiing has 
driven continuous efforts to improve glide since the inven-
tion of skis. Today, choosing and preparing skis to reduce 
the resistive force caused by friction between the ski and the 
snow is a key factor for competitive athletes, and an accurate 
determination thereof is crucial for the technological devel-
opment of skis and processes that enhance glide [1].

Determining ski–snow friction is, however, challenging 
due to the ever-changing nature of snow and other ambient 
conditions. Studies have attempted to simulate ski–snow 
friction using small-scale test specimens in laboratories, as 
well as using tribometers with full-sized skis both indoors 
and outdoors [2–4]. However, few studies have been able 
to replicate actual skiing conditions with full-sized skis at 
relevant velocities in a controlled environment.

Numerous studies have explored the mechanisms affect-
ing friction between skis and snow, and it appears that the 
dominant mechanisms contributing to the dry and wet com-
ponents of friction vary with the given conditions. While 
the physical understanding of these mechanisms remains 
incomplete, lubrication by meltwater produced by frictional 
heating is one of the mechanisms supported by most experi-
mental evidence [5, 6], although certain investigators have 
proposed alternative mechanisms [7].

Currently, technicians who wax skis use parallel glid-
ing tests to determine ski–snow friction. However, due to 
slight variations in skiers’ position, movements, and posture, 
these tests have limitations. The complexity of the interac-
tions involved in determining ski–snow friction also poses 

a challenge. Numerous factors that continuously change 
during a race or experiment, including temperature, humid-
ity, solar radiation, wind, and ski properties (stiffness of the 
camber, texture of the base, choice of wax), as well as veloc-
ity and load, influence ski–snow friction.

To determine the coefficient of friction (COF), scientists 
typically use frictional force measurements or changes in 
velocity during free gliding. Ski tribometers are also used, 
categorised as either rotational or linear. In traditional pin-
on-disc tribometers, the test specimen, representing the ski 
base, slides over a surface of snow or ice. However, this 
method can cause polishing and excessive meltwater lubrica-
tion. Additionally, the “mini-ski” specimen must be small or 
the disc very large to simulate unidirectional sliding repre-
sentative for the conditions present in the real contact.

A review by Colbeck [8] pointed out that data collected 
under the conditions of primary interest (i.e., long sliders 
moving at high velocity on various types of snow) are lack-
ing. The most relevant developments since then are linear 
tribometers using full-size skis and free-gliding sleds with 
internal or external sensors. The sled systems resemble a 
human skier in a static position on full-sized skis while 
eliminating variations during the glide due to the human 
factor. Moreover, it can be used in actual ski racing tracks.

Linear tribometers consist of a slider representing the ski 
gliding along a track of prepared ice or snow. The slider, 
which may be a full-sized cross-country ski, can be attached 
and moved along the track by a belt drive [3, 9, 10] or alter-
natively, a sloped track can be used to utilise gravity [11]. 
The short length of the tracks used in linear tribometers 
does, however, require high acceleration to reach desired 
velocities, which reduces the precision at high velocity and 
causes vibrations (see e.g., [10]). On the other hand, linear 
tribometers allow for the use of full-sized skis and move-
ment in a straight line, preventing edge scraping.

Experiments with sled tribometers have been performed 
at slow velocities due to being pulled by horses [12], or pro-
pelled by a spring system [13] with initial velocities of on 
average 1.4 m/s. Recently, the force in the towing cables 
of a sled travelling at a maximum velocity of 4 m/s was 
measured using a load cell to estimate friction force [14]. 
A similar technique using a spring balance was used in one 
of the earliest reports on ski–snow friction [6]. However, 
relying on the force on the cables to determine friction has 
a drawback; uncontrolled variations in the pulling force can 
cause the force on the cable to vary, leading to a signal that 
is only a fraction of the force needed to overcome inertia and 
accelerate the sled back to a constant velocity, which can 
significantly reduce measurement accuracy.

