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The kinematic characteristics of 17 elite male cross-country skiers 

competing in the 50 km race of the 1992 Winter Olympic Games were 

determined. Each skier used the open field skating technique, one of four 

skating techniques used in free technique cross-country ski races. Skiers were 

filmed by the use of three video cameras, placed at a filming site on a flat 

portion of the racing course. Digitized data from the video were used to 

determine selected kinematic parameters which included: cycle velocity; cycle 

length; cycle rate; center of mass (CM) velocity vector angle; CM lateral 

displacement; CM lateral velocity; CM horizontal velocity; ski angles; ski 

edging angles; several types of pole angles; and hip, knee, and trunk angles. 

Temporal characteristics including strong side and weak side ski and pole 

phase times were also calculated. 

Cycle velocity and cycle length were found to be significantly related as 

were cycle velocity and the maximum strong side knee angle (r > .48, p < .05). 

Cycle velocity and the CM velocity vector angle were found to have only a 



moderate non-significant relationship as did cycle velocity and the strong and 

weak side ski angles. For those skiers using the open field skating technique, 

CM lateral motion (as measured by the CM velocity vector angle and the ski 

angles) did not seem to be a distinguishing factor between faster and slower 

skiers, as hypothesized. However, cycle length and the maximum strong side 

knee angle did seem to distinguish faster from slower skiers. Skiers who 

covered more distance throughout a cyde tended to have faster cycle 

velocities. Contributing to this increased distance could have been the thrust 

of the strong side ski. Skiers with the most strong side knee extension tended 

to ski the fastest. Thus, it seems that greater leg extension results in greater 

propulsive forces and greater velocity. 
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Kinematic Analysis of Male Olympic Cross-Country Skiers Using 
the Open Field Skating Technique 

CHAPTER I 

INTRODUCTION 

Cross-country skiing has undergone a recent revolution which has 

significantly changed the sport. While this change has come quickly, it was 

the result of a long evolution of equipment and technique. Cross-country 

skis were used in the Scandinavian countries as far back as 4,500 years ago, 

when men, snowbound by winter, used skis to hunt and as a means of 

transportation in their environment (Hall, 1985). The equipment consisted of 

a ski, made of a single piece of wood, and a binding, consisting of a leather 

strap to hold the boot on the ski. Only slight variations from this basic design 

occurred throughout hundreds of years. As cross-country skiing gained 

popularity as a recreational sport, equipment innovations began to come 

more rapidly. In the early 1800's, a heel strap was designed which gave the 

skier greater control of the ski, while the early 1900's brought the evolution of 

making skis from one piece of wood, to making skis of several pieces of wood, 

laminated and molded together (Hall, 1985). This, with the development of 

the metal binding, created a more maneuverable and controllable ski, which 

led to the beginning of downhill skiing as we know it today. After its split 

with "alpine" skiing in the 1930's, the sport of cross-country skiing evolved 

slowly with continued modifications to the laminated wooden skis. 

Although the equipment was slowly improving, there was relatively 

little change in the skiing techniques used in the sport. The predominant 

technique used by cross-country skiers was the diagonal stride technique, in 

which the skis and poles were moved in a motion similar to the stride of 
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walking or running. The skis moved parallel to each other in set tracks in the 

snow. The movement was made up of three components: the kick (the 

downward, pushing thrust of one leg), the glide (the gliding of the opposite 

ski as a result of the kick) and the pole implantation phase (at the end of the 

glide phase), during which the movement of the support ski continued as a 

result of the forces generated by the upper body. 

In the early 1970's ski manufacturers were determined to create 

equipment which would produce a faster gliding ski. Determination turned 

to capability when the Russian's surprised the world in the 1974 World 

Championships by using fiberglass skis (Hall, 1985). This new type of ski 

provoked other manufacturers to produce cross-country skis made of 

synthetic materials and the revolution of cross-country skiing was under way. 

Faster-gliding skis meant faster skiers. Faster skiers meant adaptations to the 

current techniques to take advantage of the new speeds. The "classical" 

diagonal stride was no longer appropriate for the faster terrain of the flat and 

downhill portions of the racing courses. The double pole with stride was one 

of the early adapted techniques used with the faster skis. This technique is 

similar to the diagonal stride technique with the exception that both poles are 

used during the propulsive thrust of one leg. However, changes did not stop 

there. Skiers continued to experiment with new techniques aimed at giving 

them the competitive advantage. Bill Koch, an American cross-country skier, 

was the first elite skier to introduce a skating technique, known as the 

marathon skate, to the World Cup circuit (Borowski, 1986). The marathon 

skate had been used on flat terrain in other competitions, but Koch was the 

first to use it on the uphill portions as well. Using the marathon skating 

technique, in which one ski was placed in a set track and the other was 

pushed in a skating fashion, Koch became the first American to win the 
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World Cup. The proven effectiveness of this cross-country skating technique 

provoked skiers to experiment with and perfect faster skating techniques. 

Since that time period, several other variations of cross-country skating 

have evolved, including: the alternate stride (V1) skate, the every stride (V2) 

skate, and the open field skate (alternate V2). As new skating techniques 

have been developed, biomechanical analysis has followed. The kinematic 

characteristics of the marathon and double pole with stride techniques were 

compared by Smith (1985). Quantitative kinematic analysis of the VI 

technique (the dominant technique used in elite competitions in 1986 and 

1987) has been accomplished by Smith, McNitt-Gray, and Nelson (1988); 

Smith and Nelson (1988); and Smith, Nelson, Feldman, and Rankinen (1989). 

The open field skate is an asymmetrical skating technique in which double 

poling occurs during the end of the skating phase of one side only (the strong-

side ski). This technique has gained popularity among elite skiers skiing on 

flat terrain. As seen in Figure 1, those skiers who chose to use this technique 

on the flat terrain of this study skied with faster average speeds than those 

who chose the V1 technique. Although the open field skate is used by most 

elite skiers, no biomechanical detailing of this technique has been 

accomplished. In addition, no studies comparing the effectiveness of cross-

country skating techniques on flat terrain have been forthcoming. 

Statement of the Problem 

The purpose of this study was to determine the relationship of selected 

kinematic characteristics of the open field skating technique (on flat terrain) 

to the effectiveness and performance of male cross-country skiers competing 

in the 50 kilometer race of the 1992 Albertville Olympic Games. 
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Hypotheses 

Faster skiers tend to ski with fast cycle velocities on uphill terrain 

(Smith et al., 1988). Cycle velocity has been found to have significant 

correlation with cycle length and weak side ski angles (for skiers using the V1 

technique) (Smith et al., 1988). Significant correlation has also been found 

between center of mass (CM) lateral motion and cycle velocity (Smith et al., 

1988; Smith et al., 1989). Therefore, for those skiers using the open field 

skating technique, it was expected that the faster skiers would have longer 

cycle lengths than the slower skiers. Furthermore, it was expected that the ski 

angles of the faster skiers would be less than the slower skiers, and faster 

skiers would have less center of mass (CM) lateral motion than slower skiers. 

Statistical Hypotheses 

The following statistical hypotheses reflect the research hypotheses 

mentioned above: 

1) Ho: pxy = 0 

H1: pxy > 0 

where x represents cycle velocity and y represents cycle length. 

2) Ho: pxy = 0 

H1: pxy < 0 

where x represents cycle velocity and y represents ski angles. 

3) Ho: pxy = 0 

H1: pxy < 0 

where x represents cycle velocity and y represents CM lateral 

motion. 

Operational Definitions 

When comparing skiers using the same or different techniques, the 

effectiveness of one skier compared to another is determined by a greater cycle 
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velocity. Cycle velocity is defined as the average velocity of the CM over one 

cycle. Cycle length is the three dimensional displacement of the center of 

mass and cycle rate is the number of cycles per second. 

The ski angle is defined as the angle each ski makes with respect to the 

forward direction. The CM velocity vector angle is the mean angle the CM 

resultant velocity vector makes with respect to the forward direction. The 

resultant velocity vector is the resultant vector of the forward and lateral 

components of the CM motion. 

Assumptions 

In order to accurately reflect the kinematics of elite cross-country skiers, 

a representative sample was obtained. It was assumed, that each athlete 

skiing in this race was skiing optimally while skiing by the filming site. If this 

was the case then the kinematic characteristics taken from the video represent 

elite athletes who were skiing physiologically and technically at optimum 

levels. In addition, it was assumed that the skiers were skiing with 

techniques which were typical of how they skied in other parts of the race on 

similar terrain. 

Limitations 

Several factors could have limited obtaining accurate results in this 

study. The course in this race was made up of three laps of approximately a 17 

km track. Seventy-nine athletes competed in this race. The athletes were 

staggered with 30 second intervals at the start of the race. The slowest skier 

finished the race in just over 3 hours. Due to the length of the race, it was 

likely that the snow and environmental conditions changed somewhat 

during the filming of the skiers. Snow drag could have changed with 

alterations in the snow characteristics, or changes in air drag might have 

occurred due to varying wind velocities. These factors could have slightly 
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altered the effectiveness and efficiency of the skiers from lap to lap (snow 

temperature changed from -13.5° celcius at the start of the race, to -6.5° celcius 

approximately half way through the race). 

Fatigue could also have been a limiting factor in accurate data 

collection and comparison. The physiological fatigue of the skiers could have 

caused alteration of technique in order to spare needed energy, or change 

technique all together. 

Lastly, differences in ski equipment could also have been a limiting 

factor in comparing individuals. Each skier was able to choose his 

equipment, and would most likely do so in a way which would give him the 

greatest advantage. In addition, skiers waxed their own skis with probable 

varying effectiveness. Thus, each piece of equipment had unique 

characteristics which could have contributed to a skier's technical 

characteristics. 

Delimitations 

The results of this study were delimited to highly trained Olympic class 

skiers who had prepared for many years to "peak" in this race and were, 

therefore, well qualified as representative of elite physical conditioning and 

proper technique. The racing course consisted of a 17 km loop which covered 

a variety of terrain (uphill, downhill, and flat) and was completed three 

times. 

Definitions 

The following terms are phrases used in this study which may require 

some clarification: 

Cycle is defined as strong side pole plant to strong side pole plant or from pole 

release to pole release, depending on which portion of the skier's cycle was 

filmed by the cameras. 
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Cycle velocity is the average velocity of the CM over one cycle. 

Cycle length is the three dimensional displacement of the CM for a full cycle. 

Cycle rate is the number of cycles per second. 

Pole orientation angle-XY plane is the angle of each pole, with respect to the 

forward direction, as projected onto the horizontal (XY) plane. 

Pole orientation angle-YZ plane is the angle of each pole, with respect to the 

vertical direction, as projected onto the sagittal (YZ) plane. 

Pole inclination angle is the angle of each pole with respect to the vertical 

direction at pole plant. 

Poling phase is that part of a cross-country skating cycle which begins with the 

pole plant and ends at the pole release. 

Pole recovery phase is that part of a cross-country skating cycle which begins 

with the pole release and ends at the next pole plant. 

Skating phase is that part of a cross-country skating cycle which begins when 

the ski touches the snow and ends when the ski is lifted off of the snow. 

Skating recovery phase is that part of a cross country skating cycle which 

begins when the ski is lifted off of the snow and ends when the the ski 

touches the snow. 

Ski edging angle is the angle between the ski surface and the snow surface. 

Marathon skating technique is a technique in which one ski is placed in a set 

track and the other ski is pushed at an angle to the track. Double poling 

occurs simultaneous with each skating stroke. 

V1 skating technique is an asymmetrical skating technique in which poling 

occurs during the skating motion of one side (the strong side). This 

technique consists of simultaneous poling and skating on one side, skating 

alone on the weak side (with arms recovering for the next poling phase) and 

subsequent poling and skating beginning a new cycle. 
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Open field skating technique is an asymmetrical skating technique in which 

poling occurs during the skating motion of one side (the strong side). The 

pole recovery phase of this technique is delayed in comparison to the Vl 

technique. Poling occurs at the end of the strong ski skating phase, just prior 

to the transition to the weak side ski. 

V2 skating technique is a symmetrical skating technique which consists of 

alternating skating strokes with double poling occurring with each skate. 
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CHAPTER II 

REVIEW OF LITERATURE 

In cross-country ski competition, the goal of each competitor is to reach 

the finish line in minimal time. This goal can be attained only if the velocity 

of the skier, maintained throughout the race, is greater than his or her 

competition. Although the focus of the spectator is the end result (the time at 

the finish) of a race, it must be realized that the result of the race is 

determined by its individual units. In cross-country skiing this unit is called 

a cycle, defined as a repetitive motion (such as right pole plant to right pole 

plant). In order to optimize race performance, cycle velocity must be 

optimized. Cycle velocity is determined by cycle length and cycle rate. It is the 

interest of the biomechanist to determine how changes in cycle length and 

rate affect cycle velocity and to determine which factors affect cycle velocity, 

cycle length, and cycle rate. Although both kinetic and kinematic parameters 

can affect a skier's performance, this review will be limited to the kinematic 

description of both the classical and skating cross-country ski techniques. 

