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Abstract: Small differences in turn cycle structure, invisible to the naked eye, could be decisive in
improving descent performance. The aim of this study was to assess the influence of turn cycle
structure on the performance of elite alpine skiers using an inertial measurement unit (IMU) in
different slalom (SL) course settings. Four SL courses were set: a flat-turned (FT), a steep-turned
(ST), a flat-straighter (FS) and a steep-straighter (SS). Five elite alpine skiers (21.2 ± 3.3 years,
180.2 ± 5.6 cm, 72.8 ± 6.6 kg) completed several runs at maximum speed for each SL course. A
total of 77 runs were obtained. Fast total times correlate with a longer initiation (INI) time in FT,
a shorter steering time out of the turn (STEOUT) in the FT and FS and a shorter total steering time
(STEIN+OUT) in the FT and SS courses. The linear mixed model used for the analysis revealed that in
the FT-course for each second increase in the INI time, the total time is reduced by 0.45 s, and for
every one-second increase in the STEOUT and STEIN+OUT times, the total time increases by 0.48 s and
0.31 s, respectively. Thus, to enhance descent performance, the skier should lengthen the INI time
and shorten the STEOUT and STEIN+OUT time. Future studies could use an IMU to detect turn phases
and analyze them using the other built-in sensors.

Keywords: inertial measurement unit; wearable sensor; sports biomechanics; kinematics; skiing; turn
phases; accelerometer; magnetometer

1. Introduction

In alpine skiing competitions, the skier must go through a course that forces the skier
to make turns [1]. The ski turn is a fundamental technical element for speed regulation. In
competition, the aim is to make turns while losing as little speed as possible, which makes
it a subject of interest to both coaches and researchers.

It has been observed that differences in performance are more evident when analyzing
the different phases of the turn, as these are more diffuse over the entire turn cycle. [2].
Thus, the division of the turn into its individual phases is essential to obtain a more detailed
analysis of the performance of the turn. In the literature, the division of the turn cycle
into its different phases is known as the turn cycle structure [3]. There is no consensus on
the number of phases into which a turn should be divided. There are authors who have
divided the turn into two [4–7], three [2,3,8–10] or four phases [11,12]. However, most
studies agree on a fundamental division on two phases within the turn: the initiation (INI)
phase, described as the motion between turns where lateral forces are non-existent, and
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the steering (STE) phase, characterized as the skier–ski system moving along a curvilinear
trajectory with a centrifugal force acting on the system [13].

To determine the phases of a ski-turn on the basis of objective and comparable data,
kinetic [4,5,7,8,14] and kinematic [2,6,9,11,15] criteria have been used.

Referring to kinetic criteria, the most widely used systems are pressure insoles, placed
in the ski boot [7,8,16], and portable force plates, generally located between the bindings
and the skis [5,14]. Both systems measure the interaction between the skier and the skis
and use the measurement of the reaction forces against the ground to determine turn
phases. Although force platforms have been considered as the reference system for kinetic
measurements [17,18], they can affect the skier’s technique and comfort due to the added
weight in the ski binding complex [18,19]. In contrast, pressure insoles are less invasive in
this respect [16,17]. However, their positioning can be a handicap for those skiers that use
boots with a thermo-molded liner, which adapts precisely to the foot for the best control
of the ski, since placing these insoles could detract from this effect [16]. An additional
limitation is that due to their placement, they can only measure the pressure between the
plantar surface of the foot and the boot, rather than the actual force transmitted from the
skier to the skis [18,20] and not always indicate the magnitude of ground reaction force
accurately [18,19].

To determine turn phases using kinematic criteria, two of the most relevant systems
according to the literature are video recording systems [2,11,15,21–23] and Global Navi-
gation Satellite Systems (GNSS) [24–27]. These systems contributed significantly to the
precise delimitation of the turn phases based on kinematic analysis of selected body seg-
ment positions. Video recording systems have been the reference system for kinematic
measurements due to their accuracy [21]. In 2003, Supej and colleagues [28] delimited a ski
turn by the turn switch point (TS point), defined as the point of intersection between the
skier’s center of mass (CoM) line projected onto the snow surface and the average ski line.
The TS point has been the reference in the literature to delimit consecutive turns and has
helped later studies to define turn phases [2,3,11]. However, the complication of measuring
with video recording systems in a natural environment, as well as the small number of
turns that can be analyzed and the extensive time for post-processing the data, makes it
difficult to collect data on a regular basis. Subsequent studies with wearable systems, such
as GNSS receivers, have also proven to be valid for detecting the TS point [24–26] and turn
phases [26]. Despite its validity, this system involves the skier wearing a small backpack
with a receiver and an antenna placed on the helmet to allow better satellite visibility [27]
on what could influence the skier’s technique [29]. In addition, the number of satellites and
environmental obstructions can affect the quality of the recording data [27].

In recent years, IMUs have been revolutionizing training monitoring in alpine ski-
ing [16,30–32]. They offer a number of advantages that go beyond the limitations of
traditional or laboratory methods [30]: (a) work wirelessly; (b) small and lightweight;
(c) easy to carry; (d) easy to place; (e) with the capacity to record a large number of data;
(f) instantaneous data acquisition. In addition, the fact that all the built-in sensors (ac-
celerometer, gyroscope, GNSS receiver, barometer, magnetometer, etc.) are synchronized
optimizes data collection. In the field of alpine skiing, it has been demonstrated that the TS
point can be detected with the use of a single IMU through the inclination of the pelvis [16],
or data based on the lateral acceleration of the trunk [33] or the angular velocity of the
boot [34]. The latter two have been two of the most accurate and precise methodologies [35].

