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--------------------------------------------------------ABSTRACT------------------------------------------------------------- 

Heavy snow areas account for about 50% of the total land area of Japan. Extension of healthy life expectancy is 

an important issue for residents of heavy snow areas because most of these areas in Japan are depopulated 

areas. Skiing is a possible lifelong sport in heavy snow areas because gravity rather than muscular power is 

mainly utilized in skiing. However, in Japan, the number of skiers has declined to 30% of the peak number.    

This study was conducted with the aim of recovery of the popularity of skiing, and establishing skiing as lifelong 

winter sport. World-level success of Japanese alpine ski racers is an important factor for the recovery of the 

popularity of skiing. In this study, the skill of an alpine ski racer was investigated by using a 3D CAD model of a 

skier with focus on joint work and energy balance in the turn motion. 
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I. INTRODUCTION 

In Japan, the aging rate, which is the ratio of the population aged 65 years and older to the total 

population is more than 25%, which is higher than that of any other country in the world. Therefore, extension of 

healthy life expectancy is an important issue in Japan. Making lifelong sports more popular would be one 

effective way to extend the healthy life expectancy. Skiing is popular winter sports in many countries, and elderly 

people can also do skiing because gravity rather than muscular power is mainly utilized. However, in Japan, the 

number of skiers has recently declined to 30% of the peak number in the bubble economy period. As a result, 

37% of the ski fields in Japan have been closed [1], and 56% of the closed ski fields are small-scale ski fields and 

are managed by the local government of Japan [1]. Therefore, most elderly people who live in cold regions 

cannot easily do skiing. 

This study was carried out with the aim of recovery of the popularity of skiing and establishing skiing as 

a lifelong winter sport in Japan. The world-level success of Japanese alpine ski racers is an important factor for 

the recovery of popularity of skiing. However, no Japanese ski racer has won an alpine ski race at the Olympics 

or world championships. The turning technique of the world’s top skiers in alpine ski races might therefore be 

quite different from that of Japanese skiers. In this study, the skill of an alpine ski racer was examined by 

focusing on energy balance in the turn motion. Many researches have examined the physical characteristics of 

alpine ski racers or kinematics of the skier [2-5] and the optimum trajectory of skiing in an alpine ski race [6,7]. 

However, the kinetics of the skill of an alpine ski racer has not been examined because it is experimentally 

difficult to extract the characteristics of the skill of the world’s top level turning technique in a varied and 

changeable downhill course. Therefore, in this study, the skill of an alpine ski racer based on energy balance of 

the skier was analyzed by using 3D CAD in order to extract the characteristics of a skillful turning technique from 

only broadcasted images of the race without conducting an experiment. 
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II. COMPONENTS OF TURN MOTION 
Fig. 1 shows components of the turn motion of a skier. The turn motion is composed of three parts 

including two distinctive positions. The first half of the turn motion in which a skier increases the lean angle of 

his/her lower limb is called the downhill turn. The latter half of the turn motion in which a skier decreases the 

lean angle is called the uphill turn. Between these two parts, there is a switching zone of the turn direction that 

includes a neutral position when skis become flat against the slope. At the final stage of the downhill turn, a skier 

takes a maximum position when the lean angle of the lower leg becomes maximum. As shown in Fig. 2(a) and 

(b), the motion of a skier at the start of switching the turn direction is classified into two patterns according to 

knee and hip joint movements. One is called bending motion in which a skier bends his/her knee and  hip joints 

after the maximum position, and the other is called stretching motion. 

 

III. ANALYSIS OF SKILL BASED ON JOINT WORK 
3.1 Energy generation 

In alpine ski races, the racers glide down the course by utilizing potential energy caused by the 

difference between the altitude values of the start and finish points and simultaneously transforming this energy 

into kinetic energy. Therefore, it is expected that the winner has generated the most kinetic energy by joint work 

with the least dissipation energy caused by negative work of cutting resistance of snow by the ski edge, air 

resistance of the skier, friction between the ski sole and snow and viscous resistance of the joints of the skier.  

 

3.2 Joint work  

The so called bending motion, which is the knee and hip joint movements of a skier at the start of 

switching the turn direction, may consume energy because viscous resistance occurs during bending of the joints. 

Therefore, it is expected that there is close relationship between the finishing time of the race and the number of 

bending motions of the skier from the start to finish. Fig. 3(a) and (b) show the relationship between the number 

of bending motions and the official record of finishing time for 10 racers in World Cup slalom races held in 

Kranjska Gora and Wengen, respectively. These 10 racers ranked top 30th in the World Cup and did not make a 

large mistake in the races. A very strong correlation was found between the number of bending motions and the 

official record of finishing time, suggesting that only the number of bending motions determines victory among 

high-ranking World Cup racers and that there is no difference in the energy consumption of one bending motion, 

cutting resistance of the snow, air resistance or friction of the ski sole among the world’s top-level skiers. It was 

clarified that one bending motion caused a loss of over 0.1[s] in finishing time judging from the inclination of a 

linear approximation of the plot in Fig. 3. Consequently, execution of less bending motions and more stretching 

motions in the race is the most important skill for alpine ski World Cup racers.  

 

IV. FINISHING TIME ESTIMATION BASED ON ENERGY BALANCE 
4.1 Formulation of energy balance during the downhill descent  

It was demonstrated that the number of bending motions from the start to finish strongly affected the 

finishing time of high-ranking World Cup racers with no large mistake in the race. This means that decrease of 

the energy consumption caused by the bending motion and increase of joint work by the stretching motion are the 

most important factors to shorten the finishing time for top-level World Cup racers. The energy balance of a racer 

during the downhill descent is expressed as 

  
where m[kg] is weight of the skier, v[m/s] is downhill velocity and h[m] is altitude difference between 

the start point L1 and present position of the skier L2. A.Loss [J], B.Loss [J] and C.Loss [J] are dissipation energy 

caused by air resistance, bending motion and negative work of cutting resistance of the snow in one turn, 

respectively. Wj [J] is work of the knee joint and hip joint, Nr is the total number of turns from the start to the 

present position, which is equal to the sum of the number of bending motions Nb and the number of stretching 

motions Ns. 