Kinematics of the Diagonal Stride 

Since it had been the dominant technique used in all levels of cross-

country skiing, much of the early biomechanical analyses of cross-country 

skiing centered around the diagonal stride technique. In their analyses of the 

diagonal stride technique, Dillman (1979), Dillman, India and Martin (1979), 

and Marino, Tit ley, and Gervais (1980) concluded that the factor which caused 

differences in the velocity of fast and slow skiers was stride length (the 

distance covered per stride). Those skiers who were considered elite skiers 

(top finishers) had longer stride lengths than those skiers who were 

considered average skiers (bottom finishers). In addition to presenting 

several kinematic variables, Dillman et al. (1979) split the diagonal stride 
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technique into three phases of stride. These included: the kick, the glide, and 

the pole implantation phase. It was determined that trunk flexion of 45 

degrees from the horizontal direction and lower leg flexion of approximately 

60 degrees from the ski was the most effective body position for the kick 

phase. Glide phase made up almost 25 percent of the stride length for skilled 

skiers and between 50 to 60 percent of the differences attained in stride length 

between highly skilled and average skiers occurred during the pole 

implantation phase. Marino et al. (1980) analyzed highly skilled female cross-

country skiers. However, their findings agreed with Dillman (1979). It was 

found that the higher place finishers gained more distance in their stride 

during the pole implantation and glide phase than did the lower place 

finishers. The lower place finishers covered greater distances during the 

thrust phase. 

Using information from previous studies, Gagnon (1981) compared 

kinematic characteristics of skiers skiing at different speeds to explore the 

mechanism skiers used to increase their velocity. Half cycles of the diagonal 

stride technique were broken into propulsion and gliding phases. It was 

found that decreases in propulsion, gliding, and total stride times were related 

to increases in velocity. A relationship was found between decreases in stride 

rate (number of strides per second) and increases in stride velocity. However, 

calculations of the horizontal displacement of the center of mass (CM) 

showed that stride length had no relationship with increasing velocity. It 

should be pointed out that this did not conflict with the findings by Dillman 

(1979), Dillman et al. (1979), and Marino et al. (1980). In those studies, stride 

length was the major factor causing velocity differences between fast and slow 

skiers. Gagnon (1981) showed that skiers controlled velocity (slow, medium, 
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fast) by increasing the stride rate (decreasing the amount of time per stride). 

Stride length had little effect on increasing velocity. 

To gain insight into the mechanism skiers used for propulsion, Komi, 

Norman and Caldwell (1982) calculated the horizontal velocity profiles of the 

CM for five skiers competing in the 1978 World Championships in Lahti, 

Finland. Horizontal velocity curves of each skier showed the velocity of the 

center of mass in different phases of the ski cycle. Similar patterns of velocity 

changes were noted; however, it was determined that each skier achieved 

speed in unique ways. Angular displacement and velocity curves were also 

calculated for the hip and knee joints of each skier. Hip joint angular 

velocities of the five skiers were similar, but angular displacement and knee 

angular velocity curves were found to be individually unique. 

The use of the diagonal stride technique on uphill terrain was 

examined by Dillman and Martin (1984) (7 degree incline) and Norman, 

Ounpuu, Fraser, and Mitchell (1989) (11.8 degree incline). Dillman et al. 

(1984) filmed male and female skiers during the Lake Placid pre-Olympic 15 

km trials (1979). No relationship was found between stride rate and velocity; 

however, the relationship between stride length and velocity was significant 

for n-v-.a and women. Also, a high inverse relationship was found between 

stride length and stride rates; both men and women tended to increase 

velocity by elongating stride length while slowing the stride rate slightly. The 

increases in stride length compensated for the small decreases in stride rate, 

and stride velocity was increased. For the parameters compared, women 

differed from men only in physical parameters and not in technique. Stride 

lengths, stride rates, and mechanical power input were obtained by Norman 

et al. (1989) in the 30 km classical technique event of the Calgary Winter 

Olympics (1988). Stride length and stride rate were both positively correlated 
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with velocity but there were no outstanding and consistent differences in any 

of those variables between fast and slow skiers. 

Kinematics of Skating Techniques 

As cross-country skiing technique evolved from classical techniques to 

skating techniques, biomechanical research has sought to determine those 

factors which accounted for the increased speed of the skating techniques. 

Smith (1985) and Smith and Nelson (1988) compared kinematic parameters of 

cross-country skaters skiing at different perceived exertion levels and speeds. 

Smith (1985) compared the marathon skate and double pole with stride 

techniques for seven elite skiers at four different perceived exertion levels. 

Significant differences in velocity were found between the two techniques for 

each perceived exertion level. Stride rate was significantly related to velocity, 

while stride length was not, for both techniques. Control of velocity resulted 

from increasing stride rate, not stride length (in agreement with Gagnon, 

1981). Subject to subject differences in phase percentages were found. 

However, individual phase percentages were generally constant throughout 

the intensity levels. Smith and Nelson (1988) analyzed 12 national level 

skiers using the VI technique. Similar results were found for individual 

skiers; increases in velocity were due to increases in cycle rate for different 

exertion levels. However, for each given intensity of skiing, the skiers who 

skied the fastest at that intensity had the greatest cycle lengths. 

McNitt-Gray, Street, and Nelson (1986) provided a temporal analysis of 

skiers competing in the World Cup races of Biwabik, Minnesota (1985) and 

Oslo, Norway (1986). Both the Every Stride Technique (also called V2) and 

the Alternate Stride Technique (also called V1) were analyzed. Description of 

each of the specific events (beginning and endpoints of each phase) for each 

technique were given (i.e. poling, pole recovery and ski phases) for a full 
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skating cycle. Time lines were used to compare phase times for each 

technique, but no kinematic parameters were calculated. Smith et al. (1988) 

analyzed 10 skiers of different performance levels at the Holmenkollen 

World Cup races at Oslo, Norway (1986). Kinematic description of the VI 

alternate stride technique on a seven degree slope revealed that cycle length 

was significantly related to velocity; yet, there was little difference in cycle rate 

of the skiers. Strong side ski and pole times were significantly negatively 

correlated to velocity increases. Also, a significant negative correlation was 

found between the angle of the weak side ski (angle between the forward 

direction and the weak side ski) and the velocity. Skiers who placed their 

weak side ski more uphill (less weak side ski angle) tended to have higher 

velocities. No relationship was found for the strong side ski and pole. A 

resultant velocity vector, calculated from horizontal and lateral components 

of center of mass motion, was determined throughout the cycle. A significant 

negative relationship was found between the mean angle of the resultant 

velocity vector and velocity. Skiers with their center of mass motion more in 

the forward direction tended to ski faster. 

Skating on steep uphill terrain was analyzed by Dillman and Sheirman 

(1986) and Smith et al. (1989). Dillman and Sheirman (1986) analyzed 10 male 

skiers competing in the 1985-86 World Cup 30 km race at Biwabik, Minnesota. 

Because this analysis was "exploratory in nature" only horizontal velocity, 

cycle length and rate, and center of mass displacement were measured. The 

velocity of each skier analyzed was found to be inversely related to their 

finishing time. Those skaters who skied fastest on the uphill portion had the 

lowest or best race times. The ability to skate uphill quickly seemed to relate 

to overall success in the race. Elite skiers were found to skate at significantly 

faster velocities than less skilled skiers and skated with significantly longer 
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stride lengths. In addition, a significant positive relationship was found 

between stride length and velocity, but no relationship was found for stride 

rate and velocity. 

A more complete analysis of steep uphill skiing was completed by 

Smith et al. (1989). Men's 50 km and women's 20 km free technique races of 

the 1988 Calgary games were filmed and analyzed. Moderate (6 to 7 degrees) 

and steep uphill (10 to 11 degrees) sites were used for the men, while only the 

steep uphill site was analyzed for the women. Temporal analyses were done 

at both sites; however, kinematic analyses were accomplished only at the 

steep uphill site. Several trends were found in the comparison of moderate 

and steep uphill temporal data: (a) complete skating cycle times decreased on 

the steeper hill, (b) longer poling and recovery phases occurred on the steeper 

uphill, (c) and shorter skating phases resulted on the greater slope. Temporal 

comparison of men and women at the steep uphill site showed significant 

differences for the poling phases and strong side skating phases. Women 

tended to have a longer duration of both in terms of absolute time. Several 

kinematic variables were calculated: cycle length, rate, and velocity; angular 

measures of the elbow, knee, and trunk; center of mass velocity vector 

components; ski angles with respect to the forward direction; ski edging 

angles; and pole inclination and orientation angles. For men, cycle velocity 

was found to be only weakly related to cycle rate and length. Both variables 

affected male skating velocities. The velocities for the women were 

significantly related to cycle rate, but not to cycle length. 

The center of mass velocity vector angle (determined from the forward 

and lateral components and measured from the forward direction) was 

positively related to cycle length. Increases in center of mass velocity vector 

angle (greater lateral motion) corresponded with greater cycle lengths. The 
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center of mass velocity vector angle was negatively related to the cycle rate. 

At higher cycle rates, the CM lateral motion was less. Averaged strong side 

elbow angles were found to be different than weak side elbow angles, but 

averaged angles of the knee angles were similar for both sides. Arm positions 

were found to be different for individuals, while knee kinematics had similar 

patterns of knee flexion and extension. In terms of pole inclination, the 

strong side pole was usually planted in a much more vertical position than 

the weak side pole. The strong side pole orientation angle pointed much 

more in the forward direction than the weak side pole orientation angle (it 

was directed more effectively for forward motion). Ski angles with respect to 

the forward direction were negatively related to each other: larger strong side 

angles were related to smaller weak side ski angles. Ski edging angles of each 

ski were found to be negatively related to each other; one ski was fairly flat 

when the other was edged. 

The temporal characteristics of three cross-country skating techniques 

and the diagonal stride technique were compared by Bilodeau, Boulay, and 

Roy (1992). The skating techniques induded the V1 skate, the V2 skate and 

the open field skate. Propulsive and gliding phases for each technique were 

determined on both flat and uphill terrains. Both the propulsive and gliding 

phases of the skating techniques were found to be significantly longer than 

the propulsive phases of the diagonal stride technique. Also, the velocities of 

the skating techniques were found to be approximately 16 percent faster than 

the those of the diagonal stride technique. In addition to citing average 

propulsion and gliding values, average cycle velocities, cycle lengths and cycle 

rates were given for each technique. Significant differences found between 

the variables of each technique were reported (as well as significant 
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differences between flat and uphill values for each technique), yet little 

comparison of the skating techniques was offered. 

In addition to the quantitative studies already mentioned, a series of 

qualitative biomechanical analyses of the VI skate was done by Borowski 

(1988, 1989, 1990). Several points were presented: faster skiers tend to keep 

their center of mass pointed in the forward direction (Borowski, 1988), slight 

edging of the ski during skating motion is imperative to proper skiing and 

does not hinder speed ( Borwoski, 1989), strong side poling is most effective if 

it is planted and pushed in the direction of motion of the body, while the 

weak side pole is aimed in the direction of the strong side ski and is used to 

keep the gliding ski moving (Borowski, 1989), and the poles should be planted 

no further forward than the toes to ensure the pole thrust pushes forward 

and not just down into the snow (Borowski, 1990). 

Physiology of Different Ski Techniques 

In order to understand why a skier chooses a particular technique, it is 

important to understand the physiological demands that each technique 

places on the skier's body. MacDougall, Hughson, Sutton, and Moroz (1979) 

compared the energy cost of several "classical" techniques. Since this was one 

of the earliest studies to do such a comparison, and the "skating" techniques 

had not yet been fully developed, the diagonal stride and double poling 

techniques were compared. Within the range of speeds studied, the double 

poling technique was found to have a higher oxygen cost than the diagonal 

stride technique. 

The physiological variables of the diagonal stride and "skating" 

techniques were analyzed by Karvonen, Kubica, Wilk, Wnorowski, Krasicki, 

and Kalli (1989) and Zupan, Shepherd, and Eisenman (1988). Comparing the 

variables of the two techniques, Karonen et al. (1989) found that skiing the 
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same speed with each technique resulted in a significantly slower heart rate 

for the skiers using the skating technique. At maximal speeds, skaters were 

able to ski significantly faster than skiers using the diagonal stride with the 

same heart rate. In addition, blood lactic acid levels were significantly lower 

above the anaerobic threshold for those using the skating technique. Zupan 

et al. (1988) found significant differences between the two techniques for 

oxygen consumption (V02) and heart rate at submaximal speeds. V02 was 

found to be 9.9 % larger and heart rate 5.6 % larger at a given speed for 

classical versus skating techniques. 