Several studies have highlighted that in the turn cycle structure, the longer INI phase
translates into better performance on the turn [2,36]. However, the influence on perfor-
mance along a ski run (linked curves) has not been investigated yet. Furthermore, in such a
changing environment as skiing, it is interesting to assess whether different course settings
and steepness of the slope could influence the turn cycle structure or if contrary similar
characteristics are observable regardless of the context. To our knowledge, no study has
explored turn phases with an IMU or studied whether the turn phases can influence the
performance of a whole run in different course settings. Therefore, the aim of this study
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was to assess the influence of turn cycle structure on total descent time of elite alpine skiers
using an IMU in different slalom course settings.

2. Materials and Methods
2.1. Participants

Five elite alpine skiers (21.2 ± 3.3 years, 180.2 ± 5.6 cm, 72.8 ± 6.6 kg, 39.6 ± 7.6
slalom International Ski Federation (FIS) Points) participated in the study. Written informed
consent was obtained from all participants. All the procedures were approved by the Ethics
Committee for Clinical Sport Research of Catalonia (Study Number: 27/CEICGC/2020)
and were conducted in accordance with the Declaration of Helsinki.

2.2. Procedures
2.2.1. IMU Device and Location

An IMU device (WIMU, Realtrack Systems, Almeria, Spain; weight: 70 g; size:
81 mm × 45 mm × 15 mm) was used in this study. Signals from the 3-axial accelerom-
eter (range: ± 400 G; sampling frequency: 1000 Hz) and the 3-axial magnetometer (range:
±8 gauss; sampling frequency: 100 Hz) were used. The IMU was also composed of a
gyroscope, a barometer and a GNSS receiver, which were not used in this study. The IMU
was attached to the lower back of skiers, at the L4–L5 level, using an adjustable sports lycra
belt. This location close to the CoM has been shown to be the best place to assess whole
body movement and to detect ski turns [16,37]. In addition, it is a comfortable place to wear
for skiers, as they reported not noticing to wear it. The axes of the IMU device were defined
as shown in Figure 1. Prior to the measurements, the calibration of IMUs was performed
on a flat and even surface with the Z-axis perpendicular to the surface, according to the
manufacturer’s specifications.
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Figure 1. Measurement system and axis orientation. The X-axis (blue) is the vertical one, the Y-axis
(green) is the lateral one, and the Z-axis (orange) is the antero-posterior one. Photo reproduced with
permission from Diana Martin i Gamisans/Crèdit Andorrà Supporting and edited by the author.

2.2.2. Course Setting

Four different SL courses (Figure 2) were set according to the FIS rules [38]. The SL
courses were chosen to cover 4 different scenarios in terms of slope (flatter: 12◦ and steeper:
21◦) and type of trajectory (turned: 10.7/4 m course and straighter: 10.7/3.25 m course for
vertical gate distance (VGD) and gate offset (GO), respectively) that can be experienced
in certain sections during a slalom competition. For simplicity, a code has been given to
each of the four SL courses according to their slope and trajectory: the turned course on
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the flatter slope (FT), the turned course on the steeper slope (ST), the straighter course on
the flatter slope (FS) and the straighter course on the steeper slope (SS). The first letter of
the code corresponds to the slope and the second letter to the trajectory. Ten consecutive
gates were analyzed for each SL course. Tape measures were used to ensure that gates were
placed equidistant from each other in each course. The courses located on the flatter slope
(FT, FS) consisted of sixteen gates of which were analyzed from gates six (G6) to fifteen
(G15), leaving gate sixteen (G16) at the end. The courses located on the steeper slope (ST,
SS) consisted of thirteen gates of which were analyzed from gates nineteen (G19) to twenty-
eight (G28), leaving gate twenty-nine (G29) at the end. Bar magnets (D33 mm × 267 mm,
ND35, A.C. magnets 98, Barcelona, Spain) were placed on ten consecutive gates for each SL
course, following the indications of Pérez-Chirinos Buxadé, et al. [39]. The first gate always
turned to the right (left outer leg).
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Figure 2. On-hill measurement setup. Left: schematic illustration of the four 10-gate SL courses.
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Before starting, the skiers made a reconnaissance run down the courses. Skiers were
then asked to complete three to five runs at maximum speed for each of the SL courses. A
total of 77 runs were obtained: FT (n = 22), ST (n = 24), FS (n = 16) and SS (n = 15) from
Skier 1 (n = 4 FT, 4 ST, 0 FS, 0 SS), Skier 2 (n = 4, 5, 4, 4), Skier 3 (n = 5, 5, 4, 4), Skier 4 (n = 4,
5, 4, 4) and Skier 5 (n = 5, 5, 4, 3). Skier 1 could not perform any descent of the FS and SS
courses due to low back pain. A portable Full HD camera (Panasonic HC-V700) recording
at 30 Hz was used to synchronize the accelerometry signal of the IMU to the videos of
each run for a further visual checking. During data collection, the snow was hard-packed
and groomed, and the coaches and experimental team smoothed the course prior to each
and every run in an attempt to standardize conditions for side-skidding. Air temperatures
progressively increased from 1.1 to 1.9 ◦C. Relative humidity decreased slightly from 71 to
61%. The maximum wind speed recorded was 6.3 km/h in a south-westerly direction, thus
perpendicular to the direction of the ski runs.

