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Abstract
Although reliable feedback is crucial to improving the performance of competitive alpine skiers, the coach’s eye may not be 
sensitive enough to detect small, but highly significant “mistakes”. Monitoring of the performance of alpine ski racers by 
inertial motion units (IMU) has proven to be of value in this context and here we summarize practical and methodological 
aspects of this approach. Methodologically, the IMUs employed should combine high sampling frequencies with minimal 
signal drift. The sensors should be positioned to sense the movement of the bones in a given body segment while being pro-
tected as much as possible against impact with the ski gates. The data obtained, often synchronized with input from Global 
Satellite Navigation Systems (GNSS), are usually refined utilizing advanced biomechanical models and other computerized 
approaches. In practice, the combination of inertial sensors and GNSS allows accurate monitoring of skiing kinematics 
(technique) and the movement of the skier’s center-of-mass, also allowing analysis of both whole-body vibrations (WBV) 
and loss of mechanical energy. Presentation of the findings to coaches and athletes can be facilitated by synchronizing them 
with video recordings. Recent advances in IMU technology, including miniaturization, wireless communication, direct stor-
age of data in the cloud, and processing with artificial intelligence may allow these sensors, in-combination with GNSS, to 
become real-time virtual alpine ski coaches, perhaps the next step in the development of this sport.
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Introduction

The performance of competitive ski racers, who must adapt 
to a variety of slopes and courses under varying conditions 
of weather and snow using different types of equipment, 
can be improved in many different ways, both major and 
minor. In alpine skiing competitions, fractions of a second 
can separate the winner from second-best [58], so the effi-
cacy of their training is clearly a key determinant of success. 
In this context, reliable feedback is crucial, but most of their 

coaches must rely on their own visual evaluation, which may 
not be sensitive enough to detect small, but significant dif-
ferences in technique.

In this connection, the latest advances in wearable tech-
nology can provide detailed information concerning skiing 
technique, racing tactics (e.g., the choice of trajectory), and 
performance on-snow, as well as numerous other aspects of 
alpine skiing, such as the performance of equipment (skis 
and poles), the occurrence of vibrations and their transmis-
sion to the skier’s body. Indeed, one study has already high-
lighted the potential of Global Navigation Satellite Systems 
(GNSS) in this respect [65]. However, to our knowledge, 
monitoring of alpine skiers utilizing other wearable technol-
ogy, such as inertial motion units (IMU), has not yet been 
characterized in detail.

To date, optical motion capture systems based on video 
filming remain the golden standard in connection with the 
three-dimensional kinematic analysis of skiing technique, 
trajectory and performance. At the same time, IMU sys-
tems are being employed more and more extensively for 
such purposes, not only in connection with performance in 
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several sports but also in sports medicine and rehabilitation 
[67]. IMUs can consist of either a single multi-axis sensor 
(typically incorporating 3-axes with respect to accelera-
tion, angular velocity and orientation, in total as many as 
9-axes), e.g., for analyzing jumping performance [32, 36, 
37], or multiple sensors that record kinematic parameters 
of the arms, legs and/or entire body during various forms of 
locomotion [29, 68, 69].

Indeed, due to the difficulties involved in filming outdoors 
on snow with camcorders (e.g., multiple camcorders must 
be positioned to provide unobstructed visibility of the skiers 
from at least two angles and appropriate calibration proce-
dures applied), systems based on IMUs are being applied 
even more extensively in connection with alpine skiing than 
with a number of other sports [3, 27, 51]. The major chal-
lenges associated with such usage include the necessity of 
capturing large amounts of complex data on snow (during 
multiple runs through several gates or over the entire course) 
in a manner that minimizes post-processing, thereby provid-
ing results within a short period of time (in fact, immedi-
ately, if possible). In the case of alpine skiing, inertial sen-
sors were first used as a complement to GNSS technology 
[38] and thereafter to monitor whole-body kinematics [3, 
27, 51] and, later, more specific aspects of performance 
[9, 12, 13, 40, 53, 62, 63]. With inertial sensors, many of 
the limitations described above can be overcome, but, like 
all approaches, these also have their limitations (discussed 
below in the section on methodological considerations).