Physiological variables of several different types of "classical" and 

"skating" techniques were compared by Saibene, Corti li, Roi, and Colombini 

(1989) and Hoffman and Clifford (1990). Saibene et al. (1989) compared the 

diagonal stride, double pole, and the "new" skating techniques (the particular 

skating technique was unspecified). In terms of V02, the skating technique 

was determined to be the least expensive, the diagonal stride the most 

expensive, and the double pole in between the two. The blood lactate 

concentration was also found to be the lowest when the skier used the skating 

technique and the highest for the diagonal stride technique. It was pointed 

out, however, that as the dynamic friction of the skis on snow increased (at 

maximal speeds), the skating technique became as expensive as the diagonal 

stride technique. 

Hoffman and Clifford (1990) compared two classical techniques 

(diagonal stride, kick double pole), two skating techniques (V1 and marathon 

skate) and the double pole technique performed on both classical and skating 

skis. Heart rate, V02, and perceived exertion were measured for each skier 

using each technique on flat terrain. It was determined that the diagonal 

stride technique induced the highest V02 rate, while the double pole 
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technique required the lowest oxygen cost. Heart rate was found to follow the 

same pattern; heart rate was highest for the diagonal stride technique and 

lowest for the double poling technique. Perceived exertion was highest for 

the diagonal stride technique but lowest for the V1 skating technique. 

Several studies have examined the physiological responses of roller 

skiing (a form of dry land training used by cross-country skiers). Hoffman, 

Clifford, Foley, and Brice (1990) and Hoffman, Clifford, Jones, and Mandli 

(1991) each compared the physiological responses of the double pole, kick 

double pole and V1 techniques on flat terrain. In both studies, the double 

poling technique was found to require the least oxygen cost. Hoffman et al. 

(1990) found that the kick double pole was the least economical and that the 

perceived exertion of VI technique was the lowest. Hoffman et al. (1991) 

found no significant differences for the physiological variables measured 

between the kick double pole and V1 techniques. 

In two separate studies, Stray-Gundersen and Ryschon (1989) and Stray-

Gundersen and Ryschon (1987) each compared the physiological responses of 

skiers roller skiing on a treadmill, using classical and skating techniques. 

Stray-Gundersen and Ryschon (1989) found that the skating technique 

produced a lower oxygen cost and similar heart rate to the classical technique. 

However, the skating technique produced higher lactate levels than the 

classic technique. Stray-Gundersen and Ryschon (1987) found skating to be 

less economical, have a higher heart rate and produce higher lactate levels 

when compared to the classical technique skied at the same speed. 

Summary 

In conclusion, the biomechanical detailing of kinematic parameters has 

followed the evolution of techniques in cross-country skiing. Several 

common factors have resulted from these studies. For diagonal stride and 
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skating techniques, stride length is an important factor affecting the 

differences in velocity between fast and slow skiers. Additionally, for those 

skiers using skating techniques, faster skiers have been found to ski with less 

CM lateral motion. For both techniques, control of velocity (slow, medium, 

fast) has been found to result from increases in stride rate, not stride length. 

In terms of physiological variables, when comparing the classical and skating 

techniques on snow, skating techniques have been found to induce a lower 

oxygen cost, a lower heart rate and lower lactate levels. When different 

techniques are used on roller skis the double pole technique has been found 

to be the most economical, while the Vi skating technique elicits the lowest 

perceived exertion levels and produces the highest lactate levels. 
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CHAPTER III 

METHODS AND PROCEDURES 

The goal of each elite cross-country skier is to ski as fast as possible 

throughout the duration of a cross-country race. However, even during 

competition among the best skiers in the world, there is a large difference 

between the fastest and slowest skiers. In order to completely quantify why 

one athlete is more effective at cross-country skiing than another, 

physiological, kinetic and kinematic data would be required. However, 

during elite competitions, such as the Olympics, this is impossible as any 

scientific project is secondary to the objective of the competition and must be 

completely non-interfering. Therefore, only kinematic data were collected in 

this study. Biomechanical kinematic description allows differences in the 

movement of the skiers to be detected and quantified, in order to understand 

what allows one athlete to be more effective than another at his sport. 

Subjects 

The subjects chosen for the three dimensional (3D) kinematic analysis 

in this study were male Olympic cross-country skiers competing in the 50 

kilometer race of the 1992 Albertville Winter Olympic Games. In order to be 

chosen to represent their country at the Olympic games, each of the skiers 

competed and excelled at their individual national competitions. In addition, 

many of the skiers had competed at other international cross-country ski 

competitions, such as the World Cup races. Therefore, each skier in this 

study was considered an elite cross-country skier and was representative of 

elite physiological and technical abilities. 

Skiers were chosen for analysis if they skated with the open field 

skating technique, and full skating cycles of that technique could be seen from 

each camera view. Seventeen skiers met these requirements, and were 
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chosen for this study (Table 1). The missing values in Table 1 are data which 

were not available from the Olympic computer database. These skiers 

represented nearly the entire range of finishing times, from the fastest to the 

slowest skiers. 

Instruments and Apparatus 

The instrument used for the collection of 3D coordinate data was the 

Motion Measurement System by Peak Performance Technologies 

Incorporated. This system is able to develop a computer enhanced video 

image from a video image on a videotape. It then splits the image into two 

fields and presents each field to the user so points on the image can be 

digitized. The system allows the user to extract quantitative data in order to 

describe the movement of the athlete being analyzed. Specifically, the Peak 

3D Motion Measurement Module allows the user to collect 3D coordinate 

data from the video image of two or more camera views. 

Procedures 

Video Collection 

The video collection for this study was accomplished, at the 1992 

Winter Olympic Games (Albertville, France), by a research team funded by 

the International Olympic Committee. Although several other cross-country 

ski races were filmed, this study was limited to the men's 50 kilometer race. 

The race was skied on a loop approximately 17 kilometers in length. The 

filming site was located at the 16 kilometer point in the loop (approximately 1 

kilometer from the stadium where the skiers began and ended the race). 

Although many parts of the course contained uphill and downhill slopes, the 

filming site was purposely placed on flat terrain (as little 

previous research has been done on skating on flat terrain). Three Panasonic 
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Table 1

Subject Pertinent Data

Bib Number Position Race Time Height Weight 
(s) (cm) (kg) 

79 1 7421.1 184 80 
58 3 7602.1 180 72 
15 6 7661.5 -
64 7 7665.2 
48 8 7693.6 --
27 16 7873.3 184 72 
46 24 7997.9 180 75 
33 29 8077.1 -
21 30 8081.6 179 73 
24 31 8093.6 172 65 
45 33 8133.5 
68 45 8369.3 170 65 
67 52 8659.6 
37 54 8716.9 180 66 
7 57 8785.8 --

11 59 8887.1 --
35 60 8899.4 
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WVD-5100 video cameras, each linked to a Panasonic AG-7400 VHS video 

recorder, were used to record the skiers at a frame rate of 30 Hz (60 fields per 

second). Each camera was placed on an individual tripod, and all three were 

linked together and genlocked (synchronized) from one of the cameras 

(Figure 2). The side view of the skiers was filmed by two cameras, each with a 

perpendicular view of the track. Both of these cameras were located 

approximately 18 meters from the center of the track and 6 meters apart. A 

third camera (the front camera) was located approximately 40 meters from the 

filming area, on the edge of the track. This camera recorded the front view of 

the skiers as they skied toward and past it. 

The purpose of using two side cameras was to ensure that a full cycle of 

the skier's movement could be viewed. Using only one camera to capture the 

side view would have been possible if a large field width had been used. This 

type of camera set up would have limited the ability to extract data from the 

video, as the skier's image size would have been too small to determine 

useful information. In order to get a reasonable image size, two cameras were 

needed to view a full skating cycle from the side (approximately one half of 

the cycle was viewed from the right side camera; the remainder of the cycle 

was viewed from the left side camera). Prior to filming any skiers, six survey 

poles were set up and surveyed to determine pole positions (Figure 3). The 

origin of the coordinate system was set at the bottom of survey pole number 

six. The Y axis was determined as the axis which connected survey pole six to 

survey pole one (the field width in the Y direction was approximately 11 

meters). The X axis was fixed perpendicular to the Y axis (the field width in 

the X direction was approximately 4 meters), while the Z axis was set in the 

vertical direction with a field width of approximately 2 meters. Survey data 

for each survey pole and pole coordinate data calculated from the survey data 
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Figure 2. Camera Placement (with respect to the track). 
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Figure 3. Survey Pole Set Up (front view of track). 
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are included in Appendices A and B. 

Subsequent to surveying, the poles were filmed with the video 

cameras. Four survey poles were filmed by each of the side cameras; all six 

survey poles were filmed with the front camera. Calibration was 

accomplished by digitizing the pole positions with the Peak Performance 

System and imputing the pole coordinate data (calculated from the survey 

data) into the Peak System for each camera. Direct linear transformation 

(DLT) reprediciton errors were then found for each of five points on the 

survey poles, in each direction (reprediction errors are included in Appendix 

C). These reprediction errors (of approximately 0.5 % or less of the field 

width) were comparable to other biomechanics studies using the DLT 

method. Accurate 3D coordinate data could then be collected within the area 

enclosed by the survey poles. 

Data Collection 

In order to collect 3D coordinate data from the videotape, a 14 segment 

model was used. These segments included: right and left (r/1) pole, 

r/1 foot, r/1 shank, r/1 thigh, r/l forearm and hand, r/1 upper arm, trunk, and 

the head and neck. Twenty one points were digitized, every other field, for a 

full cycle of each skier's motion (Figure 4). These included: r/1 toe, r/1 heel, 

r/1 ankle, r/1 knee, r/1 hip, r/1 shoulder, r/1 elbow, r/l wrist, r/1 pole top, and 

r/1 pole basket. A full cycle was defined as strong side pole plant to strong side 

pole plant or from pole release to pole release, depending on which portion of 

the skier's cycle was filmed by the cameras. The center of mass of each skier 

was determined by using body segment data estimated by Clauser, 

McConville, and Young (1969) and Dempster (1955). Estimated weights of the 

ski equipment (skis, boots, and poles) were added to the body segment data 

(Table 2). 
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Figure 4. 21 Point Model 



29 

Table 2 

Body Segment Data (including the weight of the equipment) 

Segment % Distance % Mass 

R&Lski 0.967 

R & L pole 45.0 0.280 

R & L foot 4.5 1.817 

R & L shank 43.3 4.495 

R & L thigh 43.3 9.668 

R & L uppper arm 43.6 2.707 

R & L forearm and hand 67.7 2.127 

Trunk 43.8 48.040 

Head and neck 100 7.831 

* The ski will not be digitized. However 
its CM is located at the toe of the foot. 
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In order for 3D coordinates to be calculated, two dimensional (2D) 

coordinates were first calculated from each of the camera views. For each 

moment in time (represented by a frame) in the skier's cycle, 2D data from the 

front view and side view (either by the right or left side camera) were 

determined. The 21 points mentioned above were digitized on the video 

image from the front camera view first. The 2D data were stored by the Peak 

System in computer memory on a frame by frame basis. By use of a separate 

computer program, the number of frames in the front view was split to 

match the number of frames in each of the side views, thus synchronizing 

the frames of the front and side views. 2D coordinate data were then 

extracted from each of the side camera views for as much of the full cycle that 

they contained. Once this was accomplished, each frame of the skier's cycle 

had 2D data digitized from two views (front and side) at the same moments 

in time. 

Using the direct linear transformation method (as described by Abdel-

Aziz and Karara, 1971), which is incorporated into the Peak System, 3D data 

were calculated frame by frame; 2D data from the front camera and right side 

camera view were transformed into 3D data, and 2D data from the front 

camera and left side camera were transformed into 3D data. Once the 3D 

coordinates for each frame were calculated for the left and right parts of the 

cycle, these were combined to form 3D coordinates of one full cycle (with the 

use of a second computer program). Some error was introduced in the 

digitizing process and had to be minimized. Therefore, the 3D data of the full 

cycle were filtered with a fourth order, low pass Butterworth digital filter (as 

described by Winter, 1990) using a cutoff frequency of 6 Hz. The generated 3D 

coordinates could then be used to analyze the motion of each skier in three 

dimensions. 
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The following kinematic parameters were calculated from the 3D 

coordinates: 

Cycle length. The length of each cycle was determined from the 3D 

displacement of the center of mass for one full cycle. 

Cycle rate. The rate of each cycle was determined from the reciprocal of 

the cycle time. To determine cycle time, the number of frames it took each 

skier to complete a cycle was counted and divided by the frame rate (30 frames 

per second). 

Cycle velocity. The cycle velocity was determined from the product of 

the cycle length and cycle rate. 

Horizontal velocity of the CM. The instantaneous horizontal velocity 

of the CM was determined using a finite differences method based on the CM 

3D displacements from frame to frame. 

CM lateral displacement. The lateral displacement of the CM was 

determined from the 3D position of the center of mass (the minimum 

position of the CM in the X direction subtracted from the maximum position 

of the CM in the X direction). 

CM lateral velocity. The lateral velocity of the CM was determined 

from the product of the CM lateral displacement and the cycle rate. 