2.2.3. Drone Mission and Surveyed Reference Points

In order to generate a Digital Elevation Model (DEM) of the training area, a pho-
togrammetric flight mission was planned using a drone (DJI Mavic Air, SZ DJI Technology
Co., Hong Kong, China) equipped with the serial camera DJI, based on a 1.2/3” comple-
mentary metal-oxide-semiconductor (CMOS) sensor. After data collection with skiers, the
flight mission was created with Drone Harmony Software (Drone Harmony AG, Zürich,
Switzerland) that allowed for the creation of missions using an existing reference terrain
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model. The mission consisted of flying in grid format to complete 4 passes over the target
area of 0.032 km2 and was planned with the following parameters: (a) flight speed 5 m/s
(stopping and stabilizing before the shot); (b) ground sample distance 2.05 cm; (c) overlap
and sidelap 70%; (d) camera angle 80◦; (e) ground level of 55 m during the whole flight.
The mission included two flights of 13 min 54 s and 8 min 06 s, respectively. A total of 76
high-resolution images were obtained. To provide reference points for the photogrammetry
software, multiple precise (sub-centimeter accuracy) GNSS coordinates of all the gates in
the four courses were surveyed using a Leica GS18 T RTK GNSS rover (Leica Geosystems
AG, Heerbrugg, Switzerland). Additionally, the positions of 11 Ground Control Points
were also surveyed (Supplementary Materials).

2.3. Data Analysis
2.3.1. Total Time

The skiers’ performance was evaluated with the total time of each run. The total
time was defined as the time elapsed between the first and tenth gates and was calculated
through a validated Magnet-Based Timing System (M-BTS) [39]. Magnets were placed
on ten consecutive gates for each SL course, as explained above. The magnetometer built
into the IMU detected the peak-shaped magnetic field when passing near the magnets at a
certain speed. SPRO software (Realtrack Systems, Almeria, Spain) automatically calculated
the time between the first and tenth peaks.

2.3.2. Criterion for Dividing Turns into Phases

For each run, the acceleration signal on the Y-axis coming from the SPRO software was
filtered with a zero-lag, 4th order, low-pass Butterworth filter with a cutoff frequency of
6 Hz. This filter cutoff was chosen in order to maintain 95% of the signal power [40]. It was
then exported to Microsoft Excel. A routine was programed in MatLab® (The MathWorks,
Natick, MA, USA) to separate INI and STE phases. The routine was programmed to detect
the maximum acceleration peaks and the zero points of the acceleration signal closest to
each side of the peak, which corresponded to the STE phase. The INI phase was then
delimited between the STE phases of two consecutive turns.

By plotting the Y-axis of the accelerometer values to the vertical axis of a graph, as
shown in Figure 3, right and left turns could be identified. Positive peaks corresponded
to right turns (left outer leg) and negative peaks to left turns (right outer leg). If the
acceleration approaches the horizontal axis of the origin, as the horizontal axis represents
a = 0 G, it means that acceleration on the lateral axis is decreasing. On the other hand, if
it moves away from the horizontal axis, the acceleration is increasing. Unlike a previous
study [33], we identified two main phases within the ski turn using an IMU device. INI
phase was limited to the zone in which the acceleration on the Y-axis fluctuated around
the zero-value corresponding to the motion between turns and all movements leading to
the turn initiation. In this phase, the skier is practically with the CoM projected on the
skis; therefore, there is no inclination of the skier’s trunk that produces an increase in the
acceleration picked up by the Y-axis due to gravity. In contrast, the STE phase was limited
to the zones where the acceleration on the Y-axis was moving away from zero, reaching
a maximum peak and approaching zero again. This phase corresponded to the skier–ski
system moving along a curvilinear trajectory with a centrifugal force acting on it and thus
where lateral acceleration is present.
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By fusing the accelerometer information with an M-BTS that provides the position
of the gate on the magnetometer signal [39], it was possible to divide the STE phase by
the turn’s gate position [11] leading to the steering phases into the turn (STEIN) and out
of the turn (STEOUT), where the acceleration on the Y-axis was moving away from zero or
approaching zero, respectively (Figure 3).

Finally, for each run, the times corresponding to the same phase were added together,
so the total time was decomposed into three partial times: INI time, time of STEIN and time
of STEOUT. The two steering times were added together to obtain STE time, hereinafter
referred to as STEIN+OUT time. For each run, each of these partial times was expressed as a
percentage of the total time.

2.3.3. Digital Elevation Model (DEM)

In order to characterize the terrain and the different course settings, a DEM was
created. A photogrammetry software (Agisoft Metashape Professional® 1.5.2 version,
Agisoft LLC, St. Petersburg, Russia) was used to convert footage from the drone to 3D
virtual models. Initially, the program performs a photogrammetric triangulation from the
images to identify common points between them and generate a dense cloud of points
(46,283,238). This product was used to reconstruct the terrain and generate the initial DEM
at a resolution of 4.06 cm/px, and an orthophoto map of 2.03 cm/px. These products were
exported to ArcGIS free software (version 10.3, Environmental Systems Research Institute,
Inc. Redlands, CA, USA), where a contour map (with 1 m equidistance) was generated
from the initial DEM with a resolution of 4.06 cm/px. Afterwards, a slope map and an
aspect map were also created at a resolution of 50 cm/px. All data can be accessed in the
Supplementary Data file.

2.3.4. Statistical Analyses

A total of 77 runs were analyzed. Despite having numerous runs from each skier for all
courses, these are only repetitions from a sample of five. In this sense, the unit of analysis
was the skier and the runs were repeated measures. Statistical analyses were performed
to assess the influence of turn cycle structure (partial times) on the total descent time. To
calculate the correlation, a Pearson’s linear correlation coefficient was used, and a scatter
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plot was made for each SL course. Each point represented the average of each skier’s runs.
A Linear Mixed Model (LMM) was implemented for each partial time, where the skier
corresponded to the random factor, the total time variable was the response variable and
the partial time variable was the explanatory variable. The results reported correspond
to the Analysis of Deviance Table (Type III Wald F tests with Kenward–Roger degrees of
freedom [41]).

