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SUMMARY 

In Alpine skiing, actions of the skier like edging, angulating, 

leaning forwards or backwards, and distributing the load 

between the skis are important factors for the performance of 

runs. The purpose of this work was to improve our computer 

simulation model by using a hypoplastic constitutive law for 

the ski-snow penetration force and to look for feasible driving 

constraints for the hip, knee, and ankle joints leading to 

similar runs of the simulation model and the athlete. The 

model consists of three parts: skier, skis, and ski-snow interac-

tion. The skier is implemented as a seven segment multibody 

system. The skis are modeled as Euler-Bernoulli beams with 

given length and side cut. Ski width, thickness, camber, 

bending and torsional stiffness were obtained from measure-

ments. Applied forces are weight, drag, and ski-snow contact 

forces. Based on empirical results, the snow shear force is 

modeled proportional to the penetration depth of the ski. Ski-

snow friction is implemented with a velocity-dependent 

friction coefficient. For validation, a video analysis of a field 

test was used. With input parameters corresponding to the 

actual situation, the simulated skier performed a run that was 

quite similar to that of the athlete. 

 

INTRODUCTION 

In Alpine ski racing, skiers may carve or drift depending on 

the slope steepness to save run time. Several case studies 

analyze the performance of athletes based on criteria such as 

mechanical energy [1] or kinematic and kinetic data [2]. Such 

studies deal with specific combinations of athlete, equipment, 

and slope. In the present paper, our simulation model for 

skiing turns [3] was improved to allow the analysis of steering 

techniques for defined skier, ski, and slope properties. A 

thorough validation of such a simulation model represents a 

crucial and rather difficult step. The main goal was therefore 

to validate the model by accurately reproducing a run of an 

expert skier. Further, the simulation results were compared 

with the literature. 

 

 

METHODS 

The skier model consists of the segments trunk, left and right 

thighs, shanks, and skis. The segments are interconnected by 

ball and socket joints in the hips and rotational joints in the 

knees and ankles. During a run, the skier exerts a force normal 

to the running surface of the ski. Depending on the forward-

backward position of the skier, this force is transmitted at the 

toe and heel piece of the binding and induces a bending 

moment about the transverse axis of the ski. The inward lean 

of the skier creates an edging moment about the longitudinal 

axis of the ski. Bending deflection and torsion of the ski are 

computed by solving the differential equations for elastic 

beam deflection and torsion under free boundary conditions 

[4,5] based on quasi-static equilibrium between forces applied 

by the skier and snow reaction forces. The snow reaction 

forces are decomposed in a penetration force normal to the 

snow surface, a shear force parallel to the snow surface and 

normal to the longitudinal ski axis, and a friction force 

opposing the direction of motion of the ski. In a turn, the 

frontal part of the ski compacts the snow forming a groove. 

The rear part tends to follow that groove. Therefore, loading 

of snow occurs at the frontal part of the ski and unloading at 

the rear part. These two branches of loading and unloading can 

be modeled by a hypoplastic constitutive law. More detailed 

information on the ski-snow interaction model can be found in 

previous work [6,7]. Depending on the distribution of the 

shear force along the ski edge, a turning moment is generated. 

Drag was assumed to act at the center of gravity of each 

segment. The reference area was computed by orthogonal 

projection of the segment on a plane perpendicular to the 

direction of motion of the segment. 

 

In order to simulate a run, the simulation software needs 

geometric and mechanical data of skier and skis. Further, a 

measurement of the snow properties and a geodetic survey of 

the slope are necessary. The skier movement has to be 

specified by inserting feasible joint driving constraints for 

hips, knees, and ankles prior to the simulation. A turn is 

initiated by two mechanisms: by bending the inner knee and 

extending the outer knee, and by hip angulation. After 

selecting a starting position on the slope and an initial velocity 

of the skier, the Newton-Euler equations of motion for 

constrained rigid multibody systems are solved [8]. Between 

each integration step of the numerical differential algebraic 

equation solver, the deformation of the skis is updated. 

 

To validate the model, we needed experimental data. A skilled 

skier skied two and a half consecutive turns on a slope whose 

inclination decreased from 24° to 15°. The athlete was 

videotaped with two synchronized cameras at a rate of 50 fps. 