Another study utilised a free-gliding linear tribometer 
consisting of a sled with cross-country skis that was pro-
pelled along a track lined with optical sensors to calculate 
the coefficient of friction based on deceleration [4]. While 
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this method provides a more realistic and continuous record-
ing of velocity, it has limitations as well. The obtained veloc-
ity (less than 2.2 m/s) is considerably slower than the aver-
age velocity during cross-country ski races (2.8 to 8.3 m/s), 
and only a short segment of the track was equipped with 
sensors. Nonetheless, free-gliding deceleration is useful for 
identifying changes in friction at different velocities.

To accurately measure velocity in free-gliding sled exper-
iments, the time required to travel a known distance can be 
determined using photocells or other types of gates. Gates 
have been used to measure velocity in alpine [15, 16], cross-
country skiing [4, 17–20], and sled runners on ice [21]. In 
one study, a film camera mounted on the sled recorded mark-
ings placed at specific distances under the ice [13]. However, 
this approach only provides the average velocity between 
gates.

A more modern approach involves the use of optical cor-
relation sensors, which are commonly used in the automo-
tive industry to measure very high ground velocity, e.g., of 
more than 55 m/s. These devices can be mounted on the 
vehicle, providing considerable flexibility, and their continu-
ous measurement of velocity, at a high sampling rate, offers 
a marked advantage over other methods described previ-
ously, see e.g., the white paper [22].

Here, we attempt to overcome some of the shortcomings 
of earlier systems by developing a free-gliding ski tribometer 
equipped with full-sized cross-country skis that glides in 
actual ski tracks. A test consisting of 25 repeated runs was 
conducted, and the resulting COF at a range of velocities, 
together with the relative standard deviation as an indicator 
of reproducibility and precision, are presented.

2 � Method

The basic idea behind the tribometer is a sensor-equipped 
sled that is either released to freely glide down a slope or 
accelerated and launched by an electric winch. The decelera-
tion of the sled is determined by friction and air resistance. 
In the present setup, schematically illustrated in Fig. 1, full-
sized, classic- or skate cross-country skis can be attached to 
the sled to enable unmanned glide tests in a natural setting 
and in a repeatable manner.

The sled consists of a main body with two compartments, 
an upper with electronics and sensors and a lower compart-
ment with weights. The body is rectangular with the dimen-
sions 30 × 32.5 × 40 cm ( W × H × L ). The weight com-
partment can accommodate up to 130 kg maximum. The 
total weight of the sled can be freely adjusted to test the 
influence of the athletes’ body weight. The centre of mass 
can be adjusted back and forth ± 10 cm from the neutral 
position to simulate an athlete leaning backwards and for-
ward to shift the weight as in a tucked position, such as the 
variants studied in [23]. Figure 1 shows the sled attached to 
a pair of skis with the centre of mass adjusted backwards 
roughly 5 cm from the neutral position.

A handlebar is mounted on each side for manoeuvrability 
when changing skis and configuring the sled. A 3D-printed 
shoe was designed in-house (described as the “measurement 
boot” in [24], and mounted to the sled in order to replicate 
the loading condition of a commercially available elite-level 
ski boot while skiing. The shoe size is adjustable and the 
distance between them can be adjusted to accommodate 
ski tracks of different widths. A Kistler Correvit L-Motion 
optical correlation sensor is used to continuously record the 
velocity during the acceleration and deceleration phases. It 
has a 500 Hz sampling rate and is connected to a Vector 
GL2000 CAN-bus logger with a maximum sampling rate 
of 1000 Hz.