In addition, to explain the time differences more visually, the fastest and slowest runs
for each skier on each SL course were selected. A bar graph was used to compare the mean
of the fastest runs with the mean of the slowest runs for each SL run.

All database management tasks and statistical analyses were performed using R v4.0.4
software [42]. The significance level for all statistical tests was set at 5% (p < 0.05) or 10%
(p < 0.1), indicated with an asterisk or with a dot, respectively.

3. Results

Figure 4 shows the results of the correlations between the total descent time and the
partial times (INI time, time of STEIN, time of STEOUT and STEIN+OUT time). Each point
represents the average of each skier’s runs.

By comparing INI time with total time, it was observed that as INI time increased,
the total time decreased in all courses. The FT course had the highest and most significant
correlation (r = −0.951, p-value = 0.013). In the FS and SS courses, the correlations between
INI time and total time were high but not statistically significant (r = −0.669, p-value = 0.331
and r = −0.774, p-value = 0.226, respectively). Regarding the ST course, the correlation was
weak and not significant (r = −0.467, p-value = 0.428).

The correlations between time of STEIN and total time ranged from r = 0.702 (FT
course) to r = 0.022 (SS course) and were not significant in any of the courses.

When comparing STEOUT with total time, the longer the time of STEOUT, the longer
the total time. The correlations between both times in the FT, FS and SS courses were 0.909,
0.937 and 0.815, respectively, with significance at 5% in the FT course and at 10% in the FS
course. The weakest correlation was in the ST course (r = 0.688, p-value = 0.199).

Similarly, when comparing STEIN+OUT time with total time, it was observed that by
increasing STEIN+OUT time, so did the total time in all courses. The correlations between
both times in the FT, FS and SS courses were 0.98, 0.846 and 0.892, respectively, with
significance at 5% in the FT course and at 10% in the SS course. The correlation in the ST
course was moderate without statistical significance (r = 0.629, p-value = 0.255).

The linear mixed model used for the analysis revealed that INI time, time of STEOUT
and STEIN+OUT time were good predictors of the total time in the FT course. Specifically, for
every one-second increase in INI time, total time decreased by 0.45 s (LMM, F(1,3.40) = 6.61,
p-value = 0.073), and for every one-second increase in STEOUT and STEIN+OUT times, the
total time increased by 0.48 s (LMM, F(1,3.52) = 4.13, p-value = 0.025) and 0.31 s (LMM,
F(1,3.34) = 11.76, p-value = 0.035), respectively.

To visually highlight the differences between the fastest and slowest descents of each
course, a bar graph was used (Figure 5). Although the results were purely descriptive,
they complement the correlation analysis and the linear mixed model developed. The
mean of the fastest and the slowest runs differed 2.5% on the FT course (8.43 ± 0.26 s vs.
8.64 ± 0.34 s), 3.3% on the ST course (8.56 ± 0.10 s vs. 8.84 ± 0.17 s), 2.4% on the FS course
(7.68 ± 0.21 s vs. 7.86 ± 0.30 s) and 2% on the SS course (8.09 ± 0.17 s vs. 8.26 ± 0.19 s).
Fast runs tended to have a longer INI time (FT: 1.95%, ST: 1.83%, FS: 1.90%, SS: 2.98%), a
shorter time of STEOUT (FT: −2.58%, ST: −1.93%, FS: −1.59% and SS: −2.49%) and a shorter
STEIN+OUT time (FT: −1.95%, ST: −1.83%, FS: −1.90% and SS: −2.98%), regardless of the
course setting and steepness of the slope. In reference to the time of STEIN, similar results
were observed between fast and slow descents. Another observation was that turned
courses had a longer STEIN+OUT time than straighter courses—concretely—time of STEOUT
predominated in the FT course and time of STEIN predominated in the ST course.
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4. Discussion and Conclusions

The purpose of this study was to assess the influence of turn cycle structure on the
total descent time of elite alpine skiers using an IMU in different slalom course settings.

To our knowledge, this is the first study to date to determine turn phases by means of
an IMU using kinematic criteria. A previous study already used lateral acceleration of the
trunk to delimit linked turns in alpine skiing [33]. In this study, we wanted to follow this
idea because of its high accuracy and precision [35]. However, for the present study, an
accelerometer with a five times higher sampling frequency was used to clearly differentiate
turn phases into the INI and STEIN+OUT phases. Moreover, with the use of an IMU device,
it is possible to detect the skier passing through the gates while performing a course [39].
This allowed for the incorporation of the position of the gate, with respect to the turn cycle
structure, and to divide the STEIN+OUT phase into STEIN and STEOUT phases.

The main finding was that regardless of course settings and steepness of the slope,
lengthening the INI time and shortening the time of STEOUT had an influence on improving
descent performance. Time of STEIN did not have any influence on total time.

With regard to INI time, the results obtained are in line with other findings. Spörri
et al. [2] analyzed biomechanical aspects of giant slalom turns through a video-based system
and observed that when comparing the fastest with the slowest turns in a 26/12 m course,
the fastest had a 2.5% longer initiation in the turn cycle structure. In a similar way, Vaverka
et al. [36], who analyzed left and right turns using a dynamometric system in a 14/4 m
SL course, found that shorter duration turns had a 1.9% longer initiation. Unlike those
mentioned above, the present study evaluated the influence of the turn cycle structure on
the total descent time rather than on an isolated turn and was carried out in four different
SL course settings. Fast runs tended to have a 1.95% longer INI time in the FT course, a
1.83% longer INI time in the ST course, a 1.90% longer INI time in the FS course and a 2.98%
longer INI time in the SS course. The correlation between INI time and total time was high
in the FT, FS and SS courses, with significance in the FT course (Figure 4). In addition, the
predictive model was significant in the FT course, which indicated that for each second
increase in the INI time, the total time is reduced by 0.45 s. This reduction of the total time
by increasing the duration of the INI time is due to the fact that the lengthening of this
phase optimizes the performance of the other phases by shortening them. Through the
INI phase, the CoM increases speed until reaching maximal speeds close to the start of the
STEIN phase [3]. If we were to make the analogy with the motor world, the turn’s INI phase
would be like stepping on the accelerator. For this reason, it may be of interest to lengthen
this phase as much as possible but without negatively affecting the following turn phases.