Clearly, IMU technology provides a tool for monitoring 
all aspects of skiing technique [3, 51], thereby providing a 
basis for improving performance [16, 46, 49, 59, 60]. At 
the same time, it is crucial that the feedback provided by 
this technology is as accurate as possible. Accordingly, this 
review focuses on the scientific literature presently avail-
able that deals with practical and methodological consid-
erations related to the evaluation of competitive skiing with 
IMU technology. In this respect, the kinematic and kinetic 
parameters that can be monitored by IMU technology will 
be discussed in the section on practical considerations; while 
under methodological considerations, sample size, the valid-
ity, reliability and limitations of such sensors, and their use 
together with supplementary technology will be presented.

Practical Considerations

Biomechanical analysis of the techniques used by competi-
tive alpine skiers, as well as various other aspects of their 
performance, is often performed for research purposes, as 
well as to provide feedback that can both help the athletes 
improve their performance and lower their risk of injury [17, 
19, 22, 40, 42, 43, 48, 49, 51, 52, 57, 59, 60].

Kinematic Parameters

In general, the coaches of alpine skiers focus on their tech-
nique in an attempt to improve performance. Because ski-
ing speeds are high, on average ranging from 54 km/h dur-
ing slalom to 94 km/h during downhill skiing [18], even 
movements of different body segments that are too small 
for coaches to see can be crucial. The capability to objec-
tively monitor skiing technique, including joint angles, the 
inclination of the skier and of his/her body segments (e.g., 
the shank), angular velocities and the positions of differ-
ent body segments while turning and the movement of 
the skier’s center of mass over a large part of or even an 
entire course is certainly one of the most important fea-
tures of IMU sensors [3, 50, 51]. This information can be 
of immense value in connection with attempts to improve 
skiing technique [3, 27, 50, 51] or, e.g., assessment of the 
impact of skiing equipment on ski safety [72].

Another important feature of IMU sensors is that they 
can be worn on the body in a manner that allows measure-
ment of joint angles in all three planes, e.g., flexion–exten-
sion, abduction–adduction and internal–external rotation 
of the knee joint [72]. Although, because of the manner 
in which Euler angles are calculated [21], such measure-
ments of abduction–adduction and internal–external rota-
tion during skiing on-snow are less accurate than those 
of flexion–extension, they nonetheless provide valuable 
information (discussed further in Methodological Consid-
erations). Furthermore, some IMU sensors can be used to 
target specific joint angles, for example, at the knee, hip 
and/or trunk [13, 14].

For monitoring skiing technique, IMU sensors on the 
body are usually synchronized with the GNSS system, 
which enables accurate positioning of the skier on the 
course [3, 27, 50, 51]. Alternatively, this position can be 
provided by the IMU sensors themselves if magnets are 
placed next to the gates, providing overall accuracy and 
precision of 0.24 and 0.09 cm, respectively [9]. Knowing 
the position of the skier allows more detailed monitoring 
of the most important parameters of performance, such 
as the movement of the center-of-mass (CoM), trajectory 
of skis, turning radius, timing, speed between the gates 
and energy losses [16, 44, 45, 49, 59, 60, 70]. Although 
such parameters can also be monitored with the GNSS sys-
tem alone [65], the combined use provides more accurate 
monitoring of the movements of the CoM and skis [3, 11, 
19, 27, 35, 50, 51], particularly key parameters for evalu-
ating performance, such as turning radius, timing, speed 
between the gates and energy losses.

Timing is crucial in connection with competitive alpine 
skiing and must be measured accurately and easily over 
many sections of the course [54] or even between two 
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consecutive gates [57]. With the appropriate placement 
of strong magnets, IMU sensors can also provide gate-to-
gate times or the time that elapses between any two sec-
tions of the course [12]. Usage of GNSS for this purpose 
is dependent on good signal reception by satellites and 
is thus less accurate in the vicinity of trees or buildings. 
With both GNSS [57] and IMU sensors, the multiple com-
parisons of gate-to-gate times provided enable much more 
detailed analysis than is possible with the standard usage 
of photocells.

In addition to the information provided by standard cam-
corder-based systems, IMU technology enables monitoring 
of whole-body vibrations (WBV) and the transmission of 
WBV produced during skiing [10, 15, 40, 53, 62, 63, 66]. 
By selecting technology in accordance with the ISO 8041 
International Standards [25], the WBV acting on the skier 
can be evaluated on the basis of general recommendations 
for the exposure of workers to such vibrations (International 
Standard, ISO 2631-1 [24]). Indeed, WBV were found to 
pose a potential risk for low-back pain, which is experienced 
by many alpine skiers [63].

Finally, IMU technology enables the collection of much 
more data during alpine skiing than can in practice be pro-
vided by camcorder-based systems. This more extensive data 
can be utilized, e.g., for more detailed statistical assessment 
of parameters connected with turning [72] and to “teach” 
artificial intelligence [6] to recommend approaches to 
improving skiing technique [35].