Fig. 1   Schematic illustration of 
the ski tribometer
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An electric winch (Rewinch) is used to accelerate the 
sled to the desired speed. Speeds up to 12.5 m/s are pos-
sible using the current setup, and up to 23.6 m/s would be 
possible with a change of gearing or using pulleys. The 
acceleration type until the desired speed is reached can be 
set to exponential or linear. The top speed of 12.5 m/s is 
reached within 4 s and the starting distance is 20 m. It is 
safe for indoor use without harmful emissions compared to 
traditional high-speed winches using internal combustion 
engines. The winch is attached to a custom-built stand where 
the cable is routed through an open pulley and attached to a 
hook on the sled. When the sled passes the pulley, the rope is 
pulled upwards and the sled is released. To hold the stand in 
place the four legs are planted in roughly 20 cm deep holes. 
The location can be freely chosen, and the system is quick to 
deploy and ready to launch in a matter of minutes. Natural 
slopes could be used to accelerate the sled outdoors, but the 
combination of a slope that gives desired speed followed by 
a straight and flat section long enough to provide precise 
measurements of the deceleration phase is rare. The system 
was developed to be used in an indoor environment primar-
ily, but it may also be used outdoors, although with the addi-
tional challenges associated with a more dynamic environ-
ment (wind, sun radiation, precipitation, track inclination 
etc.). The main test location is an indoor snow test facility 
(Arctic Falls, Piteå, Sweden), providing a ≈120 m long test 
track prepared on artificial snow produced in-house. The air 
climate is controlled at temperatures from − 3  to − 12 ◦C 
with relative humidity (RH) from 50 to 90%. Because of the 
large volume (a base area of 10, 000m2 and a relatively high 
ceiling), the temperature is less prone to disturbances com-
pared to smaller test chambers where entering the facility to 
make adjustments could cause temperature swings [9]. The 
produced snow has an average grain size of 0.1 mm. For the 
tests, the ski track is prepared using a mix of old and new 

snow. Figure 2 shows a photo of the sled inside the indoor 
test facility.

A ski track is required to ensure the sled does not derail 
from the intended path when transitioning from the accel-
eration to the deceleration phase. The ski track is prepared 
with a track setter mounted on a snowcat the day before 
testing and left to sinter overnight. The flatness of the snow 
surface of the prepared test track is kept within ± 5 cm over 
a distance of 100 m (measured using a Trimble S7 Total Sta-
tion) , with a maximum local (5 mm over a distance of 1 m) 
inclination of 0.5%, by the use of a semi-autonomous laser-
guided snow grader. Calibrated temperature and humidity 
probes (BAPI Blü-Test, BA/BT-TH) are used to log trends 
during the test session.

2.1 � Experimental routine and data analysis

Figure 3 presents a typical velocity curve as acquired from 
the optical correlation sensor. During the acceleration phase, 
the sled is pulled by the winch with variable force input to 
reach the set speed within 4 s. When the sled is released, it 
enters the deceleration phase and then glides freely until it 
comes to a full stop.

Since the velocity, u, is recorded at a high sample rate, 
it inevitably captures vibrations, which appear in the signal 
as the optical sensor vibrates at the same rate as the sled. 
The high-frequency vibrations can be filtered out by pre-
processing the velocity data with a moving average filter, 
by a linear least squares (LSQ) fit or by a convolution of du/
dt with a suitable kernel which has the effect of smoothing 
out vibrations. In this case, a moving average filter was used.

Since both the out-of-flatness and inclination of the ski 
track are small, the resistive forces will mainly come from 
the friction force in the ski–snow contact and the air drag. 

Fig. 2   Photograph of the sled 
inside the Arctic Falls indoor 
testing facility with certain 
aspects indicated
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The estimated COF for the ski–snow contact, denoted � , 
is a function of the horizontal ground speed of the sled, u, 
that can be calculated from Newton’s second law, i.e., (1), if 
we know the acceleration, a = du∕dt , the curvature, 1/R, of 
the ski track and the associated inclination, � , as well as the 
contribution from the air drag, defined, in (2), as the coef-
ficient of drag, �d . That is,

where ut is the tangential speed, g = 9.82m∕s2 . The coef-
ficient of drag (as a function of speed) is given by

where � = 1.293kg∕m3 is the density of air, cd = 1.0 is 
specified as the (air) drag coefficient, A = 0.0975m2 is the 
projected frontal area of the sled, uw is the wind speed in 
the direction of motion (plus if there is front and minus if 
tailwind), and m is the total mass of the sled.