Concerning the time of STEIN, it did not influence the total time. This fact could be
explained because although the STEIN phase is mostly towards the direction of the fall
line [9], it is very likely that also includes a steering part out of the fall line since the STE
phase was divided by the gate position and not by the fall line [11]. In the case of the
FT course, there was a higher correlation than the other courses. A possible explanation
could be that, in this case, most of the turn occurred before reaching the gate and that,
therefore, the moment of the lowest skis’ turns radii and the highest energy dissipation
occurred in the STEIN phase [11,43], which was a flat terrain; this phase tended to decrease
the total time. No article has been found that has discussed this phase and analyzed it from
the point of view of the turn cycle structure. However, Spörri et al. [2] described a CoM
direction change phase that would include the STEIN phase and a part of the STEOUT phase.
They conclude that in a 26/10 m course, the CoM direction change phase was 2.7% shorter
in fast turns and that there were no clear differences between fast and slow turns for the
26/12 m course.

Regarding the time of STEOUT, the results indicated that this was a decisive phase
of the turns that influenced descent performance, especially in the flatter courses (FT and
FS), where there was a very high significant correlation (Figure 4). In the FT course, the
time of STEOUT is a good predictor of total time; for every one second increase in STEOUT,
total time increases by 0.48 s. As other authors have previously reported, this phase directs
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the skier–ski system away from the fall line [9] and, therefore, would be the equivalent of
stepping on the brake. With the introduction of the carving technique, the time of STEOUT
was reduced compared to traditional parallel turns [8]. The STEOUT phase defined in this
study resembles the completion phase defined by Spörri et al. [2], where the fastest turn
on a 26/12 m course had a 3.7% shorter completion. Similar results were reported in this
study, where the fastest runs had a 2.58% shorter STEOUT time in the FT course, a 1.93%
shorter STEOUT time in the ST course, a 1.59% shorter STEOUT time in the FS course and a
2.49% shorter STEOUT time in the SS course.

As for the STEIN+OUT time, the results found were in accordance with those of Vaverka
and colleagues, where the shortest duration turns had a shorter STEIN+OUT phase [36].
Although they analyzed it for a turn, the same behavior was observed for a whole run.
Fastest descents had a shorter STEIN+OUT time in all of the courses (Figure 5). The highest
and most significant correlations between total time and STEIN+OUT time were observed in
the FT and SS courses (Figure 4). In addition, in the FT course, STEIN+OUT time was found
to be a good predictor of total time. Specifically, a one-second increase in STEIN+OUT time
implies a 0.31 s increase in total time. The STEIN+OUT phase defined in this study resembles
the combination of the CoM direction change and completion phases defined by Spörri
et al. [2]; however, a comparison with STEIN+OUT is not feasible since Spörri analyzed both
phases separately.

One of the features of the present study is the fact that it compares four different
SL courses. Since the context of skiing is so changeable, it has been of interest to study
how different slopes [22] and trajectories [2,3] have affected technical aspects. However,
to the authors’ knowledge, this is the first study to consider steepness of the slope and
trajectory together. In this study, in each SL course, the slope and trajectory were kept
homogeneous in order to compare the four different scenarios. Terrain characterization is
very important since, with it not being in a laboratory, it is necessary to control the external
factors that can influence the results. For this reason, a DEM was generated to collect the
variables of both the terrain and the configuration of the SL courses. It should be noted that
capturing topographic data using drone photography to produce 3D models and DEMs
has become more accessible and is an easier and more economical method for obtaining
topographic data than traditional methods, such as real-time kinetic Global Positioning
System mapping [44,45].

The conclusion of this study is that, regardless of the context, similar characteristics
were observed in turn cycle structure for the fastest runs. In order to enhance descent
performance, the skier should lengthen the INI time and shorten the STEOUT time of the
runs, thus reducing the STEIN+OUT time. In general, straighter courses (FS and SS) had
longer INI times and shorter STEIN+OUT times than turned courses (FT, ST) and vice versa.
It should be noted that for turned courses, the steepness of the slope had been the cause
of the STEIN time predominating, as in the case of the ST course, or the STEOUT time
predominating, as in the case of the FT course.

Small differences in turn cycle structure cannot be detected with the naked eye when a
skier is descending at more than 40 km/h. This unnoticed aspect has proven to be decisive
for performance when the differences between the best skiers are hundredths of a second.
Therefore, the use of an IMU device will amplify the coach’s eye, allowing for the detection
of small, but highly significant weaknesses.

5. Summary and Future Work

With the use of a single IMU device placed in the lower back of the skiers, it is possible
to analyze the turn cycle structure that can help improve descent performance. Future
applications could focus on the effect of other kinematic aspects coming from other sensors
integrated in the IMU, including angular velocities, accelerations and even asymmetry
detection that may have an influence on performance. It would also be interesting to
analyze whether similar results in terms of turn cycle structure would also be found for
other modalities, such as giant-slalom, super-G and downhill.
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A limitation of the present study is that only five skiers were analyzed. This limits the
generalizability of the study findings. However, in most of the literature that have used
elite athletes in alpine skiing, studies with a single subject design are common, and very
few exceed the sample size of this study. Therefore, the authors would like to emphasize
the importance of having been able to obtain a sample of five elite alpine skiers to conduct
the present study.