CM velocity vector angle. The CM velocity vector angle was 

determined from the absolute angle of the CM resultant velocity vector with 

respect to the forward direction for each moment in time in the cycle (Figure 

5). The average CM velocity vector angle throughout the cycle was then 

calculated. The CM resultant velocity vector was calculated from the forward 

and lateral velocities. The forward and lateral velocities were calculated for 

each moment in time using a finite differences method. 
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Vcm 

CM velocity 
vector angle Vcm 

CM velocity 
vector angle 

Figure 5. CM Velocity Vector Angle (Vcm represents the CM 
resultant velocity vector; s-shaped curve represents an overhead
view of the lateral motion of a skier). 

Figure 6. Overhead View of the Ski Angles 
(represented by 0). 
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Ski angles. The angle of each ski was determined by the angle of the 

displacement of the foot with respect to the forward direction (Figure 6). The 

binding system of cross-country skis allowed little lateral movement of the 

foot, therefore, the angle of the foot with respect to the forward direction also 

represented the angle of the ski. 

Ski edging angles. Ski edging angles were determined using a segment 

which connects the knee with the toe. This segment is approximately 

perpendicular to the ski. Any angle made between this segment and the 

vertical direction was representative of the angle between the ski and the 

snow. 

Pole inclination angles. The pole inclination angles were determined 

by measuring each pole's angle, with respect to the vertical position, at pole 

plan (Figure 7). 

Pole orientation angles-XY. The pole orientation angles was measured 

by projecting the pole angle onto the horizontal plane (XY plane) and 

measuring the angle of each pole with respect to the forward (Y) direction 

(Figure 8). 

Pole orientation angles-YZ plane. The YZ plane pole orientation 

angles were measured by projecting the pole angle onto the sagittal plane (YZ 

plane) and measuring the angle of each pole with respect to the vertical (Z) 

direction. 

Elbow, knee, and hip, angles. The elbow angle was determined from 

the 3D coordinates of the shoulder, elbow and wrist. The knee angle was 

measured from the 3D coordinates of the hip, knee and ankle. The hip angle 

was measured as the angle between the midpoint of the shoulders, the 

midpoint of the hips and the horizontal plane. Each angle was measured 

throughout the cycle and maximum and minimum angles were calculated. 
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Figure 7. Side View of the Pole Inclination Angle 
(represented by 0). 

Figure 8. Overhead View of Skis and Poles. 
(pole orientation angles are represented by 8). 
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Race velocity. The average race velocity was determined by dividing 50 

kilometers by each skier's finishing time. 

In addition, the following temporal characteristics were calculated: 

Strong and weak side pole phase times. To determine the strong and 

weak side pole phase times (in seconds), the number of frames in each pole 

phase was counted and divided by the frame rate (30 frames per second). 

Strong and weak sidepole recovery phase times. To determine the 

strong and weak side pole recovery phase times (in seconds), the number of 

frames in each pole recovery phase was counted and divided by the frame rate 

(30 frames per second). 

Strong and weak side ski phase times. To determine the strong and 

weak side ski phase times (in seconds), the number of frames in each ski 

phase was counted and divided by the frame rate (30 frames per second). 

Strong and weak side ski recovery phase times. To determine the 

strong and weak ski recovery phase times (in seconds), the number of frames 

in each ski recovery phase was counted and divided by the frame rate (30 

frames per second). 

Stron and weak side ski and hase ercenta les. The strong and 

weak ski and pole phase percentages were determined by dividing how much 

time each phase took by the total time the full cycle took. 

Once each of the kinematic and temporal parameters were calculated, 

relationships between variables were explored and comparisons between fast 

and slow skiers were made. 

Pilot Studies 

In order to ensure that the data collection ran smoothly for this study, a 

pilot study was done on two cross-country skiers. Each skier was digitized 

using the Peak System. The generated data from each camera view were then 
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manipulated by both the computer programs and the Peak System (as 

described in the procedures section). The resulting 3D data were graphically 

displayed both in stick figures and on cartesian axes. The kinematic values 

were then checked against values from similar studies to verify the values. 

Statistical Analysis 

Correlations for this study were calculated by using Pearson product 

moment correlations with the computer package StatView II (Feldman, 

Hoffman, Gagnon, & Simpson, 1987). In addition, StatView II was used to 

calculate relationships between cycle velocity and the kinematic variables 

calculated using stepwise multiple regression. The sample size was set at 17 

in order to achieve a power of .95 for detecting a population correlation of at 

least .7 with an alpha = .05 (1 tailed test) (Cohen 1988). 
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CHAPTER N 

RESULTS AND DISCUSSION 

The purpose of this study was to kinematically analyze the open field 

cross-country skating technique used by skiers competing in the 50 kilometer 

race of the 1992 Winter Olympic Games. Three dimensional (3D) coordinates 

of each skier were calculated for each point of a 21 point model throughout 

one skating cycle. Strong and weak ski angles; strong and weak pole 

orientation angles (XY and YZ planes); strong and weak pole inclination 

angles; and strong and weak knee, elbow, and hip angles were calculated from 

the 3D data. Three dimensional coordinates were also calculated for the 

center of mass (CM), from which the cycle length, CM velocity vector angle, 

CM lateral displacement and CM lateral velocity were calculated. In addition, 

cycle rate and cycle velocity were determined. 

Reliability 

In order to determine the reliability of the digitizing process used in 

this study to extract 3D coordinate data from the video, and to assess the 

reliability of the kinematic variables derived from those 3D coordinates, two 

skiers were randomly chosen for complete reanalysis. Table 3 presents the 

test-retest difference (for Skier #33) for each of the points in the 21 point 

model. The values given for each direction represent the average difference 

between the digitized and redigitized coordinate data for each point 

throughout the full cycle. Skier #33 was found to have an average test-retest 

difference of .69 cm in the X direction, 2.12 cm in the Y direction, and 1.17 cm 

in the Z direction. Similar results are seen in Table 4 for Skier #48. The field 

width in the X direction was about four meters, in the Y direction 11 meters, 

and in the Z direction two meters. Therefore, the test-retest differences were 

less than one percent of the field width in each direction. These differences 
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Table 3 

Digitizing Difference-Skier #33 (cm) 

Digitized Points X 

Left toe 0.50 1.18 0.56 
Left heel 0.60 2.41 0.57 
Left ankle 0.46 1.87 1.23 
Left knee 0.74 1.45 2.61 
Left hip 0.51 1.54 1.15 
Left shoulder 1.04 1.54 0.79 
Left elbow 0.64 1.91 1.00 
Left wrist 0.64 2.22 1.30 
Left pole top 0.68 2.35 0.92 
Left pole basket 0.94 6.21 4.31 
Right toe 0.39 2.74 0.67 
Right heel 0.65 1.65 0.48 
Right ankle 0.43 1.87 1.25 
Right knee 0.48 1.28 1.43 
Right hip 
Right shoulder 

0.64 
1.25 

1.07 
2.22 

0,92 
1.06 

Right elbow 0.90 3.36 0.82 
Right wrist 1.13 1.91 1.05 
Right pole top 1.14 1.55 1.02 
Right pole basket 0.28 3.08 0.50 
Head 0.42 1.07 0.84 
Center of mass 0.30 0.81 0.58 

Mean = 0.69 2.12 1.17 
S.D. = 0.28 1.13 0.85 
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Table 4 

Digitizing Difference-Skier #48 (cm) 

Digitized Points X Y Z 

Left toe 0.70 2.15 0.91 
Left heel 0.63 3.07 0.72 
Left ankle 0.80 3.02 0.71 
Left knee 1.72 3.86 3.34 
Left hip 0.97 3.34 1.48 
Left shoulder 1.26 2.48 0.81 
Left elbow 1.14 3.80 0.96 
Left wrist 0.68 3.45 1.87 
Left pole top 0.63 2.96 1.25 
Left pole basket 0.53 4.76 1.46 
Right toe 0.72 4.19 0.83 
Right heel 0.54 3.27 0.92 
Right ankle 0.64 2.51 0.78 
Right knee 0.86 2.84 2.89 
Right hip 0.78 3.68 1.31 
Right shoulder 1.07 4.46 0.71 
Right elbow 1.10 4.31 1.37 
Right wrist 0.80 6.92 1.73 
Right pole top 0.77 5.60 2.27 
Right pole basket 0.63 4.95 4.39 
Head 0.40 3.25 1.31 
Center of mass 0.52 3.39 0.65 

Mean = 0.83 3.76 1.52 
S.D. = 0.30 1.14 0.97 
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in three dimensional coordinate data are comparable to differences found in 

other kinematic studies. 

In addition to finding the average difference between the digitized and 

redigitized trials, correlations between the digitized and redigitized coordinate 

data were calculated using Pearson product moment correlations. Table 5 

presents the test-retest correlations for each digitized point, in each direction, 

for Skier #33 and Skier #48. Near perfect correlation of the coordinate data 

was found; all correlations were statistically significant at the .001 level. Table 

6 shows the comparison of the kinematic variables calculated from the 

digitized and redigitized coordinate data. Calculated variables were found to 

be similar between trials for most of the parameters. However, the strong and 

weak side knee ROM and the weak elbow ROM were somewhat different 

between trials. It seems that the elbows and knees were more difficult points 

to track in the digitizing process; skier's clothing sometimes blended into the 

background making it harder to accurately predict knee and elbow position, 

and right and left knees and elbows sometimes passed over one another 

making it harder to differentiate between the right and left sides. This is 

reflected by slightly lower correlations between the test-retest coordinate data 

for the strong and weak side knees. 

Temporal Analysis 

The open field skating technique is an asymmetrical technique in 

which poling occurs during the skating motion of only one side (the strong 

side). Skating without poling is referred to as weak side skating, since no 

additional thrust is provided by the poles during the skating motion on this 

side. A full cycle of the open field skate was defined in this study as strong 

pole plant to strong pole plant. The average duration of each phase in the 
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Table 5 

Test-Retest Correlations (Skier #33/Skier#48) 

Digitized Points X 

L. toe .9996 .9999 .9950 
.9988 .9999 .9440 

L. heel .9995 .9999 .9920 
.9992 .9999 .9615 

L. ankle .9996 .9999 .9954 
.9987 .9999 .9584 

Left knee .9978 .9999 .9518 
.9893 .9999 .9648 

Left hip .9986 .9999 .9911 
.9979 .9999 .9903 

Left shoulder .9966 .9999 .9984 
.9976 .9999 .9979 

Left elbow .9977 .9999 .9969 
.9948 .9999 .9983 

Left wrist .9979 .9999 .9990 
.9977 .9999 .9984 

Left pole top .9976 .9999 .9996 
.9982 .9999 .9993 

Left pole basket .9975 .9999 .9942 
.9994 .9999 .9996 

Right toe .9996 .9999 .9937 
.9975 .9999 .9838 

Right heel .9988 .9999 .9958 
.9983 .9999 .9644 
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Table 5 continued 

Digitized Points 

Right ankle 

Right knee 

Right hip 

Right shoulder 

Right elbow 

Right wrist 

Right pole top 

Right pole basket 

Head 

Center of Mass 

X

.9997

.9976

.9985

.9937

.9984

.9963

.9932

.9972

.9971
.9927

.9911

.9965

.9919

.9980

.9999

.9991

.9988

.9994

.9995

.9981

.9999

.9999

.9999

.9999

.9999

.9999

.9999

.9999

.9999

.9998

.9999

.9999

.9999

.9999

.9999

.9998

.9999

.9999

.9999

.9999

.9920

.9847

.9829
.9505

.9944

.9931

.9982

.9986

.9987

.9968

.9992

.9992

.9993

.9989

.9999

.9964

.9986

.9990

.9990
.9987
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Table 6

Comparison of Kinematic Parameters for Redigitized Trials

Kinematic Skier Skier Skier Skier 
Parameters #33 #33 #48 #48 

Trial 1 Trial 2 Trial 1 Trial 2 

Cycle velocity (m/s) 
Cycle length (m) 

Cycle rate (Hz)
CM velocity vector
angle (degrees)
CM lateral
displacement (m)
CM lateral velocity
(m/s)

Strong ski angle 
(degrees) 
Weak ski angle 
(degrees) 

Strong orientation 
angle-XY plane 
(degrees) 
Weak orientation 
angle-XY plane 
(degrees) 

Strong orientation 
angle-YZ plane 
(degrees) 
Weak orientation 
angle-YZ plane 
(degrees) 

Strong inclination 
angle (degrees) 
Weak inclination 
angle (degrees) 

6.28 
9.00 

0.70 
3.7 

0.29 

0.40 

-5.3 

8.7 

7.1 

-34.5 

42.5 

39.6 

12.7 

20.6 

6.27 
8.98 

0.70 
3.6 

0.28 

0.40 

-5.5 

8.7 

8.4 

-33.4 

39.9 

39.3 

9.9 

20.9 

6.6 6.6 
8.5 8.6 

0.77 0.77 
2.8 2.7 

0.21 0.20 

0.32 0.31 

-2.1 -2.4 

5.9 5.6 

17.3 17.7 

-7.2 -7.6 

44.7 45.4 

44.7 44.4 

21.6 22.9 

14.1 12.2 
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Table 6 continued 