However, due to the small out-of-flatness and minute 
inclination of the ski track in Arctic Fall’s indoor testing 
facility, ut ≈ u , � ≈ 0 and 1∕R ≈ 0 , hence (1) should not be 
much different from

Note that, all of the measurements are conducted on the 
same track, and we are mainly interested in a qualitative 
measure of the ski–snow friction. In the numerical analy-
sis, the speed-dependent deceleration, adec(u) , is, therefore, 
calculated as the slope of a linear (least-square) fit of the 
slope of the moving average filtered velocity signal, within 
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(

sin � − �d(u) −
1
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du

dt

)/

(

cos � +
u2
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a given velocity interval (Fig. 3). Effectively, this means 
that the deceleration is considered to be constant, i.e., 
adec(u) = adec(um) , within the interval u ∈ um ± Δu∕2 , where 
um is the mean velocity of the interval. Hence,

since uw = 0 in the present analysis which is based on indoor 
measurements.

The speed vs time data presented in Fig. 3 shows an 
example where the speed interval, i.e., the shaded region, 
is Δu = 1.1 m/s and �(u) is evaluated for um = 3.6 m/s. At 
speeds within the range 4.1 down to 1 m/s the variation in 
adec is rather small and a relatively large segment, such as 
the section spanning from 4.1 to 3.1 m/s in Fig. 3, may be 
used. A large interval has the effect of minimising the stand-
ard deviation caused by vibrations and other noise. If there 
are transitions in adec , a relatively small segment should be 
considered. Since both the COF and relative standard devia-
tion (RSD) are presented for the average speed um in the 
segment, the top speed available for analysis will be lower 
as the interval size increases.

The interval can be set to a fixed size of Δu or as a func-
tion of velocity, i.e., Δu = um∕k , where um is the mean veloc-
ity of the interval, and k > 0 determines its size. This means 
that the COF, and the corresponding RSD, are calculated 
with a progressively decreasing interval size towards lower 
velocities. This enables a combined analysis with an average 
COF over almost the entire test, with an increasing level of 
detail at lower speeds. Reducing the size of the interval as 
a function of velocity also makes sense if we consider the 
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Fig. 3   A typical acceleration/deceleration curve (sled velocity vs 
time), illustrating the evaluation of �(u) at u = 3.6  m/s, within the 
interval Δu = 1.1  m/s (shaded region). The data represent velocity 
vs time filtered by a moving average filter using 50 sampling points 

(left). The zoomed in view shows the selected interval with velocity 
data filtered using moving average filters with 5, 50, and 500 sam-
pling points (right) (Color figure online)
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gradual dampening of vibrations from the release mecha-
nism as the sled glides.

The repeatability/precision of the tribometer, which can 
be defined over a range of scenarios as described in [3, 9, 
10], may be estimated by repeated testing. The estimation 
of the precision of the present methodology is based on tests 
where the tribometer runs in a single track a repeated num-
ber of times during a single session. While performing ski 
friction testing, the environmental conditions, such as the 
running-in of the ski or the track, precipitation, tempera-
ture, humidity, and radiation, will to some extent undergo 
transformations. Hence, possible trends in the recorded data 
should be removed prior to analysing the precision of the 
tribometer. Otherwise, the precision would be specific to 
the exact conditions present during the investigation. The 
standard deviation ��(u) of the COF for each speed interval 
is calculated as

where �i are obtained by (4) and �i,fit(u) is the obtained from 
the linear least-square fit on COF from all repetitions in the 
velocity interval. A relative measure of the standard devia-
tion (RSD) ��(u) or can then be obtained by dividing ��(u) 
by the averaged COF �(u) , i.e.,

where �(u) is the averaged COF for all of the N runs, i.e.,

The following routine was employed in order to minimise 
variations based on how the tests are carried out:

(5)��(u) =

√

√

√

√
1

N

N
∑

i=1

(

�i(u) − �i,fit(u)
)2
,

(6)��(u) =
��(u)

�(u)
.,

(7)�(u) =

N
∑

i=1

�i,

•	 Time in starting position for the sled is 30 s to allow the 
temperature of the skis to stabilise.1

•	 The winch accelerates the sled to the target speed (5.8 
m/s in this case) at which the sled is released.