Our knowledge of the factors that determine performance in alpine skiing is currently
relatively limited. The use of IMU devices, either individually or in combination with other
systems, can help improve our understanding of this sport. Its user-friendly interaction is
making it widely used not only in research settings, but also in the field to complement the
analysis and feedback from coaches.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/s22030902/s1, Document S1: Characteristics of terrain and course settings.

Author Contributions: Conceptualization, C.P.-C.B., J.M.P.R. and G.M.F.; data curation, C.P.-C.B.,
J.M.P.R., D.G.C., M.T. and G.M.F.; formal analysis, C.P.-C.B., J.M.P.R., B.F.-V., S.T.V. and G.M.F.;
funding acquisition, C.P.-C.B.; investigation, C.P.-C.B., J.M.P.R., D.G.C., B.F.-V., S.T.V. and G.M.F.;
methodology, C.P.-C.B., J.M.P.R. and G.M.F.; project administration, C.P.-C.B. and G.M.F.; resources,
C.P.-C.B., J.M.P.R., D.G.C., M.T. and G.M.F.; software, C.P.-C.B., J.M.P.R., D.G.C., M.T., B.F.-V. and
G.M.F.; supervision, J.M.P.R. and G.M.F.; visualization, C.P.-C.B., J.M.P.R., D.G.C., M.T., B.F.-V., S.T.V.
and G.M.F.; writing—original draft, C.P.-C.B.; writing—review & editing, J.M.P.R., D.G.C., M.T.,
B.F.-V., S.T.V. and G.M.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The Ministry of Education, Culture and Sport; the first author
(C.P-CH.B.) is the recipient of a predoctoral fellowship (FPU18/04647). This paper also received the
support of the National Institute of Physical Education of Catalonia (INEFC), University of Barcelona
(UB), and the Research Group in Physical Activity and Health (GRAFiS, Generalitat de Catalunya
2017SGR/741).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by Ethics Committee for Clinical Sport Research of Catalonia
(Study Number: 27/CEICGC/2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Characteristics of terrain and course settings can be downloaded from
Supplementary Materials.

Acknowledgments: The authors would like to thank the participating skiers as well as the Andorran
ski federation (FAE) for the technical support, the Chronojump-Boscosystem Association for the
valuable contributions and, lastly, to the Servei d’Estadística Aplicada of the Autonomous University
of Barcelona (UAB), especially to Anabel Blasco-Moreno.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. International Ski Federation (FIS). FIS International Ski Competition Rules ICR. 2020. Available online: https://www.fis-ski.com/

en/inside-fis/document-library/alpine-documents#9a7d11be565ad65858070c99 (accessed on 13 April 2021).
2. Spörri, J.; Kröll, J.; Schwameder, H.; Müller, E. Turn characteristics of a top world class athlete in giant slalom: A case study

assessing current performance prediction concepts. Int. J. Sports Sci. Coach. 2012, 7, 647–659. [CrossRef]
3. Reid, R.C. A Kinematic and Kinetic Study of Alpine Skiing Technique in Slalom; Norwegian School of Sport Sciences in Oslo: Oslo,

Norway, 2010.
4. Nachbauer, W. Fahrlinie in Torlauf und Riesentorlauf. Leistungssport 1987, 6, 17–21.
5. Müller, E. Analysis of the biomechanical characteristics of different swinging techniques in alpine skiing. J. Sports Sci. 1994, 12,

261–278. [CrossRef] [PubMed]
6. Raschner, C. Kinematische und Dynamische Technikanalyse im Slalom als Grundlage für die Entwicklung Skispezifischer Krafttrainingsgeräte

und Krafttrainingsmethoden; University of Salzburg: Salzburg, Austria, 1997.
7. Vaverka, F.; Vodickova, S.; Elfmark, M. Kinetic analysis of ski turns based on measured ground reaction forces. J. Appl. Biomech.

2012, 28, 41–47. [CrossRef]

https://www.mdpi.com/article/10.3390/s22030902/s1
https://www.mdpi.com/article/10.3390/s22030902/s1
https://www.fis-ski.com/en/inside-fis/document-library/alpine-documents#9a7d11be565ad65858070c99
https://www.fis-ski.com/en/inside-fis/document-library/alpine-documents#9a7d11be565ad65858070c99
http://doi.org/10.1260/1747-9541.7.4.647
http://doi.org/10.1080/02640419408732172
http://www.ncbi.nlm.nih.gov/pubmed/8064973
http://doi.org/10.1123/jab.28.1.41


Sensors 2022, 22, 902 13 of 14

8. Müller, E.; Schwameder, H. Biomechanical aspects of new techniques in alpine skiing and ski-jumping. J. Sports Sci. 2003, 21,
679–692. [CrossRef]

9. Müller, E.; Bartlett, R.; Raschner, C.; Schwameder, H.; Benko-Bernwick, U.; Lindinger, S. Comparisons of the ski turn techniques
of experienced and intermediate skiers. J. Sports Sci. 1998, 16, 545–559. [CrossRef]

10. Ogrin, J.; Šarabon, N.; Madsen, M.K.; Kersting, U.; Holmberg, H.-C.; Supej, M. Asymmetries in Ground Reaction Forces During
Turns by Elite Slalom Alpine Skiers Are Not Related to Asymmetries in Muscular Strength. Front. Physiol. 2021, 12, 431. [CrossRef]

11. Supej, M.; Holmberg, H.-C. How gate setup and turn radii influence energy dissipation in slalom ski racing. J. Appl. Biomech.
2010, 26, 454–464. [CrossRef]

12. Falda-Buscaiot, T.; Hintzy, F.; Rougier, P.; Lacouture, P.; Coulmy, N. Influence of slope steepness, foot position and turn phase on
plantar pressure distribution during giant slalom alpine ski racing. PLoS ONE 2017, 12, e0176975. [CrossRef]

13. Howe, J. Skiing Mechanics; Poudre Press: Laporte, CO, USA, 1983; 160p.
14. Schwameder, H.; Nigg, B.M.; Tscharner, V.; Stefanyshyn, D. The effect of binding position on kinetic variables in alpine skiing.