Assuming that there is no great difference in A.Loss and C.Loss among high-ranking World Cup racers, the 

difference in kinetic energy among the racers Δmv
2
/2 [J] is 

                                                                       
 

whereΔNb and ΔNs are the differences in the number of bending motions and the number of stretching motions 

among the racers, respectively.  
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4.2 Estimation of viscoelasticity of the joints 

Estimation of the finishing time using Eq. 2 verifies the skill of lower limb movement of a top-level 

alpine ski racer. In this estimation, it is necessary to determine the change in joint angles and viscoelasticity of the 

joints. In order to identify these characteristics, jumping motions of three ski racers wearing ski boots were 

recorded. When the changes in joint angles at the moment of jumping up and landing and also the height of the 

jumping motion are measured, viscoelasticity can be estimated by using the statistical mass distribution of the 

subject. The jumping motions of three top-level Japanese ski racers were recorded. Table 1 and Table 2 show the 

average values of changes in joint angles and viscoelasticity measured three times in the experiment, respectively. 

 

4.3 Finishing time estimation 

Table 3: shows the dissipation energy and work that were calculated by estimated viscoelasticity of the joints. 
 Dissipation energy in 

bending motion [J] 
Joint work in stretching 
motion [J] 

Hip 4.68 05.19 

Knee 8.95 10.55 

Total 13.63 15.74 

 

c1 [N･m･s/rad] c2 [N･m･s/rad] k1 [N･m/rad] k2 [N･m/rad] 

35.0 57.6 249.3 613.7 

 
Bending [deg] Stretching [deg] 

Hip Knee Hip Knee 

-7.87 -9.26 10.97 10.79 

 

By inserting these values for B.Loss and Wj into Eq. 2, the difference in average values of downhill 

velocity Δv [m/s] is calculated. Consequently, the finishing time of each racer can be estimated by Eq. 3 on the 

basis of the fastest official finishing time of the winner.  

                                                            (3) 

whereΔt [s] is the difference in finishing time from the winner, t1  [s] is the official finish time of the winner, and 

L [m] is the distance of the downhill course of the race that is calculated by the finishing time and Δv. Fig. 4 

shows a comparison of the finishing time according to the official record and the estimated value in the same race 

as shown in Fig. 3(a). It was demonstrated that the finishing time was accurately estimated and that energy 

balance of the joint movement of the lower limb is important to shorten the finish time. 

 

V. ACCURATE ESTIMATION OF FINISHING TIME 
5.1 Motion capture by a 3D CAD model 

It was clarified that the finishing time of the world’s top-level racers could be accurately estimated by 

the energy balance of lower limb movement. However, if there is great difference in joint movement among the 

racers, the estimation time will have a large error. If joint movements of the racers in the same turn are different 

or the racers have different levels of skill, accurate measurement of joint movement will be required for the 

estimation. However, it is difficult to invite top-level skiers as experimental subjects to analyze their skill. 

Therefore, a method that can capture joint movement from broadcasted images of an alpine ski race is needed. At 

the beginning of this investigation, a 3D CAD model of a skier based on the statistical mass distribution of a 

young athlete’s body 
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was constructed as shown in Fig. 5. For capturing joint movement from an image, expansion or 

reduction, 3D rotation and changing the joint angle of the CAD model by manual adjustment are required. The 

accuracy of this motion capture method was compared with that of the VICON 460 system as shown in Fig. 6 (a) 

and (b). The average error of joint movement captured by 3D CAD was under 0.5% as shown in Table 4. It was 

clarified that the motion capture method using 3D CAD was sufficiently accurate to analyze the skill of a skier. 
 

5.2 Estimation of finishing time using the 3D CAD model 

Work of the stretching motion and dissipation energy of the bending motion in every turn were 

calculated for each racer using joint movement captured by the 3D CAD model. Fig.7 shows the results of 

estimation of finishing time in the 2014 Levi Slalom World Cup based on the assumption that all racers have the 

same joint movement. Fig. 8 shows the results of estimation by using the 3D CAD model. A comparison of the 

results showed that finishing time could be accurately estimated by the motion capture method using the 3D CAD 

model. 
 

Trial 
No. 

Error [deg] Ratio for the angle change 
[%] 

Average Maximum Average Maximum 

1 0.2 0.3 0.3 0.5 

2 0.2 0.5 0.3 0.6 

3 0.3 0.6 0.5 0.8 

The results suggested that the motion capture method is useful for analyzing the skill of a top-level skier. 
 

VI. SUMMARY 
In this study, the skill of a World Cup alpine ski racer was investigated by using a 3D CAD model of a 

skier with focus on joint work and energy balance in the turn motion with the aim of recovery of the popularity 

of skiing as a leisure sport and the establishing of skiing as a lifelong winter sport in Japan. It was 

demonstrated that there was a very strong correlation between finishing time of the race and number of bending 

motions at the time of switching the direction of the turn. In addition, work of the hip joint and knee joint was 

calculated by using a 3D CAD model of the skier matched to the scene of the turn from the broadcasted images 

of World Cup alpine ski races.  It was clarified that the finishing time of each ski racer could be accurately 

estimated by energy balance of the joint work even if ski racers had different joint movements during the turn 

motion. The results suggest that the proposed motion capture method is useful for analyzing the skill of a top-

level skier without conductiong an experiment on the snow. 
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