•	 The sled glides freely and decelerates until it stops com-
pletely.

•	 It is then returned to the starting position by pushing it 
backwards at a walking pace ( ≈ 1.4m∕s ), in the same 
track as the test was run.

•	 Time between the tests is ≈ 3min , including the resting 
time at starting position

For the tests in this study, the conditions were as follows. 
The test series is made up of 25 repeated runs (N = 25). A 
pair of skate skis (Fischer RCS Carbon Lite Skate Plus) were 
used with a race grind and prepared with a base wax suitable 
for − 8 ◦C . The total weight of the sled was 60 kg and the 
neutral mounting position was used with centre of mass 13 
cm behind the ski binding. The air temperature in the indoor 
facility was set to − 8 ◦C and the relative humidity 85% RH. 
The track was made up of round grains of artificial trans-
formed snow with an average grain size of roughly 0.1 mm 
with the largest grains up to 0.5 mm. The temperature of the 
snow cooling system was set to − 8 ◦C.

3 � Results and Discussion

The 25 runs were completed following the testing routine 
outlined above, where the sled is launched at a target speed 
of 5.8 m/s and then decelerates to a full stop. The tempera-
ture (− 8.0 ± 0.5)◦C of both the air ( 85 ± 1)%RH and the 
snow (− 8.0 ± 0.2)◦C was stable during the entire 75 min 
long session. Figure 4 depicts the recorded velocity data 

Fig. 4   Velocity vs time for 25 
runs aligned at 0.3 m/s, showing 
the increase in deceleration 
with each test-run as the session 
progresses, resulting in higher 
COF in average (Color figure 
online)

1  Based on temperature measurements performed using thermocou-
ples inserted into the ski base.
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for all of the 25 runs, aligned at the position where the 
speed is 0.28 m/s. There is a clear trend of decreasing glid-
ing time until a complete stop in order of ascending run 
number. The gliding distance from the position where the 
sled attains top speed to where it stops is roughly 100 m. 
On average, the top speed was found to be 5.94 ± 0.14 m/s, 
but there was no clear correlation between the top speed 
and the gliding distance. Interestingly, top speed vs time 
in glide showed a weak correlation.

The pulling force is significantly higher than the friction 
force, which is evidenced by the much higher gradient (on 
average 6× ) of the velocity during acceleration than dur-
ing deceleration. The pulling force during the acceleration 
phase is not measured and the COF during acceleration 
can therefore not be determined. It can be seen in Fig. 4 
that the velocity curve has a slight concave shape until 
roughly 0.5 m/s.

Figure 5 depicts the COF determined for each run cal-
culated with Eq. (4), at four different velocities, i.e., at 
1.67, 2.78, 3.89, and 5 m/s based on a velocity interval 
Δu = 1.1 m/s (as schematically illustrated in Fig. 3). Only 
four segments and one of the 25 velocity curves were cho-
sen for the reason of clarity in the figure. The same trend 

of increase in the COF with increasing test-run number 
was observed for all velocity segments between 1.1 and 
5 m/s (i.e., the speeds at which the COF was determined 
and depicted for in Fig. 6).

The resulting COF within the range 1.1 m/s to 5 m/s 
(based on velocity data within 0.83 m/s to 5.56 m/s using 
fixed velocity interval Δu = 1.1 m/s) is shown in Fig. 6.

It can be observed that the COF to begin with has a down-
ward trend, with an local peak in the middle and an upward 
trend at the end after ≈ 2 m/s. As the velocity decreases, the 
precision, as determined by RSD, fluctuates and reaches a 
minimum at 2.2 m/s of 0.7%.

Results from the same data calculated using a relative 
segment size of k = 2 are presented in Fig. 7. It shows COF 
with a slight downward trend and a minimum at around 
≈ 2 m/s followed by an increase, both in COF and RSD. 
The RSD is below 1.5% from the highest average velocity 
which is 4.2 m/s (segment from 5.6 to 2.8 m/s) and decreas-
ing as the velocity reduced until an increase at the lowest 
velocities. The best precision is at 2.1 m/s with RSD as low 
as 0.5%.