In Proceedings of the 2nd International Congress on Skiing and Science, St. Christoph am Arlberg, Austria, 9–15 January 2000;
Müller, E., Ed.; Kovacs: Hamburg, Germany, 2001; pp. 43–54.

15. Reid, R.C.; Haugen, P.; Gilgien, M.; Kipp, R.W.; Smith, G.A. Alpine Ski Motion Characteristics in Slalom. Front. Sports Act. Living
2020, 2, 25. [CrossRef]

16. Yu, G.; Jae Jang, Y.; Kim, J.; Kim, J.H.; Kim, H.Y.; Kim, K.; Panday, S.B. Potential of IMU Sensors in Performance Analysis of
Professional Alpine Skiers. Sensors 2016, 16, 463. [CrossRef] [PubMed]

17. Nakazato, K.; Scheiber, P.; Müller, E. A comparison of ground reaction forces determined by portable force-plate and pressure-
insole systems in alpine skiing. J. Sports Sci. Med. 2011, 10, 754–762. [PubMed]

18. Martínez, A.; Nakazato, K.; Scheiber, P.; Snyder, C.; Stöggl, T. Comparison of the Turn Switch Time Points Measured by Portable
Force Platforms and Pressure Insoles. Front. Sports Act. Living 2020, 2, 1–7. [CrossRef] [PubMed]

19. Stricker, G.; Scheiber, P.; Lindenhofer, E.; Müller, E. Determination of forces in alpine skiing and snowboarding: Validation of a
mobile data acquisition system. Eur. J. Sport Sci. 2010, 10, 31–41. [CrossRef]

20. Nakazato, K.; Scheiber, P.; Müller, E. Comparison between the force application point determined by portable force plate system
and the center of pressure determined by pressure insole system during alpine skiing. Sports Eng. 2013, 16, 297–307. [CrossRef]

21. Klous, M.; Müller, E.; Schwameder, H. Collecting kinematic data on a ski/snowboard track with panning, tilting, and zooming
cameras: Is there sufficient accuracy for a biomechanical analysis? J. Sports Sci. 2010, 28, 1345–1353. [CrossRef]

22. Supej, M.; Hébert-losier, K.; Holmberg, H. Impact of the Steepness of the Slope on the Biomechanics of World Cup Slalom Skiers.
Int. J. Sports Physiol. Perform. 2015, 10, 361–368. [CrossRef]

23. Spörri, J.; Kröll, J.; Schwameder, H.; Müller, E. The role of path length- and speed-related factors for the enhancement of section
performance in alpine giant slalom. Eur. J. Sports Sci. 2018, 18, 911–919. [CrossRef]

24. Fasel, B.; Spörri, J.; Gilgien, M.; Boffi, G.; Chardonnens, J.; Müller, E.; Aminian, K. Three-Dimensional Body and Centre of Mass
Kinematics in Alpine Ski Racing Using Differential GNSS and Inertial Sensors. Remote Sens. 2016, 8, 671. [CrossRef]

25. Fasel, B.; Spörri, J.; Gilgien, M.; Gerber, N.; Falbriard, M.; Müller, E.; Aminian, K. IMU and GNSS-based Turn Switch Detection in
Alpine Ski Racing. In Science and Skiing VII, Proceedings of the 7th International Congress on Science and Skiing, St. Christoph/Arlberg,
Austria, 10–15 December 2016; Meyer & Meyer Sport: Aachen, Germany, 2018; pp. 86–92.

26. Gilgien, M.; Kröll, J.; Spörri, J.; Crivelli, P.; Müller, E. Application of dGNSS in Alpine Ski Racing: Basis for Evaluating Physical
Demands and Safety. Front. Physiol. 2018, 9, 145. [CrossRef]

27. Supej, M.; Spörri, J.; Holmberg, H.-C. Methodological and Practical Considerations Associated With Assessment of Alpine Skiing
Performance Using Global Navigation Satellite Systems. Front. Sports Act. Living 2020, 1, 74. [CrossRef] [PubMed]

28. Supej, M.; Nemec, B. Kinematic determination of the beginning of a ski turn. Kinesiol. Slov. 2003, 9, 11–17.
29. Krüger, A.; Edelmann-Nusser, J. Application of a Full Body Inertial Measurement System in Alpine Skiing: A Comparison With

an Optical Video Based System. J. Appl. Biomech. 2010, 26, 516–521. [CrossRef] [PubMed]
30. Supej, M.; Holmberg, H.-C. Monitoring the Performance of Alpine Skiers with Inertial Motion Units: Practical and Methodological

Considerations. J. Sci. Sport Exerc. 2021, 3, 249–256. [CrossRef]
31. Snyder, C.; Martínez, A.; Jahnel, R.; Roe, J.; Stöggl, T. Connected skiing: Motion quality quantification in alpine skiing. Sensors

2021, 21, 3779. [CrossRef]
32. Fasel, B.; Gilgien, M.; Spörri, J.; Aminian, K. A New Training Assessment Method for Alpine Ski Racing: Estimating Center

of Mass Trajectory by Fusing Inertial Sensors With Periodically Available Position Anchor Points. Front. Physiol. 2018, 9, 1203.
[CrossRef]

33. Yamagiwa, S.; Ohshima, H.; Shirakawa, K. Skill scoring system for ski’s parallel turns. In Proceedings of the 2nd International
Congress on Sports Sciences Research and Technology Support—icSPORTS 2014, Rome, Italy, 16–18 October 2014; pp. 121–128.