Kinematic 
Parameters 

Strong knee angle-
max (degrees) 
Strong knee angle
min (degrees) 
Weak knee angle-
max (degrees) 
Weak knee angle
min (degrees) 

Strong elbow angle-
max (degrees) 
Strong elbow angle
min (degrees) 
Weak elbow angle-
max (degrees) 
Weak elbow angle
min (degrees) 

Hip angle-max 
(degrees) 
Hip angle-min 
(degrees) 

Strong knee ROM 
(degrees) 
Weak knee ROM 
(degrees) 
Strong elbow ROM 
(degrees) 
Weak elbow ROM 
(degrees) 
Hip ROM (degrees) 

Skier 
#33 

Trial 1 

158.4 

128.4 

166.7 

137.4 

164.0 

89.5 

176.8 

77.7 

80.9 

42.8 

29.9 

29.3 

74.4 

99.1 

38.1 

Skier 
#33 

Trial 2 

164.8 

123.8 

172.7 

131.5 

161.4 

87.3 

174.2 

87.3 

80.3 

39.7 

41.0 

41.2 

74.0 

86.9 

40.6 

Skier 
#34 

Trial 1 

166.5 

131.7 

162.8 

125.0 

162.7 

87.5 

164.5 

63.6 

72.4 

36.2 

34.8 

37.8 

75.3 

100.8 

36.2 

Skier 
#48 

Trial 2 

162.6 

137.4 

160.5 

120.5 

161.6 

86.5 

158.7 

81.7 

72.3 

33.7 

25.2 

40.1 

75.2 

77.0 

38.7 
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cycle and how these occurred with respect to each other are presented in 

Figure 9. A cycle of the open field skate begins at strong pole plant; weak pole 

plant occurs almost simultaneously. As is seen in Figure 9, the thrust 

provided by both the strong and weak poles helped propel the skier during 

the transition from the strong side ski to the weak side ski. The poling 

thrusts occurred very close to the end of the strong side skating phase. 

However, the strong and weak side skating phases did have some overlap 

during the transition from strong to weak side (approximately 23 percent). It 

was during this overlap that the strong side ski phase was being completed, 

while the weak side ski phase began. The strong side skate began its recovery 

phase (the ski is lifted from the snow), while skating occurred on the weak 

side ski only. Both poles begin their recovery phases together. The pole 

recovery phase took place during the weak side skate and the early portion of 

the strong side skate. As the weak side skating phase was taking place, the 

strong side ski was in its recovery phase, moving into position for its next 

skating phase. The strong side ski phase began again as the weak side ski 

phase was being completed (approximately 16 percent overlap occurred 

between these two phases at this point). No poling occurred during this 

transition from one ski to the other. Once the weak ski began its recovery 

phase, skating occurred only on the strong side ski and pole recovery neared 

completion. Skating on the strong side, without any poling or overlapping of 

the weak side skate, occurred for only approximately 19 percent of the cycle. It 

was at this point that strong side poling occurred again and the next cycle 

began. 

Table 7 presents the mean times at which each event in the cycle 

occurred and the mean thrust and recovery phase times. Table 8 presents 

those mean values in terms of percent full cycle. Strong and weak side poling 
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trong pole: 21.6% 

strong ski: 65.4% 

weak ski: 68.4% 

weak pole: 19.9% 

0% 25% 50% 75% 100% 

Figure 9. Open Field Skating Phases (percent 
full cycle). 
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Table 7

Temporal Characteristics of the Open Field Skate (seconds)

Mean Standard Deviation 

Cycle Events: 
Strong pole plant 0 0 
Weak pole plant .03 .023 
Weak ski down .15 .053 
Strong pole up .31 .024 
Weak pole up .32 .011 
Strong ski up .48 .039 
Strong ski down .97 .081 
Weak ski up 1.18 .086 
Strong pole plant 1.45 .089 

Thrust Phase Durations: 
Strong side poling .31 .024 
Weak side poling .29 .033 
Strong side skating .95 .073 
Weak side skating .99 .092 

Recovery Phase Durations: 
Strong pole recovery 1.14 .084 
Weak pole recovery 1.17 .094 
Strong ski recovery .50 .049 
Weak ski recovery .46 .063 
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Table 8

Temporal Characteristics of the Open Field Skate (% full cycle)

Mean Standard Deviation 

Cycle Events: 
Strong pole plant 0 0 
Weak pole plant 2.1 1.6 
Weak ski down 10.2 3.7 
Strong pole up 21.6 1.7 
Weak pole up 21.9 2.0 
Strong ski up 33.0 2.3 
Strong ski down 66.5 3.7 
Weak ski up 81.0 3.9 
Strong pole plant 100 0 

Thrust Phase Durations: 
Strong side poling 21.6 1.7 
Weak side poling 19.9 2.7 
Strong side skating 65.4 2.8 
Weak side skating 68.4 4.1 

Recovery Phase Durations: 
Strong pole recovery 78.4 1.7 
Weak pole recovery 80.1 2.7 
Strong ski recovery 34.6 2.8 
Weak ski recovery 31.6 4.1 
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accounted together for approximately 20 percent of the cycle (poles were in the 

recovery phase during the remaining 80 percent of the cycle) while strong and 

weak side skating accounted for approximately 66 and 68 percent of the cycle 

respectively. The duration of each phase for skiers in this study was found to 

be quite different than those values cited for skiers using the V1 skating 

technique on moderate uphills in Smith et al. (1988) and Smith et al (1989). 

In those studies the strong and weak side poling phases were 47.0 and 43.7 % 

and 49.4 and 48.0 % respectively. Additionally, strong and weak ski phases of 

45.7 and 52.8 % were cited by Smith et al. (1988) and strong and weak ski 

phases of 57.1 and 59.7 % were cited by Smith et al. (1989). Thus, skiers using 

the V1 technique tended to have longer poling phases and shorter skiing 

phases (in terms of percent full cycle) than did skiers in this study. 

Kinematic Analysis 

Table 9 contains the results of the kinematic parameters selected in this 

study. Mean values for the 17 skiers are presented. Cycle variables measured 

included cycle velocity, cycle length and cycle rate. The mean race velocity of 

the skiers was found to be slightly slower than the cycle velocity; the average 

speed of the skiers was faster on the flat terrain at the filming site than the 

average speed during the remainder of the race. The average cycle velocity 

and cycle length were 6.32 m/s and 9.41 m respectively. These values were 

much larger than the cycle velocities (approximately 3 m/s) and the cycle 

lengths (3-4 meters) found for skiers using the V1 skating technique on uphill 

terrain (Smith et al., 1988; Smith & Nelson, 1988; Smith et al., 1989). 

Additionally, Bilodeau et al. (1992) cited an average cycle velocity of 5.79 m/s 

and an average cycle length of 8.18 m for skiers using the open field skating 

technique on flat terrain. The cycle rate was found to be lower (fewer cycles 

per second) than the cycle rates cited in any of the studies mentioned above. 
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Table 9 

Kinematic Data (n = 17) 

Kinematic Parameters Mean Standard Deviation 

Race velocity 6.15 m/s 0.36 
Cycle velocity 6.32 m/s 0.47 
Cycle length 9.41 m 0.85 

Cycle rate 0.67 Hz 0.04 
CM velocity vector angle 4.4 ° 1.0 
CM lateral displacement 0.37 m 0.10 
CM lateral velocity 0.49 m/s 0.12 

Strong ski angle -6.5 ° 3.1 
Weak ski angle 8.4 ° 1.3 

Strong orientation angle-XY plane 13.9 ° 11.0 
Weak orientation -19.8 ° 8.5 
angle-XY plane 

Strong orientation angle-YZ plane 42.1 ° 5.3 
Weak orientation angle-YZ plane 43.7 ° 5.5 

Strong inclination angle 13.9 ° 7.8 
Weak inclination angle 22.0 ° 6.6 

Strong knee angle-max 163.0 ° 5.2 
Strong knee angle-min 128.9 ° 4.9 
Weak knee angle-max 164.4 ° 5.4 
Weak knee angle-min 127.3 ° 6.2 

Strong elbow angle-max 164.7 ° 7.9 
Strong elbow angle-min 85.9 ° 10.5 
Weak elbow angle-max 171.1 ° 4.9 
Weak elbow angle-min 86.1 ° 12.0 

Hip angle-max 71.8 ° 4.0 
Hip angle-min 43.6 ° 6.1 
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Table 9 continued 

Kinematic Parameters 

Strong knee ROM 
Weak knee ROM 
Strong elbow ROM 
Weak elbow ROM 
Hip ROM 

Mean 

34.2 ° 
37.1 ° 
78.8 ° 
85.0 ° 
28.3 ° 

Standard Deviation 

8.4 
9.7 

11.0 
12.6 
5.9 
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The CM velocity vector angle of each skier was determined by 

averaging the angle the CM resultant velocity vector made with the forward 

direction throughout the cycle. The CM resultant velocity vector was the 

resultant vector of the forward and lateral components of CM velocity. The 

mean value of the CM velocity vector angle was fairly small (4.4°), as 

compared to Smith et al. (1988) (8.5°) and Smith et al. (1989) (10.3°), signifying 

that the skier's motion was directed mainly in the forward direction, with 

only slight deviation to either side throughout the cycle. This was reflected by 

both the relatively small values of the CM lateral displacement (0.37 m) and 

the CM lateral velocity (0.49 m/s). 

The strong and weak side ski angles were calculated as those angles the 

skis maintained from the beginning of the skating phase to the end of the 

skating phase. The negative direction represented the strong side ski angle, 

the positive the weak side ski angle. The mean strong side ski angle was 

smaller that the weak side ski angle. However, the strong side ski angle 

varied more amongst skiers than the weak side ski angle. 

Three types of pole angles were measured in this study. Pole 

orientation angles were measured in two separate planes, the horizontal (XY) 

plane and the sagittal (YZ) plane. The XY plane pole orientation angle was 

that angle measured between each pole and the forward direction as projected 

onto the XY plane. Positive angles indicated the poles were pointed in the 

direction of the weak side (clockwise from forward) while negative angles 

indicated the poles were pointed in the direction of the strong side 

(counterclockwise from forward). These angles were averaged throughout 

the poling phases for each skier. Mean strong and weak XY plane pole 

orientation angles (13.9 and -19.8 degrees respectively) indicate that the skiers 

tended to orient the strong side pole in a more forward direction than the 
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weak side pole. Thus, the strong side pole probably provided slightly more 

thrust in the forward direction than the weak side pole. 

Strong and weak YZ plane pole orientation angles were those angles 

measured between each pole and the vertical direction as projected onto the 

YZ plane. These angles were averaged throughout the poling phases for each 

skier. Both strong and weak side angles were positive. Mean values for the 

17 skiers indicate that skiers oriented the strong and weak poles at 

approximately the same angle (42.1 and 43.7 degrees). 

The third type of pole angle measured was the pole inclination angle. 

This angle was the angle between each pole and the vertical direction at pole 

plant. Skiers placed the weak side pole at almost twice the angle as the strong 

side pole at pole plant (22.0 and 13.5 degrees respectively). 

Maximum and minimum knee, elbow, and hip angles were calculated 

throughout each skier's cycle. Knee angles were determined as the angle 

between the hip, knee and ankle joints. Mean strong and weak maximum 

and minimum knee angles were very similar (163.0 and 164.4; 128.9 and 

127.3). Both knees moved through approximately the same range of motion 

and reached the same maximums and minimums, showing symmetry in 

knee movement. Strong and weak side elbow angles were determined as the 

angle between the shoulder, elbow and wrist joints. Although the strong and 

weak side maximum and minimum elbow angles did not match as closely as 

the knee angles, range of motion of the elbow angles was quite similar. The 

larger weak side elbow range of motion indicates that the skiers tended to flex 

and extend their weak side arm more than their strong side arm. The hip 

angle was determined as the angle between the midpoint of the shoulders, 

the midpoint of the hips and the horizontal plane. The mean maximum hip 

angle (71.8 degrees) indicates that the skiers did not stand in an upright 
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position at any time during the cycle, but that the trunk was inclined 

somewhat throughout the skating cycle. 

Graphical Analysis 

Graphical plots of several kinematic variables were made for each of 

the 17 skiers in order to detect any common characteristics amongst skiers as 

they skated through a full cycle. Each variable was plotted versus the percent 

of the full cycle. Although patterns for some variables were similar amongst 

skiers, most of the plots showed large variability in technique used by the 

skiers. 

Figures 10-13 represent some common ski edging angle patterns seen 

amongst the skiers. For each of the skiers, the maximum strong side and 

weak side edging angles were achieved just before the ski was lifted from the 

snow as the recovery phase began. Both skis' edging angles peaked as the 

thrust of the skating phases ended, as is seen in each of the four graphs. 