When using relative velocity intervals, the segments 
calculated from high velocity are large and should be 

Fig. 5   The COF for each of the 
25 test runs evaluated at four 
different velocities (Color figure 
online)

Fig. 6   The mean COF, i.e., 
�(u) , from all of the 25 runs 
(blue dots, y-axis to the left), 
calculated for u = 5, 4.7, 4.4,… , 
1.1 m/s using a fixed veloc-
ity interval of 1.1 m/s, with 
error bars indicating standard 
deviation, and the relative 
standard deviation, i.e., ��(u) , 
(red squares, y-axis to the right) 
(Color figure online)
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interpreted as an average COF of the segment. The contribu-
tion of air drag to the overall COF is calculated for the mean 
velocity in the interval and therefore the resulting COF is a 
rough estimation.

The trend of the COF with repeated tests can be inter-
preted as a steady run-in of the ski track and possibly the 
skis. It is to be noticed that, an even more pronounced run-in 
effect has been observed in the measurement data from other 
linear tribometers, see Hasler et al. [3], where the first 10 
runs were discarded and the following 40 runs were used to 
analyse the results.

During the test session, the track developed polished 
(reflective) patches already after a few runs as seen by the 
naked eye. Patches appeared similar along the length of the 
track, including the acceleration segment and the section 
at the end where the sled comes to a full stop. Even if the 
polishing appear similar along the track, topography meas-
urements [25] would be required to quantify any differences 
in surface roughness parameters.

A hypothesis for the increasing trend of the COF with 
repeated tests might originate from the increase in the con-
tact area, due to the run-in of the track surface. It might, for 
example, be related to ski base–meltwater film interactions. 
More precisely, the smooth surface of the polished patches 
may provide for relatively large areas with thin water films, 
with an increased COF due to the viscous resistance being 
proportional to the wetted area and the inverse of the film 
thickness [1]. However, in [26], Colbeck noted that meltwa-
ter caps formed by refreezing have been observed on snow 
grains after several passes of skis. This type of reshaping 
of the grains will lead to a polished look on the surface 
and has been shown to produce lower friction (opposite 
the results presented here). This effect could be due to a 
decrease in the contact area and, consequently, fewer sharp 
angular grains impinging the ski. Abrasive wear of the 
surface would produce more sharp asperities compared to 
rounded features from melting and refreezing [7]. Huzioka 
et al. [27] observed flaking at low speeds, which, according 

to Colbeck [26], should be more pronounced at low speeds 
and low temperatures.

When the sled is released, vibrations are induced by the 
sudden vertical forces caused when the winch line detaches 
from the tow hitch at the front of the sled, where it is 
attached. These vibrations are dampened as the energy is 
dissipated and absorbed by the skis as the sled glides, even 
though the act of gliding itself also generates some vibra-
tions, both from the friction and eventual unevenness in the 
track.

To investigate the effect of vibrations on precision and 
COF, one approach could involve launching the sled at vary-
ing start velocities and comparing the resulting COF at dif-
ferent pre-determined velocities. However, launching the 
sled at a higher velocity is likely to amplify vibrations. This, 
in turn, could trigger additional mechanisms affecting the 
frictional behaviour. The additional friction-induced heating 
at the higher velocity could, for instance, result in a higher 
temperature of the ski base, which in turn might affect the 
COF at lower velocities. This exemplifies the complexity of 
ski–snow friction measurements.

A question regarding vibrations is whether, and if so, 
how, they influence the tribological interface(s) beneath. Lab 
studies [28] have demonstrated that induced vibrations alter 
the friction between model skis and a disc of ice. However, 
further investigation is needed to determine how these vibra-
tions propagate to the tribological interface between the ski 
and the snow. High-amplitude and low-frequency vibrations, 
for example, cause the sled to bounce, resulting in cyclic 
loading and unloading. This impact affects the ski-camber 
profile and, consequently, the nominal contact area and pres-
sure [23, 24]. However, since all repeated runs in the current 
study show similar vibration patterns, the repeatability of the 
tribometer should not be significantly affected.