Kinetic Parameters

Obviously, the forces acting on any object under observa-
tion are fundamental kinetic parameters. In principle, IMU 
sensors do not measure forces directly but instead measure 
acceleration, among other parameters as clarified above in 
the introduction [1]. In connection with alpine skiing, 3D 
kinematic systems utilizing camcorders are often employed 
to estimate ground reaction forces (GRF) [39, 41, 55, 56, 
58]. At the same time, these GRFs have already been deter-
mined using appropriate placement of accelerometers [63] 
and this approach, in particular with the usage of multiple 
IMU sensors on different body segments, can be expected 
to become more and more common.

Aerodynamic drag and ski–snow friction exert a pro-
found influence on skiing performance. More specifically, 
almost 50% of the difference in the performance of down-
hill skiers is due to air drag, while in the case of giant sla-
lom the corresponding value is approximately 15% [30, 64, 
65]. Both camcorder-based systems and GNSS technology 
have already been shown to measure aerodynamic drag dur-
ing alpine skiing reliably [33, 64]. Although IMU sensors 
have not yet been applied for measuring aerodynamic drag, 
this technology could potentially be used in combination 

with GNSS to provide a better model of the movement of 
the CoM or to capture the full-body 3D-kinematics pro-
vided also by camcorders, as discussed earlier.

Most energy dissipation is due to ski-snow friction, espe-
cially during the performance of the technical disciplines 
of alpine skiing (i.e., slalom and giant slalom) [64], but 
direct measurement of this friction is difficult in practice 
and prone to significant error. For example, comparison of 
this determination using a differential GNSS to camcorder-
based measurement indicated that the former approach has a 
precision of 42 N, with a mean ± standard deviation between 
the two procedures of 1 ± 96 N. In light of the facts that a) 
due to involvement of the second-order derivative of time 
after filtering, camcorder-based estimation of ground reac-
tion forces is already associated with an average error in the 
precision of approximately 150 N; and b) during a carv-
ing turn the average ground reaction forces transverse and 
parallel to the outer ski range from 17 to 61 N, respectively 
[31], the applicability of such approaches in connection with 
competitive skiing is limited. As a good alternative, total 
energy losses in direct relationship to skiing performance 
can be monitored in a manner that only requires the first-
order derivative of time [49, 59, 60].

Since aerodynamic drag is not the major determinant of 
performance in these technical disciplines [64], this fac-
tor should be considered separately from friction. Previous 
approaches to the evaluation of aerodynamic drag involved 
subtracting drag-related loss of energy from the total energy 
losses to obtain the loss of energy due to friction. Instead 
of camera- or solely satellite-based systems, inertial sen-
sors could be used for this purpose, preferably in combina-
tion with a real-time kinematic GNSS system to attain high 
accuracy over a large area, as some investigators have done 
previously [27, 50, 72].

Methodological Considerations

Although the advantages of utilizing IMU sensors for analy-
sis of alpine skiing are considerable, like all approaches, 
this one has certain limitations, specifically with respect to 
sample size, the validity and reliability of measurements, 
and placement of the sensors.

Sample Size

One of the major limitations associated with the 3D-kine-
matic studies on alpine skiing reported to date is the rela-
tively small number of subjects involved [22, 58]. These are 
sometimes only case studies [45, 47] or involve, for example, 
monitoring of 5–15 skiers performing one or two giant sla-
lom turns [49, 60] or a maximum of four slalom turns [16]. 
IMU sensors can potentially be utilized to monitor large 
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numbers of turns, even with respect to full-body 3D-kine-
matics [3, 27, 51].

Nevertheless, alpine skiing is somewhat special, involv-
ing extreme difficulties with respect to performing field 
measurements on a large number of subjects with the same 
or comparable skiing conditions for all runs (e.g., the prob-
lem of gutters and holes on the ski slope) [28, 61]. To a cer-
tain extent, this latter problem can be attenuated by smooth-
ing/maintaining the track between runs. In addition, accurate 
geodetic GNSS systems can help ensure that the course gates 
are placed in exactly the same locations on several days in 
a row [73]. In any case, snow conditions, which can signifi-
cantly affect the level of friction between the skis and ground 
[4], length of the course, shape of the turns, speeds, etc., 
must be carefully monitored, especially when investigating 
performance [22, 58].