However, some skiers tended to edge the strong side ski at a greater angle 

than the weak side ski (Figures 11-13). Other skiers edged both skis at 

approximately the same maximum angles (Figure 10), while several skiers 

had larger weak side edging angles than strong side edging angles. In 

addition, some skiers began the cycle with the skis only slightly edged (Figure 

11- weak side ski and Figure 12), while other skiers began at pole plant with 

their skis already in an edged posture. One other common characteristic was 

a maximum strong side edging angle between 40 and 50 degrees (as is seen in 

each of the representative graphs). 

Although some common characteristics were seen, patterns of the knee 

angles, plotted throughout the full cycle, were highly variable among skiers. 

The majority of skiers showed similarity of knee flexion for both the strong 

and weak side knees at pole plant (Figures 14-16). However, some skiers 
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strong ski phase 
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Figure 10. Strong and Weak Side Ski Edging Angles 
(Skier #58). 
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Figure 11. Strong and Weak Side Ski Edging Angles 
(Skier # 48). 
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Figure 12. Strong and Weak Side Ski Edging Angles 
(Skier #37). 
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Figure 13. Strong and Weak Side Ski Edging Angles 
(Skier #24) 
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Figure 14. Strong and Weak Side Knee Angles 
(Skier #48). 
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Figure 16. Strong and Weak Side Knee Angles 
(Skier #33). 
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extended one knee and flexed the other at pole plant (Figure 17). A further 

common factor seen amongst skiers was flexion at one knee while extension 

was occurring at the other (Figures 14 and 15). Each skier's maximum knee 

extension (strong and weak side) occurred as the ski was finishing its skating 

phase, at approximately the same point of the maximum ski edging angles. 

Weak side knee flexion was the greatest during the end of the overlap phase 

between the strong and weak side skis, as the strong side ski was lifted from 

the snow and skating was performed on the weak side ski only (Figures 14

17). 

Additionally, strong and weak side knee angular velocities were 

calculated throughout the full cycle (Figures 18-21). Positive angular velocity 

resulted from extension of the knee, while negative angular velocity resulted 

from flexion of the knee. Several trends were seen in the knee angular 

velocity patterns. Many of the skiers showed a characteristic increase in the 

strong side knee angular velocity at the end of the strong side ski phase 

(Figures 18-21). Some of the skiers showed this similar characteristic at the 

end of the weak side skating phase (Figures 18 and 19). Also, some skiers 

increased their strong and weak side knee angular velocity not only when 

they stepped off the ski, but also just after they placed the ski onto the snow 

(the beginning of the strong and weak ski phases) (Figures 18 and 19). 

Patterns of elbow angles were also found to be individually unique for 

each of the 17 skiers, however, each skier's elbows (right and left) tended to 

move in the same general pattern (Figures 22-25). At pole plant, some skiers 

tended to have both arms in a more flexed position (Figures 22 and 23), while 

others tended to plant the poles with their arms more extended (Figures 24 

and 25). Throughout the poling thrust phase, the majority of skiers extended 

their arms while pushing down and back with the poles (Figures 22 and 23). 
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Figure 18. Strong and Weak Side Knee Angular 
Velocities (Skier #21). 
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Figure 19. Strong and Weak Side Knee Angular 
Velocities (Skier #24). 
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Figure 20. Strong and Weak Side Knee Angular 
Velocities (Skier #37). 
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Figure 21. Strong and Weak Side Knee Angular 
Velocities (Skier #46). 
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Figure 22. Strong and Weak Side Elbow Angles 
(Skier #11). 
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Figure 24. Strong and Weak Side Elbow Angles 
(Skier #48). 
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Figure 25. Strong and Weak Side Elbow Angles 
(Skier #21). 
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Some skiers extended their arms through the poling phase, but only after a 

short period of flexion, just after pole plant, with one or both arms (Figures 24 

and 25). Maximum extension of both arms occurred during the pole recovery 

phase as the poles were released from the snow and trailed behind the skier. 

Additionally, most of the skiers tended to extend their weak side arm more 

fully during pole recovery. 

Trunk angles of the 17 skiers each followed the general pattern of 

extension and flexion seen in Figures 26 and 27. Most of the skiers exhibited 

moderate trunk flexion at pole plant with continued flexion until pole 

release, where maximum flexion occurred. From the pole release position, 

the trunk was then extended again as the skiers skated on the weak ski and 

pole recovery took place. Maximum extension was achieved at the end of the 

cycle just prior to the next pole plant. Flexion then occurred again in 

preparation for the pole plant phase of the next cycle. While most skier's 

trunk angle patterns showed large changes in flexion and extension (Figures 

26 and 27), other skiers did not flex or extend their trunks to as great a degree, 

and had only moderate trunk extension and flexion throughout the cycle 

(Figures 28 and 29). 

Representative graphs of strong and weak side XY plane pole 

orientation angles are presented in Figures 30 and 31. Figure 30 is 

characteristic of the pattern seen for most of the skiers analyzed. At pole 

plant, both poles had quite large angles with respect to the forward direction. 

As the poling phase progressed, the angle quickly diminished as the poles 

began to line up with the forward direction. For most of the skiers, the strong 

side pole angle was found to be more nearly aligned in the forward direction, 

through the latter part of the poling phase, than the weak side pole angle. 

Therefore, the strong side pole was directed more in the direction of motion 
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Figure 26. Trunk Angle (Skier #11). 
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Figure 27. Trunk Angle (Skier #48). 
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Figure 30. Strong and Weak Side Pole Orientation 
Angles-XY Plane (Skier #11). 
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(forward) than the weak side pole. Also, most of the skiers exhibited large 

pole angles with respect to the forward direction just prior to, and in 

preparation for, the pole plant phase. This increase in the pole angle might 

have been the result of arm swing as the skiers brought the poles from behind 

their bodies to the front of their bodies in preparation for pole plant. Since 

the poles were in the air (recovery phase) at this point, the angles did not 

affect the direction of the thrust of the skiers. Some skiers exhibited much 

less of an angle at pole plant and less of an angle just prior to pole plant 

(Figure 31). 

The YZ plane pole orientation angle was found to be very similar 

among the seventeen skiers. Individual strong and weak side pole patterns 

were relatively the same as well (Figures 32 and 33). Some skiers planted 

their poles in a vertical position (as projected onto the YZ plane), the pole 

angles increasing only after pole plant. Other skiers planted their poles at a 

slight positive angle at pole plant and increased that angle through the 

remainder of the poling phase. 

Two separate patterns of the horizontal velocity of the CM are seen in 

Figures 34 and 35. The majority of skiers increased their horizontal velocity 

throughout the poling thrust phase (as in Figure 34). During the poling 

phase, the greatest acceleration of the skiers' CM was seen. Several of the 

skiers did not accelerate during the poling phase, as shown in Figure 35. The 

thrust of the poles did very little to increase the speed of these skiers. From 

pole release to the end of the cycle, skier's velocity patterns were individually 

unique with accelerations and decelerations occurring during different parts 

of the cycle. Variation in speed throughout the cycle was a common factor 

among skiers. 
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Figure 32. Strong and Weak Side Pole Orientation 
Angles-YZ Plane (Skier #21). 
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Figure 33. Strong and Weak Side Pole Orientation 
Angles-YZ Plane (Skier #33). 
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Statistical Analysis 

In order to determine relationships amongst those variables selected in 

this study, Pearson product moment correlations were calculated for each 

variable as it related to all others. Significant correlations between variables 

are presented in Table 10. The complete correlation matrix is included in 

Appendix G. 

Race velocity was found to be positively related to cycle velocity. Those 

skiers who had the fastest race velocities tended to have the fastest cycle 

velocities, indicating that the cycle chosen for analysis represented the 

remainder of the race. Race velocity was found to be negatively related to the 

weak side ski angle as well. Cycle velocity is determined by the product of 

cycle length and cycle rate. As hypothesized, cycle velocity was found to be 

positively related to cycle length; faster skiers tended to have longer cycle 

lengths. Cycle velocity was also positively related to the angles of the strong 

knee, maximum strong knee angle and the range of motion (ROM) of the 

strong knee. However, cycle velocity was not found to be significantly 

correlated to either the CM velocity vector angle or the strong and weak side 

ski angles as hypothesized. No relationship was found between cycle velocity 

and either of these variables. 

Cycle length and cycle rate were found to be related to several of the 

calculated kinematic variables. Cycle length was negatively related to the 

cycle rate; as cycle length increased, cycle rate tended to decrease. CM lateral 

displacement, the maximum strong knee angle, and the ROM of the strong 

knee were all positively related to cycle length (longer cycle lengths 

corresponded with larger values of these variables). Cycle rate was found to 

be negatively related to the CM velocity vector angle, as well as the CM lateral 
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Table 10 

Selected Significant Correlations (r > .48, p < .05) 

Kinematic Parameters Correlation 

Race velocity & cycle velocity .63 
Race velocity & weak ski angle -.53 

Cycle velocity & cycle length .76 
Cycle velocity & strong knee angle-max .58 
Cycle velocity & strong knee ROM .48 

Cycle length & cycle rate -.56 
Cycle length & CM lateral displacement .56 
Cycle length & strong knee angle-max .56 
Cycle length & strong knee ROM .51 

Cycle rate & CM velocity vector angle -.50 
Cycle rate & CM lateral displacement -.58 

CM velocity vector angle & strong ski angle -.91 
CM lateral displacement & strong ski angle -.88 

W. pole orientation angle-XY plane & weak knee ROM .50 

Strong and weak pole orientation angles-YZ plane .67 
S. pole orientation angle-YZ plane & s. pole inclination angle .59 
W. pole orientation angle-YZ plane. & w. pole inclination angle .74 
S. pole inclination angle & trunk angle-max -.50 

Strong knee angle-max & weak knee ROM .82 
Strong knee angle-min & weak knee ROM -.61 
Strong knee angle-min & weak knee angle-min .58 

Weak knee angle-max & strong knee ROM .65 
Weak knee angle-min & strong knee ROM -.77 

.85Strong knee ROM and weak knee ROM 
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displacement. CM motion more in line with the forward direction related to 

higher cycle rates. 

Significant relationships were also found between some kinematic 

variables. Both the CM velocity vector angle and the CM lateral displacement 

were related negatively to the strong side ski angle. As the strong side ski 

angle increased (became more negative), the lateral CM motion tended to 

increase. 

The YZ plane pole orientation angles (strong and weak) were found to 

be positively related (as one increased the other tended to increase). The 

strong and weak YZ plane pole orientation angles were also positively related 

to the strong and weak pole inclination angles respectively. The greater the 

angle the poles made with the vertical direction at pole plant, the greater the 

angle of the poles, with respect to vertical (projected onto the vertical plane), 

tended to be. Additionally, the strong pole inclination angle was negatively 

related to the maximum trunk angle. More extension of the trunk (thus a 

larger maximum trunk angle) corresponded to a strong pole placement more 

in the vertical direction (at pole plant). 

Relationships found for the knee angles stressed the symmetry of the 

strong and weak knee movements. Strong knee ROM was positively related 

to weak knee ROM. Increases in the range of motion in one knee 

corresponded to increases in the ROM of the other. Also, minimum strong 

and weak knee angles were positively related. 

In addition to using Pearson product-moment correlations to 

determine relationships amongst variables, stepwise regression (using the 

forward selection procedure) was used in order to determine the best 

regression equation, with the least amount of variables, for each of three 

criterion variables: cycle velocity, cycle length and cycle rate. Predictor 
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variables for each stepwise regression model were chosen by one of two 

methods: they related significantly to the criterion variable or they related 

intuitively to the criterion measure. 

Cycle length, cycle rate, the maximum strong knee angle, and the 

strong knee ROM were used as predictor variables of cycle velocity. Of those 

variables, cycle length (step 1) and cycle rate (step 2) were found to make 

statistically significant contributions to the predictable variance of cycle 

velocity (p < .01). The combination of cycle length and cycle rate accounted 

for 99.8 percent of the variance in cycle velocity. Therefore, cycle length and 

cycle rate together predicted cycle velocity; both variables were important in 

determining cycle velocity. 

The predictor variables for the stepwise regression of cycle length 

included: cycle rate, CM lateral displacement, CM lateral velocity, maximum 

strong knee angle, and strong knee ROM. Of these parameters, 56 percent of 

the variance of cycle length was accounted for by cycle rate (step 1) and the 

maximum strong knee angle (step 2) (p < .05). The remainder of the variance 

of cycle length was determined by variables unexamined in this study. 

Cycle rate was also used as the dependent variable in a stepwise 

regression procedure. Cycle length, CM velocity vector angle and CM lateral 

displacement made up the independent variables. Of those three variables, 

only lateral displacement was found to make a significant contribution to 

predicting the cycle rate. However, lateral displacement accounted for only 

33.9 percent (p < .05) of the variance of cycle rate by itself. Therefore, cycle rate 

is primarily determined by other variables not known at this time. 

Discussion 

Although technique and terrain were different, several comparisons 

can be made between results of this study and past kinematic studies of the V1 
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skating technique. In terms of temporal data, the skiers skiing on flat terrain 

in this study completed a cycle in an average of 1.45 seconds. Smith et al. 