The precision of a ski–snow tribometer is challenging 
to represent as a single number since it varies based on 
the type of analysis performed. Nevertheless, the range 
between 0.5 and 2% is demonstrated for our tribometer at 

Fig. 7   The mean COF, i.e., 
�(u) , from all of the 25 runs 
(blue dots, y-axis to the left), 
with error bars indicating stand-
ard deviation, calculated for u 
in the range from 1.3 to 4.2 m/s 
using a relative velocity interval 
of Δu = u∕k with k = 2 , and the 
relative standard deviation, i.e., 
��(u) , (red squares, y-axis to the 
right) (Color figure online)
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velocities ranging from 1 to 5.6 m/s in the indoor facil-
ity. Linear ski tribometers report precision within a sin-
gle track in a similar range 1.45% in Auganæs et al. [10], 
and 0.6% to 1.1% in Lemmettylä et al. [9], depending on 
the temperature of the snow or 0.35% to 1.24% in Hasler 
et al. [3] at velocities from 2 to 10 m/s. A practical resolu-
tion of 0.001 for COF in the range 0.0054 to 0.0300 was 
reported by Budde and Himes [4]. This implies a relative 
standard deviation of 18.5% at the lowest COF and 3.3% at 
the highest COF, which is significantly higher than in the 
present work. In this study, and in [4], a free-gliding sled 
is used, while other linear tribometers employ a forced 
motion with a friction force measurement device built 
into the carriage holding the skis. This makes the friction 
measurement sensitive to variations in the velocity since 
inertia forces will be much higher than the friction force.

The COF depends of course on many factors, but it 
is nonetheless interesting to compare the results to those 
obtained using other ski tribometers. The COF deter-
mined from the measurements conducted for speeds from 
1 to 5.6 m/s in this paper is found to be within the range 
0.020–0.0225 which is in the lower range of what Hasler 
et al. [3] found, i.e., from 0.02 at 2 m/s to 0.07 at 10 m/s, 
higher than Lemmettylä et al. [9], i.e., from 0.01 at 2 m/s 
to 0.02 at 6 m/s, but much lower than Auganæs et al. [10], 
i.e., 0.057 in the range 1–3 m/s to 0.126 at 8 m/s, with 
flat-ground skis, and 0.04–0.055 from 1 to 8 m/s with race-
ground and race-waxed skis. It is difficult to draw any con-
clusions from absolute values since different preparations 
of the ski base have been applied in the four investigations, 
as well as that they have been performed under different 
environmental conditions. The only conclusion that can 
hold for all of the tests presented in the aforementioned 
studies is that the COF increase with velocity. In [10], 
the results show a linear decrease in the COF until 2 m/s, 
where a marked transition, attributed to a change of fric-
tional regime, occurred. A slight downward trend in COF 
as the velocity decrease can be seen in the present work 
(Figs. 6, 7), followed by and increase at lower velocity.

The variation of COF with velocity should be carefully 
interpreted, local irregularities in the track might lead to 
the local maximum seen in Fig. 6 which is not necessar-
ily a true increase in COF. It is however repeated every 
run which is encouraging when considering the goal of 
the study, to quantify the repeatability. When designing 
a study where an accurate estimation of the true COF or 
COF-velocity relationship is of interest, the start position 
could be offset to reveal if the variations are due to proper-
ties of the track or other mechanisms.

An advantage of the present tribometer compared to 
linear tribometers, such as [3, 9, 10], is the possibility 
of analysing the COF at different velocities during free 
gliding without an external mechanism acting on the skis. 

Meaning that the velocity profile is determined by the 
launch velocity, air drag, ski–snow friction and gravita-
tional forces acting on the ski.