Validity and Reliability

When they first came into use, the drift associated with the 
collection of 3D body kinematic data by inertial sensor-
based systems led the scientific community to question the 
validity of their measurements. In the worst-case scenario, 
when a single IMU sensor on a forced pendulum with no 
filtering is utilized, the drift following 35 s of swinging at 
a frequency of 0.5 or 2 Hz is expected to range from 2.1° 
to 4.2°, respectively [51]. More recently, the manufacturers 
of sensors have begun to employ various types of filtering 
(e.g., quaternion-based complementary filtering, dynamic 
optimization) and fusion algorithms (e.g., constraining mag-
netometer estimates) to minimize or eliminate drift [5, 8]. 
For instance, when a IMU suit is used to monitor full-body 
3D movement, the biomechanical relationships between 
body segments can also be used to compensate for drift [34].

Nevertheless, the angle of knee flexion during alpine ski-
ing indicated by sensors was found to differ by 4.9° ± 0.4° 
and 0.6° ± 1.0° for the left and right leg from the same angle 
as measured by the optical systems considered to be labora-
tory gold standards [27]. In another investigation, Zhang and 
colleagues [71] reported that measurements by inertial and 
optical systems differ most with respect to external/internal 
rotation and abduction/adduction of the knee, leading these 
investigators to suggest that these differences were primar-
ily due to differences in the anatomical reference frames 
utilized by these systems. Moreover, the type of inertial 
sensor employed was found to be of lesser importance. Fur-
thermore, in another laboratory study with an instrumental 
gimbal, the errors in measurements of 3D joint kinematics 
by inertial sensors were demonstrated to be approximately 
3° in all three directions [2].

The producers of inertial motion capture suits provide 
advice concerning how best to position the sensors on the 
body to monitor relative movements of body segments and, 

at the same time, minimize potential artefacts due to sensor 
movement, e.g., as a consequence of muscle contractions [3, 
13, 51, 70]. They also provide instructions about ensuring 
that the sensors are fixed on the body segments as firmly 
as possible while minimizing interference with athletic 
movement/performance. Unfortunately, some of this advice 
can be difficult to follow in connection with alpine skiing. 
For example, it is difficult to protect sensors on the shanks 
and arms against impacts with the gates and, furthermore, 
because of the tight ski boots, it is practically impossible to 
place sensors directly on the foot.

On the other hand, according to a review [7], the errors 
associated with stereophotogrammetry, a golden standard 
for measurement of full-body 3D kinematics, are quite sub-
stantial, even under laboratory conditions. The paper con-
clude, as other authors also have, that: “minor rotations out 
of this plane are strongly affected by errors introduced at 
the anatomical landmark identification level and are prone 
to misinterpretation”. Furthermore, the errors associated 
with laboratory measurements of rotations and abduction/
adduction angles by stereophotogrammetry appear to be of 
the same magnitude as the differences between stereophoto-
grammetry and full-body inertial motion capture [71]. This 
is one reason why IMU systems are being employed more 
and more extensively in connection with several sports, as 
well as with sports medicine and rehabilitation [67].

GRF can be determined with force plates, but these are 
typically cumbersome and may disturb the ski bindings 
significantly [31]. On the other hand, determination of 
GFR with camera-based systems, the golden standard for 
kinematic measurements in the laboratory, is imprecise, 
particularly when there are high-frequency oscillations in 
these forces, as during alpine skiing [31]. Although to our 
knowledge, usage of IMU sensors to determine GRFs during 
alpine skiing has not yet been adequately validated, mod-
eling indicates that these sensors may provide better estima-
tions of these forces than camera-based systems. In part, this 
is because the usage of IMU sensors does not require dual 
data differentiation, which augments noise considerably, 
necessitating the filtering of data [26, 55, 56]. In addition, 
the sampling frequencies associated with the recording of 
IMU data are sufficiently high to allow high-frequency oscil-
lations in GRF to be monitored.

GNSS in Combination with IMUs

The full-body 3D kinematic data provided by IMUs alone, 
usually including the relative movement of body segments dur-
ing the performance of sports like alpine skiing [3, 27, 51], can 
be related to the athlete´s position by the simultaneous use of a 
GNSS. When these two approaches are combined, the quality 
of the GNSS is the primary determinant of the global accuracy 
of the entire system. Although Real-Time Kinematics GNSS 
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systems are the golden standard with respect to alpine skiing 
[65], when the GNSS system itself is not very precise or satel-
lite visibility is poor, IMUs can provide a valuable complement 
[3, 38].