(1989) found that skiers using the V1 technique on a moderate uphill 

completed a cycle in an average of 1.29 seconds. Those skiers using the V1 

technique took less time to complete a cycle, and thus had a higher cycle rate, 

than skiers using the open field technique in this study. Additionally, Smith 

et al. (1988), Smith and Nelson (1988), and Smith et al. (1989) cited larger 

poling times and smaller skating times than those determined in this study. 

Skiers using the V1 technique on moderate uphills tended to thrust with 

their poles more and glide on their skis less than those using the open field 

skating technique on flat terrain. The poling phases of the skiers in this study 

lasted only about one fifth of the cycle. In contrast, the poling phases of those 

skiers using the V1 technique took up almost one half of the cycle. Thus, 

skiers using the open field skating technique were able to gain substantial 

glide on the flat terrain which allowed for longer skating and shorter poling 

thrust phases. 

Additionally, Bilodeau et al. (1992) compared the propulsive and 

gliding phases of three different skating techniques with the diagonal stride 

technique (on flat terrain). In that study, the skating phases of each technique 

were split into the propulsive and gliding components. By adding those two 

components, the skating phases in their study could be determined and 

compared with the values found in the present study. Strong and weak side 

skating phases were 57.8 and 55.2% respectively. In the present study, those 

values were found to be 65.4 and 68.4%. The difference in these values is 

probably due to the Speed at which the skiers skated. Bilodeau et al. (1992) 

cited an average cycle velocity of 5.79 m/s, while skiers in this study skated at 

an average speed of 6.32 m/s. Thus, skiers in this study were skiing faster and 
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skating longer. Cycle lengths and cycle rates were also presented in their 

study. An average cycle length of 8.18 m and a cycle rate of .71 Hz were cited. 

In this study, an average cycle length of 9.41 m and an average cycle rate of .67 

Hz were found. Skiers in this study covered more than one meter more, in 

total distance per cycle, than the skiers in their study. It should be noted that 

the cycle lengths in their study were determined through the use of a 

chronometer (unlike this study which measured the three dimensional 

displacement of the center of mass throughout the cycle). 

Kinematically, skiers using the VI technique on moderate and steep 

uphills had CM velocity vector angles of 8.5 and 10.3 degrees (Smith et al., 

1988 and Smith et al., 1989). The CM velocity vector angle in this study was 

found to be only 4.4 degrees. Independent of technique, it seems that the CM 

velocity vector angle increases with increasing inclination of the skiing track. 

Ski angles in this study were much smaller than those cited in Smith et al. 

(1988) and Smith et al. (1989). It is plausible then that skiers, no matter what 

technique they are using, must increase the angle of their skis (with respect to 

the forward direction) as the slope of the skating track becomes steeper, in 

order to continue forward motion and avoid backwards slippage. These 

increased ski angles could then contribute to the increase in lateral 

movement of the CM, thus creating larger CM velocity vector angles. 

Many biomechanical studies of cross-country skiing have found 

significant relationships between cycle velocity and cycle length. Dillman 

(1979), Dillman et al. (1979), and Marino et al. (1980) each concluded that for 

those skiers using the diagonal stride technique, faster skiers tended to ski 

with longer cycle lengths than slower skiers. Additionally, Dillman and 

Martin (1984) and Norman et al. (1988) found cycle velocity to be significantly 

related to cycle length. This same relationship has been concluded in several 
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other cross-country skiing studies exploring the kinematics of the V1 skating 

technique. Smith et al. (1988), Smith and Nelson (1988), and Smith et al. 

(1989) each determined that longer cycle lengths were related to faster cycle 

velocities. The same relationship held true in this study. For those skiers 

using the open field skating technique, faster skiers tended to skate with 

longer cycle lengths. Only a slight positive non-significant correlation was 

found between cycle velocity and cycle rate. However, cycle rate did play a 

part in predicting the cycle velocity. Using stepwise regression, it was 

concluded that the combination of cycle length and cycle rate accounted for 

99.8 percent of the variance of the cycle velocity. Thus, the variables together 

played a role in predicting cycle velocity, not just cycle length. 

Skiers in this study skated with an average cycle velocity of 6.32 m /s. 

Their average race velocity was 6.15 m/s. Thus, by using the open field 

skating technique on flat terrain, the skiers were able to make up for slower 

times on other parts of the course (presumably the uphill portions). Cycle 

velocity was not found to have significant correlation to either the CM 

velocity vector angle or the ski angles as hypothesized. Since the terrain at 

the video site was quite flat as compared to other parts of the course, the 

skiers were able to ski with small strong and weak side ski angles (6.5 and 8.4 

degrees, respectively). These ski angles allowed the skating motion of the 

skiers to be mostly in the forward direction, thus creating small CM velocity 

vector angles. Smith et al. (1988) found a significant relationship between 

cycle velocity and CM velocity vector angle for skiers using the V1 technique 

on a moderate hill. Thus, faster skiers in that study were able to keep their 

CM motion more aligned in the forward direction, even though the steeper 

terrain demanded their skis to be angled. In the present study, CM motion 

did not play a role in distinguishing faster and slower skiers as both had 
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relatively small CM velocity vector angles (an average of 4.4 degrees). 

However, cycle length did seem to distinguish faster from slower skiers (a 

positive relationship between cycle velocity and cycle length was found). 

Those skiers who were able to gain the most distance per cycle were able to ski 

the fastest. Also found to contribute to the velocity of the skiers was the 

maximum strong side knee angle. Those skiers who extended their strong 

side knee more (which possibly generated increased thrust) as they pushed off 

the strong side ski, tended to skate faster. Therefore, vigorous extension of 

the strong side leg (and thus, greater extension at the knee) seems to have 

played a factor in the velocity of the skiers. 

Cycle length and cycle rate were found to have a negative relationship 

(as one would expect, cycle velocity is determined by the product of cycle 

length and cycle rate). Those skiers who skied with larger cycle lengths 

tended to ski at a lower tempo. In addition, CM lateral displacement was 

related positively to cycle length and negatively to cycle rate. Skiers with 

larger CM lateral displacements tended to have larger cycle lengths and lower 

cycle rates. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

The purpose of this study was to describe the kinematics of the motion 

of elite male cross-country skiers competing in the 50 kilometer race of the 

1992 Winter Olympic Games. This study focused on skiers using the open 

field skating technique. This is one of four skating techniques commonly 

used in free technique ski races. 

Video collection was accomplished through the use of three video 

cameras. Two cameras filmed the side view of the skiers as they skated by the 

filming site; one camera filmed the front view. The filming site was on flat 

terrain near the end of a 17 km loop which was skied three times. Skiers were 

chosen for analysis if they used the open field skating technique and if full 

skating cycles could be seen from the camera views. 

A fourteen segment model was used in order to collect 3D coordinate 

data from the videotape. Each of 21 points were digitized at 30 frames per 

second throughout the skiers cycle. Three dimensional coordinates for the 21 

points were calculated from the videotape using the Motion Measurement 

System by Peak Performance Technologies Incorporated. Selected kinematic 

parameters were then calculated using the 3D data. These included: cycle 

velocity, cycle length, cyde rate, CM velocity vector angle, CM lateral 

displacement, CM lateral velocity, CM horizontal velocity, ski angles, ski 

edging angles, several types of pole angles, and hip, knee, elbow and trunk 

angles. In addition, strong and weak ski and pole phase times were 

calculated. Relationships amongst variables were explored using Pearson 

product moment correlations and stepwise multiple regression. 
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Findings

The following are the major results of this study:

1. Cycle velocity and cycle length were significantly positively 

correlated. 

2. Cycle velocity and the maximum strong side knee angle had a 

significant positive correlation. 

3. 99.8 percent of the variance of cycle velocity was found to be 

determined by the combination of cycle length and cycle rate (p < .05). 

4. Cycle velocity and the CM velocity vector angle were not 

significantly correlated. 

5. Neither the strong or weak side ski angles were significantly 

correlated with cycle velocity. 

Conclusions 

Unlike previous studies on the V1 skating technique, the CM velocity 

vector angle and ski angles were not found to be significantly related to cycle 

velocity. In this study, skiers using the open field skating technique tended to 

have small CM lateral motion. Thus, CM movement was more aligned in 

the forward direction and was not a distinguishing factor between faster and 

slower skiers. Both fast and slow skiers using the open field skating 

technique skied with their CM motion deviating little from the forward 

direction. 

However, cycle length and the maximum strong side knee motion did 

seem to be distinguishing characteristics. Those skiers who covered more 

distance throughout the cycle tended to have the fastest cycle velocities. A 

contributing factor to this increased distance could have been the thrust of the 

strong side ski. Skiers with the most strong side knee extension also tended 
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to have faster cycle velocities. Perhaps the greater knee extension results in 

greater leg propulsive forces and greater velocity. 

Implications and Recommendations 

The findings of this study provide the kinematic analysis of the open 

field skating technique as performed by elite cross-country skiers in a major 

competition. This description could be useful to cross-country ski coaches 

and athletes to improve their understanding of the kinematic parameters and 

body positioning typical of the open field skating technique. 

As mentioned previously, the open field skating technique is now the 

predominant technique used by elite cross-country skiers on flat terrain. 

However, many elite skiers continue to use other techniques on flat terrain, 

such as the marathon skate, V1 skate and V2 skate. A kinematic comparison 

of these techniques on flat terrain seems warranted, as no studies have been 

forthcoming which compare skating techniques on flat terrain. Since flat 

terrain makes up approximately one third of most ski courses, this 

comparison would be useful to determine the best choice of technique (on flat 

terrain) to improve overall race speed. 

Additionally, further study of physiological requirements and 

measurement of kinetic parameters is needed to fully understand the 

differences between skating techniques and to determine which technique is 

appropriate on different parts of the racing course. 

While it has been the goal of this study to further the understanding of 

open field skating kinematics, it is obvious that various factors have not been 

considered in this analysis. Snow conditions, gliding characteristics of the 

skis, and pole and ski dimensions might all have an effect on skating 

technique. However, little has been done to explore these effects. Therefore, 
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more research in these areas is required to more completely assess skating 

kinematics. 
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APPENDIX A

Survey Data for Each Survey Pole

Horizontal Vertical 
Deg Min Sec Deg Min Sec 

Pole 1: 
Top 1st Measure 01 22 00 77 01 00 
Top 2nd Measure 01 22 00 77 00 30 
Bottom 1st Measure 01 23 30 89 30 00 
Bottom 2nd Measure 01 23 30 89 30 00 

Pole 2: 
Top 1st Measure 12 27 30 80 28 30 
Top 2nd Measure 12 28 00 80 28 00 
Bottom 1st Measure 12 28 00 88 57 00 
Bottom 2nd Measure 12 28 00 88 57 00 

Pole 3: 
Top 1st Measure 47 56 00 79 55 00 
Top 2nd Measure 47 56 00 79 55 00 
Bottom 1st Measure 47 56 00 89 52 00 
Bottom 2nd Measure 47 56 00 89 52 30 

Pole 4: 
Top 1st Measure 51 20 30 74 26 00 
Top 2nd Measure 51 20 00 72 26 00 
Bottom 1st Measure 51 23 00 91 24 00 
Bottom 2nd Measure 51 23 00 91 24 00 

Pole 5: 
Top 1st Measure 76 29 30 81 53 00 
Top 2nd Measure 76 29 00 81 53 00 
Bottom 1st Measure 76 30 30 89 45 30 
Bottom 2nd Measure 76 30 30 89 45 30 

Pole 6: 
Top 1st Measure 89 04 30 79 27 30 
Top 2nd Measure 89 03 30 79 27 00 
Bottom 1st Measure 89 05 30 91 16 00 
Bottom 2nd Measure 89 05 00 91 16 00 
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APPENDIX B

Pole Coordinates Calculated from Survey Data (meters)

X 

Pole 1: 
Point 1 0.000 11.161 1.982 
Point 2 0.000 11.161 1.502 
Point 3 0.000 11.161 1.002 
Point 4 0.000 11.161 0.502 
Point 5 0.000 11.161 0.252 

Pole 2: 
Point 1 4.132 11.885 2.126 
Point 2 4.132 11.885 1.646 
Point 3 4.132 11.885 1.146 
Point 4 4.132 11.885 0.646 
Point 5 4.132 11.885 0.396 

Point 3: 
Point 1 4.025 5.159 1.936 
Point 2 4.025 5.159 1.456 
Point 3 4.025 5.159 0.956 
Point 4 4.025 5.159 0.456 
Point 5 4.025 5.159 0.206 

Pole 4: 
Point 1 -.0144 5.152 1.774 
Point 2 -.0144 5.152 1.294 
Point 3 -.0144 5.152 0.794 
Point 4 -.0144 5.152 0.294 
Point 5 -.0144 5.152 0.044 

Pole 5: 
Point 1 4.667 -0.889 1.966 
Point 2 4.667 -0.889 1.486 
Point 3 4.667 -0.889 0.986 
Point 4 4.667 -0.889 0.486 
Point 5 4.667 -0.889 0.236 
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X Y Z 