Sources of error when comparing results between test 
sessions that could influence the repeatability include the 
straightness of the ski track, which is dependent on the 
snowcat operator. That is, if the track is not straight, addi-
tional resistive forces can arise as the ski scrapes against the 
side of the track, and the impact would be larger at higher 
speeds. The scraping may also lead to snow grains and larger 
particles of snow falling into the track, causing third-body 
friction. Other variations come from changes in the envi-
ronment if a long time passes between sessions (mainly a 
problem outdoors) or surface elevation differences affect-
ing a second track produced on the side for comparison 
purposes. An advantage of this test method is the ability to 
quickly accumulate a long sliding distance in a controlled 
manner, i.e., tens of kilometres per hour is possible with up 
to 300 m continuous sliding distance each repetition at the 
current maximum tested speed of 12.5 m/s (preliminary tests 
outdoors). The winch has the capacity for achieving an even 
higher speed up to 23.5 m/s, but such tests require careful 
preparation of a very long straight track and have not yet 
been conducted.

4 � Concluding Remarks

A novel tribometer has been developed and its capabilities 
and precision was presented by repeated testing of a pair of 
full-sized cross-country skis in a single track. The sled can 
be loaded with 30–130 kg and the centre of mass adjusted 
within ± 10 cm from the neutral position. Using a custom-
made boot, the load can be transferred from the sled to the 
skis in a realistic manner [23].

The tested velocity of 5.6 m/s, and top velocity outdoors 
12.5 m/s (comparable to other tribometers using full-size 
skis [3, 9, 10]) and long sliding distance enable studies of 
friction and wear under conditions similar to those encoun-
tered by elite cross-country skier during races. With minor 
modifications, even higher speeds approaching those associ-
ated with alpine skiing can be achieved.

The use of a unique indoor snow facility enables testing 
in a controlled and stable environment including tempera-
tures from − 3 ◦C to − 12 ◦C . The flexible setup with the 
winch allows for measurements in locations where it can 
be accelerated and released to decelerate on flat, downhill 
or even uphill terrain. If more extreme temperatures and/or 
other weather conditions are desired, the tribometer can be 
used for outdoor testing. However, this introduces additional 
challenges due to the dynamic outdoor environment, which 
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includes factors such as wind, solar radiation, precipitation, 
track inclination.

Continuous high-frequency measurement of velocity 
enables studies of transitions between regimes with dif-
ferent COF during free-gliding deceleration. These types 
of transitions during deceleration cannot be studied with-
out a free-gliding sled. Another differentiating capability 
compared to other tribometers using full-size skis [3, 9, 
10] is the ability to analyse the COF at different velocities 
in a single run, in contrast to maintaining a constant veloc-
ity over a short section of the track (< 15 m) until a stable 
reading of the averaged COF can be obtained.

As repeated tests were run, the COF tended to increase 
linearly, probably due to a “run-in” effect of the skis and 
track. This was also found to be independent of the speed 
at which the COF was evaluated. Similar changes in the 
COF with repeated testing have been reported previously 
[3, 10] and the opposite trend is sometimes seen [9]. This 
is accounted for by detrending the data when calculating 
the relative standard deviation (RSD).

The precision of our tribometer, as indicated by the 
relative standard deviation (RSD), is maintained at a level 
below 1.5% for all tested velocities. RSD is at its best at 
0.5% approximately halfway between the highest and low-
est velocities in this test. Based on this result, a strategy 
for optimising precision for a specific velocity could be to 
launch the sled at an elevated velocity, ensuring that vibra-
tions have sufficiently dampened by the time the desired 
velocity is reached. Since the RSD is calculated by divid-
ing the standard deviation by the COF, it follows that the 
precision of the tribometer improves if the standard devia-
tion is constant as the COF increases. This is important to 
take into consideration, especially when comparing skis 
that exhibit similar results when the COF is very low. If 
significantly lower COF is measured compared to in this 
study, the precision should be re-evaluated in the same 
way as was done here.

The accuracy of the COF-values presented here is dif-
ficult to assess. This is because there is no gold standard for 
comparison (as mentioned in [3]). Many factors are involved 
in the testing of ski–snow friction and the COF determined 
here might not be generalisable to other conditions. For a 
valid comparison, all of the different parameters of interest 
should be included in randomised order in a series of tests, 
in accordance with the principles of design of experiments.
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