Synchronization of IMU Measurements with Video 
Recordings

When monitoring of full-body kinematics by IMU involves 
multiple IMU sensors, 3D animation of the human body can 
be used to provide feedback to the athletes. However, when 
fewer IMUs are used, it is advisable to facilitate analysis by 
combining the sensor data obtained with video recording (as is 
sometimes done with GNSS data [65]), especially since both 
skiers and their coaches are accustomed to analyzing video 
recordings. To achieve the full potential of this symbiosis, the 
IMU monitoring and video recording must be synchronized, 
which can be accomplished with a variety of devices or simply 
on the basis of isolated, clearly distinguishable body move-
ments, such as leg squats or hits with the skis to the ground 
[51].

Additional Limitations and Recommendations

In addition to the limitations that have already been presented, 
there are some more worth to mention in connection of using 
IMUs for monitoring alpine skiing performance. Namely, 
when using full-body inertial motion capture, a relatively 
expensive set is still needed to be used and only one skier can 
be monitored at a time using a single system. Furthermore, to 
ensure that none of the sensors has moved while ascending on 
the chairlift or gondola or if jostled while riding the lift, a cali-
bration process before each run is advisable that takes some 
additional time. To execute a trustworthy full-body calibration 
procedure and follow the instructions by the manufacturers, 
it is recommended to build a levelled platform on the start to 
assure proper calibration. Although IMU sensors are getting 
smaller, with their weight being as low as 10 g (e.g. MTx, 
Xsens Technologies, Enschede, the Netherlands), their distri-
bution over the body and wiring may also have some influence 
on the performance of elite athletes. On the other hand, even 
wireless IMU systems exist (e.g. MVN Avida, Xsens Tech-
nologies, Enschede, the Netherlands), the technical specifica-
tions for such systems are often inferior compared to wired 
ones and in practice, wireless systems may be prone to more 
connection problems.

Future Perspectives

As mentioned prevoiusly, the difference between a first 
and second place in an alpine skiing race can be no more 
than one-hundredth of a second [18], so even very small 

improvements in performance can have a considerable 
impact on the athlete’s success. Nevertheless, our under-
standing of the determinants of alpine skiing performance 
is still relatively limited [22] and the use of IMU sensors, 
most often in combination with GNSS systems [65], has 
the potential to improve this situation considerably. So far, 
the use of these systems individually or in combination 
provides coaches and other experts with a large amount 
of information concerning different kinematic and kinetic 
parameters related to performance and skiing technique 
[3, 20, 27, 49, 51, 52, 60, 64]. In recent years, there has 
also been a significant reduction in the size and weight of 
wearable devices [23], allowing less disruptive and more 
comfortable monitoring of alpine skiing.

In light of the widespread use of smartphones and enor-
mous increase in the number of iOS and Android sports 
applications available, we can expect smartphones with 
built-in or complementary external IMU units to be used 
more and more extensively in conjunction with GNSS sys-
tems to monitor alpine skiing. Such use will be promoted 
by the development of more user-friendly interaction with 
measuring equipment, including wireless communication, 
direct storage of data in the cloud, and processing by artifi-
cial intelligence that allows more rapid (perhaps even real-
time) and accurate data analysis and feedback [35]. Such 
systems could result in real-time virtual biomechanical 
coaches, which may represent the next step in the evolu-
tion (revolution) of alpine skiing.

Conclusions

IMU sensors are being used more and more extensively in 
connection with research on alpine skiing and have made 
great contributions to our overall understanding of com-
petitive skiing. They can provide classic 3D kinematic 
measurements as least as reliably as camcorders. At pre-
sent, the use of more complex systems consisting of many 
IMUs is limited mainly to scientific research, but simpler 
systems are already beginning to replace, at least in part, 
the use of GNSS systems and, of course, photocells and 
video cameras by coaches. In addition to monitoring the 
technique and performance of skiers, IMU technology can 
also be of considerable value in connection with testing 
equipment (e.g., skis, ski boots), which is, of course, also 
closely related to performance.

Gradually, coaches are beginning to use technologies 
more often, even as these technologies become more com-
plex and capable of providing more detailed and accurate 
feedback. Perhaps in the near future, advanced technology 
will be able to perform many of the functions now carried 
out by alpine skiing coaches, but there is little doubt that 
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such technology will become a routine digital/virtual assis-
tant trainer who helps skiers reach the winners’ podium in 
connection with the most elite level of competition, such as 
the Olympic Games and World Championships.
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