34. Martínez, A.; Jahnel, R.; Buchecker, M.; Snyder, C.; Brunauer, R.; Stöggl, T. Development of an Automatic Alpine Skiing Turn
Detection Algorithm Based on a Simple Sensor Setup. Sensors 2019, 19, 902. [CrossRef]

35. Martínez, A.; Snyder, C.; Moore, S.R.; Stöggl, T. A comprehensive comparison and validation of published methods to detect turn
switch during alpine skiing. Sensors 2021, 21, 2573. [CrossRef]

36. Vaverka, F.; Vodickova, S. Laterality of the lower limbs and carving turns. Biol. Sport 2010, 27, 129–134. [CrossRef]

http://doi.org/10.1080/0264041031000140284
http://doi.org/10.1080/026404198366515
http://doi.org/10.3389/fphys.2021.577698
http://doi.org/10.1123/jab.26.4.454
http://doi.org/10.1371/journal.pone.0176975
http://doi.org/10.3389/fspor.2020.00025
http://doi.org/10.3390/s16040463
http://www.ncbi.nlm.nih.gov/pubmed/27043579
http://www.ncbi.nlm.nih.gov/pubmed/24149570
http://doi.org/10.3389/fspor.2020.00002
http://www.ncbi.nlm.nih.gov/pubmed/33344997
http://doi.org/10.1080/17461390903108141
http://doi.org/10.1007/s12283-013-0119-x
http://doi.org/10.1080/02640414.2010.507253
http://doi.org/10.1123/ijspp.2014-0200
http://doi.org/10.1080/17461391.2018.1453870
http://doi.org/10.3390/rs8080671
http://doi.org/10.3389/fphys.2018.00145
http://doi.org/10.3389/fspor.2019.00074
http://www.ncbi.nlm.nih.gov/pubmed/33344996
http://doi.org/10.1123/jab.26.4.516
http://www.ncbi.nlm.nih.gov/pubmed/21245513
http://doi.org/10.1007/s42978-021-00108-2
http://doi.org/10.3390/s21113779
http://doi.org/10.3389/fphys.2018.01203
http://doi.org/10.3390/s19040902
http://doi.org/10.3390/s21072573
http://doi.org/10.5604/20831862.913080


Sensors 2022, 22, 902 14 of 14

37. Montgomery, P.G.; Pyne, D.B.; Minahan, C.L. The physical and physiological demands of basketball training and competition.
Int. J. Sports Physiol. Perform. 2010, 5, 75–86. [CrossRef]

38. International Ski Federation. The International Ski Competition Rules (ICR) Book IV Joint Regulations for Alpine Skiing; International
Ski Federation FIS: Oberhofen, Switzerland, 2019; 128p.

39. Pérez-Chirinos Buxadé, C.; Fernández-Valdés, B.; Morral-Yepes, M.; Tuyà Viñas, S.; Padullés Riu, J.M.; Moras Feliu, G. Validity of
a Magnet-Based Timing System Using the Magnetometer Built into an IMU. Sensors 2021, 21, 5773. [CrossRef] [PubMed]

40. Neuwirth, C.; Snyder, C.; Kremser, W.; Brunauer, R.; Holzer, H.; Stöggl, T. Classification of alpine skiing styles using GNSS and
inertial measurement units. Sensors 2020, 20, 4232. [CrossRef] [PubMed]

41. Kenward, M.G.; Roger, J.H. Small Sample Inference for Fixed Effects from Restricted Maximum Likelihood. Biometrics 1997, 53,
983–997. [CrossRef] [PubMed]

42. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. 2021. Available
online: https://www.r-project.org/ (accessed on 23 October 2021).

43. Reid, R.C.; Gilgien, M.; Morger, T.; Tjørhom, H.; Haugen, P.; Kipp, R.; Smith, G. Turn characteristics and energy dissipation
in slalom. In Science and Skiing IV; Müller, E., Lindinger, S., Stöggl, T., Eds.; Meyer & Meyer Sport: Maidenhead, UK, 2009;
pp. 419–429.

44. Morton, R.A.; Leach, M.P.; Paine, J.G.; Cardoza, M.A. Monitoring Beach Changes Using GPS Surveying Techniques. J. Coast. Res.
1999, 9, 702–720. Available online: http://www.jstor.org/stable/4298124 (accessed on 10 December 2021).

45. Erdmann, W.S.; Giovanis, V.; Aschenbrenner, P.; Kiriakis, V.; Suchanowski, A. Methods for acquiring data on terrain geomorphol-
ogy, course geometry and kinematics of competitors’ runs in alpine skiing: A historical review. Acta Bioeng. Biomech. 2017, 19,
69–79.

View publication stats

http://doi.org/10.1123/ijspp.5.1.75
http://doi.org/10.3390/s21175773
http://www.ncbi.nlm.nih.gov/pubmed/34502664
http://doi.org/10.3390/s20154232
http://www.ncbi.nlm.nih.gov/pubmed/32751374
http://doi.org/10.2307/2533558
http://www.ncbi.nlm.nih.gov/pubmed/9333350
https://www.r-project.org/
http://www.jstor.org/stable/4298124
https://www.researchgate.net/publication/360523701

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	IMU Device and Location 
	Course Setting 
	Drone Mission and Surveyed Reference Points 

	Data Analysis 
	Total Time 
	Criterion for Dividing Turns into Phases 
	Digital Elevation Model (DEM) 
	Statistical Analyses 


	Results 
	Discussion and Conclusions 
	Summary and Future Work 
	References