23 markers on the skier and control points on the slope were 

used to perform a video analysis. Next, we chose input param-

eters for the simulation. Geometric and inertial properties of 

the skier segments were given from anthropometric data of the 

athlete. As in the field test, carving skis with a projected 

length of 1.68 m and a side cut radius of 12.5 m were used. 

Snow hardness H and ultimate shear stress of snow p* were 



set to H = 0.02 N/mm
3
 and p* = 60 kPa corresponding to rath-

er soft snow. The friction coefficient was = 0.1 + 0.008 v 

where v denotes the speed of the ski. The drag coefficient was 

Cd = 0.7 [6]. 

 

 

RESULTS AND DISCUSSION 
We compared simulation and actual run with regard to (a) the 

ski tracks (Figure 1), (b) the knee joint angles, and (c) the hip 

angulation of the skier. The turn radius was roughly 12 m for 

the left turn and 10 m for the right turn. During the whole run, 

the ski tracks differed by less than 1 m. In the turns, the driven 

knee joints partially exceeded the flexion/extension of the 

actual knee joints by up to 20°. The driven hip angulation was 

less by about 10°. The deformation of the skis consisted main-

ly in bending deflection with a twist angle of less than 2°. The 

penetration depth of the skis varied between 4 and 10 mm. 

 

 
Figure 1: Top view of simulated (solid) versus measured 

(dashed) ski tracks. Subsequent markers represent a run time 

difference of one second. 

 

By considering a ski as a chain of spring-linked segments, 

unreal segment vibrations may appear in the simulation. By 

modeling the ski as Euler-Bernoulli beam, the deformation of 

the ski is smooth as it is the case for a real ski. The hypoplastic 

constitutive law causes the rear part of the ski to penetrate 

further into the snow since the groove formed by the frontal 

part remains. This was essential to avoid excessive skidding. 

The knee flexion/extension in the simulation was greater than 

in the actual run. This error was compensated by using less hip 

angulation such that edging angles similar to the actual run 

could be obtained. The small effect of the torsional stiffness 

can be explained by the flat terrain. This result agrees with 

measurements during a run of an athlete performing long turns 

[9] and with simulation results with a sledge [10]. On rougher 

or bumpy surfaces, effects caused by torsion might be 

relevant. The computed penetration depths are consistent with 

previous results [6,7]. Although a real skier has a lot more 

freedom in his movements than what was considered in the 

simulation, the quite accurate approximation of the trajectory 

shows that the model used contains the relevant mechanisms 

to describe skiing turns. Moreover, the quasi-static formula-

tion of the ski-snow contact reduces model complexity with 

respect to a time-dependent approach. As a tradeoff, the 

simulation of strong dynamic effects will require further 

validation and probably model improvements. Such effects 

include off-balance situations prior to injuries, muscle-

generated forces of the skier, and rough terrain causing the 

skis to chatter. By stimulating the muscles, a skier can try to 

regain balance before an injury occurs or dampen unwanted 

vibrations of the skis. One could try to consider such effects 

by modeling parts of the musculoskeletal system. Damping of 

vibrations can be accomplished by using wobbling masses. A 

minor error is introduced into the model by assuming that the 

drag on an object acts at its center of gravity. For more 

accuracy, one could conduct wind tunnel experiments for 

various postures of the skier. 

 

 

CONCLUSIONS 

We refined our simulation model by using a hypoplastic 

constitutive law for the ski-snow penetration force to account 

for the inelasticity of compacted snow. Drag was implemented 

with correct reference areas for each segment. We found 

suitable driving constraints for hips, knees, and ankles to 

simulate two and a half consecutive turns of a real run. The 

model was validated in two ways: (a) input data corresponding 

to an actual run were inserted into the model, and it was 

verified that the simulation program could calculate a similar 

movement to that of the athlete, (b) output quantities such as 

the deformation and penetration depth of the skis proved to be 

realistic and fit into related results found in the literature. The 

model represents a solid basis for various applications: (a) by 

implementing different time-histories for hip, knee, and ankle 

joint angles, various skiing techniques can be simulated on the 

same slope. This way, insight about the trajectory of the skier 

and the acting forces can be gained and used for coaching 

purposes. (b) The slope geometry can be varied to design 

slopes or to simulate runs on actual slopes. (c) The skis can be 

tuned by varying the ski properties. 
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