Pole 6: 
Point 1 0.000 0.000 1.730 
Point 2 0.000 0.000 1.250 
Point 3 0.000 0.000 0.750 
Point 4 0.000 0.000 0.250 
Point 5 0.000 0.000 0.000 
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APPENDIX C 

Direct Linear Transformation 
Reprediction Errors (m) 

Left Field 
Point X Y Z Resultant 

1-1 -0.004 0.001 -0.005 0.007 
1-2 0.007 0.009 -0.004 0.012 
1-3 0.003 0.008 -0.005 0.010 
1-4 -0.001 0.000 -0.021 0.021 
1-5 -0.002 -0.006 0.005 0.008 
2-1 0.002 -0.010 0.007 0.012 
2-2 0.001 -0.002 0.007 0.008 
2-3 -0.004 0.004 0.001 0.006 
2-4 0.001 -0.005 0.008 0.009 
2-5 -0.001 0.002 0.005 0.006 
3-1 0.001 0.011 0.010 0.015 
3-2 -0.011 0.007 -0.001 0.013 
3-3 0.010 -0.011 -0.002 0.015 
3-4 0.003 -0.004 0.003 0.006 
3-5 -0.002 0.005 -0.038 0.038 
4-1 -0.003 -0.002 -0.013 0.014 
4-2 0.008 -0.012 -0.005 0.016 
4-3 -0.004 -0.007 0.011 0.013 
4-4 0.002 0.004 0.026 0.026 
4-5 -0.003 0.011 0.013 0.018 

Average 0.005 0.007 0.013 0.016 
mean square 
error 
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Right Field 
Point X Y Z Resultant 

3-1 0.002 0.002 -0.001 0.003 
3-2 -0.002 -0.007 -0.016 0.018 
3-3 0.004 0.005 -0.011 0.012 
3-4 0.004 0.006 0.007 0.010 
3-5 0.006 -0.005 -0.009 0.012 
4-1 -0.004 -0.001 -0.007 0.008 
4-2 -0.003 0.000 -0.006 0.007 
4-3 0.006 -0.001 0.020 0.021 
4-4 0.000 0.004 0.042 0.042 
4-5 -0.011 -0.002 -0.012 0.017 
5-1 -0.007 0.004 0.006 0.010 
5-2 0.006 -0.004 -0.003 0.008 
5-3 0.004 0.006 0.021 0.023 
5-4 -0.002 -0.008 0.006 0.010 
5-5 -0.011 0.003 -0.004 0.012 
6-1 -0.002 0.001 0.014 0.015 
6-2 0.007 -0.004 -0.012 0.015 
6-3 0.003 -0.003 -0.012 0.012 
6-4 -0.004 0.001 -0.014 0.014 
6-5 0.007 0.003 -0.009 0.012 

Average 0.006 0.004 0.015 0.016 
mean square 
error 
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APPENDIX D 

Temporal Characteristics of Open Field Skate 
Beginning to End of Cycle (in seconds) 

Bib Number Strong Pole 
Plant 

Weak Pole 
Plant 

Weak Ski 
Down 

Strong Pole 
Up 

Weak Pole 
Up 

79 0 0.033 0.100 0.300 0.300 
58 0 0.033 0.167 0.300 0.300 
15 0 0.067 0.267 0.333 0.333 
64 0 0.000 0.133 0.333 0.333 
48 0 0.033 0.133 0.267 0.333 
27 0 0.000 0.067 0.333 0.333 
46 0 0.033 0.200 0.300 0.300 
33 0 0.000 0.100 0.300 0.300 
21 0 0.033 0.100 0.300 0.300 
24 0 0.033 0.100 0.267 0.267 
45 0 0.033 0.167 0.333 0.333 
68 0 0.000 0.133 0.300 0.300 
67 0 0.067 0.200 0.333 0.333 
37 0 0.000 0.133 0.333 0.333 
7 0 0.067 0.100 0.333 0.333 

11 0 0.033 0.200 0.333 0.333 
35 0 0.033 0.200 0.333 0.333 

Mean = 0 0.029 0.147 0.314 0.318 
S.D. = 0 0.023 0.053 0.024 0.021 
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Bib Number Strong Ski Strong Ski Weak Ski Strong Pole 
Up Down Up Plant 

79 0.433 0.900 1.133 1.500 
58 0.467 0.967 1.133 1.367 
15 0.533 1.000 1.267 1.467 
64 0.500 1.000 1.200 1.467 
48 0.400 0.833 1.000 1.267 
27 0.500 0.933 1.200 1.367 
46 0.467 0.900 1.100 1.400 
33 0.467 0.967 1.167 1.400 
21 0.500 0.900 1.167 1.533 
24 0.433 0.933 1.133 1.467 
45 0.500 1.100 1.333 1.567 
68 0.467 0.967 1.133 1.500 
67 0.500 0.933 1.133 1.367 
37 0.567 1.133 1.367 1.633 
7 0.467 0.967 1.200 1.433 
11 0.467 0.900 1.133 1.433 
35 0.467 1.100 1.200 1.533 

Mean = 0.478 0.967 1.176 1.453 
S.D. = 0.039 0.081 0.086 0.089 
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APPENDIX E

Temporal Thrust and Recovery Phases (in seconds)

Bib Number Strong Side Weak Side Strong Side Weak Side 
Poling Poling Skating Skating 

79 0.300 0.300 0.967 1.067 
58 0.300 0.267 0.800 1.000 
15 0.333 0.233 0.933 0.900 
64 0.333 0.333 0.967 1.067 
48 0.267 0.333 0.800 0.867 
27 0.333 0.333 0.900 1.000 
46 0.300 0.233 0.933 0.900 
33 0.300 0.300 0.933 0.933 
21 0.300 0.267 1.033 1.067 
24 0.267 0.267 0.967 0.967 
45 0.333 0.300 0.967 1.167 
68 0.300 0.267 1.033 0.967 
67 0.333 0.267 0.933 0.900 
37 0.333 0.333 1.033 1.167 
7 0.333 0.267 0.933 1.033 

11 0.333 0.300 0.967 0.900 
35 0.333 0.300 1.067 1.000 

Mean = 0.314 0.288 0.951 0.994 
S. D. = 0.024 0.033 0.073 0.091 
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Bib Number Strong Pole Weak Pole Strong Ski Weak Ski 
Recovery Recovery Recovery Recovery 

79 1.200 1.200 0.533 0.433 
58 1.067 1.100 0.567 0.367 
15 1.133 1.233 0.533 0.567 
64 1.133 1.133 0.500 0.400 
48 1.000 0.933 0.467 0.400 
27 1.033 1.033 0.467 0.367 
46 1.100 1.167 0.467 0.500 
33 1.100 1.100 0.467 0.467 
21 1.233 1.267 0.500 0.467 
24 1.200 1.200 0.500 0.500 
45 1.233 1.267 0.600 0.400 
68 1.200 1.233 0.467 0.533 
67 1.033 1.100 0.433 0.467 
37 1.300 1.300 0.600 0.467 
7 1.100 1.167 0.500 0.400 
11 1.100 1.133 0.467 0.533 
35 1.200 1.233 0.467 0.533 

Mean = 1.139 1.165 0.502 0.459 
S.D. = 0.084 0.094 0.049 0.063 
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APPENDIX F

Individual Kinematic Data

Bib Number Finish Average Cycle Cycle Cycle Rate 
Position Race Velocity Length (m) (cycles /s) 

Velocity (m/s) 
(m/s) 

79 1 6.737 7.502 11.503 0.652 
58 3 6.577 5.986 8.380 0.714 
15 6 6.526 6.937 10.405 0.667 
64 7 6.523 5.986 8.980 0.667 
48 8 6.499 6.547 8.511 0.769 
27 16 6.351 6.487 9.082 0.714 
46 24 6.252 6.605 9.468 0.698 
33 29 6.190 6.282 9.004 0.698 
21 30 6.187 6.597 10.335 0.638 
24 31 6.178 6.730 10.319 0.652 
45 33 6.147 5.862 9.380 0.625 
68 45 5.974 6.255 9.592 0.652 
67 52 5.774 5.938 8.313 0.714 
37 54 5.736 5.874 9.790 0.600 
7 57 5.691 6.107 8.956 0.682 

11 59 5.626 6.138 9.002 0.682 
35 60 5.618 5.655 8.859 0.638 

Mean = 30.3 6.152 6.323 9.405 0.674 
S.D. = 21.2 0.362 0.467 0.846 0.041 
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Bib Number CM Mean Lateral Lateral Strong Side Weak Side 
Angle Displace- Velocity Ski Angle Ski Angle 

(degrees) ment (m) (m/s) (degrees) (degrees) 

79 3.796 0.376 0.490 -6.86 6.83 
58 3.749 0.273 0.390 -5.43 8.17 
15 6.042 0.569 0.758 -12.42 9.39 
64 2.844 0.224 0.299 -2.40 6.48 
48 2.831 0.206 0.318 -2.13 5.90 
27 3.713 0.296 0.422 -6.02 8.44 
46 5.036 0.418 0.583 -9.60 8.81 
33 3.703 0.290 0.404 -5.25 8.66 
21 5.581 0.520 0.664 -7.95 7.58 
24 3.995 0.360 0.469 -4.06 9.19 
45 5.153 0.423 0.529 -7.02 7.95 
68 5.662 0.483 0.629 -10.20 10.75 
67 4.040 0.293 0.419 -5.10 9.55 
37 4.028 0.346 0.415 -3.80 8.10 
7 4.382 0.342 0.466 -6.19 9.20 
11 4.112 0.320 0.436 -4.12 10.23 
35 5.891 0.474 0.605 -12.24 7.82 

Mean = 4.386 0.365 0.488 -6.52 8.42 
S.D. = 1.001 0.103 0.124 3.10 1.29 
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Bib Number Strong Pole Weak Pole Strong Pole Weak Pole Strong Pole 
Orientation Orientation Orientation Orientation Inclination 
Angle XY Angle XY Angle YZ Angle YZ Angle 

Plane Plane Plane Plane (degrees) 
(degrees) (degrees) (degrees) (degrees) 

79 16.4 -19.7 38.5 42.0 7.4 
58 5.4 -22.7 45.7 48.7 9.4 
15 8.1 -30.7 45.4 44.8 17.0 
64 25.4 -29.6 36.4 36.1 10.0 
48 17.3 -7.2 44.7 44.7 21.6 
27 12.3 -10.4 52.7 47.8 28.5 
46 4.9 -17.6 43.2 41.4 17.2 
33 7.1 -34.5 42.5 39.6 12.7 
21 8.0 -17.8 40.2 43.1 5.6 
24 40.4 -12.7 34.3 39.3 21.6 
45 26.5 -31.1 35.3 33.9 12.9 
68 19.3 -16.3 47.3 47.2 25.1 
67 5.6 -30.3 40.6 41.7 4.5 
37 1.6 -13.3 50.6 53.4 17.9 
7 8.3 -15.9 36.8 50.1 2.2 
11 25.5 -15.1 42.8 51.3 18.4 
35 4.0 -11.0 38.6 38.0 5.1 

Mean = 13.9 -19.8 42.1 43.7 13.9 
S.D. = 10.6 8.5 5.3 5.5 7.8 
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Bib Number Weak Pole 
Inclination 

Strong Side 
Knee 

Strong Side 
Knee 

Weak Side 
Knee 

Weak Side 
Knee 

Angle Angle-Max Angle-Min Angle-Max Angle-Min 
(degrees) (degrees) (degrees) (degrees) (degrees) 

79 18.0 174.6 125.6 167.8 118.8 
58 31.7 156.4 126.4 159.1 129.5 
15 31.1 160.7 127.5 164.1 135.2 
64 15.0 157.7 134.3 161.4 130.0 
48 14.1 166.5 131.7 162.8 125.0 
27 25.2 167.7 119.6 171.4 121.2 
46 19.9 168.2 133.1 169.0 128.1 
33 20.6 158.4 128.4 166.7 137.4 
21 20.7 162.5 124.8 166.4 125.9 
24 12.9 166.5 126.5 174.0 119.1 
45 17.4 162.0 122.3 155.6 121.9 
68 21.5 161.2 131.0 162.1 128.8 
67 27.5 155.8 134.0 159.1 128.3 
37 30.8 163.7 133.0 162.4 128.5 
7 27.5 156.7 138.2 156.7 140.2 
11 27.9 165.5 128.3 163.6 119.9 
35 12.3 166.8 125.6 172.1 125.7 

Mean = 22.0 163.0 128.8 164.4 127.3 
S.D. = 6.6 5.2 4.8 5.3 6.2 
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Bib 
Number 

Strong 
Side 

Strong 
Side 

Weak 
Side 

Weak 
Side 

Hip 
Angle 

Hip 
Angle 

Elbow Elbow Elbow Elbow Max Min 
Angle-

Max 
Angle-
Min 

Angle-
Max 

Angle-
Min 

(degrees) (degrees) 

(degrees) (degrees) (degrees) (degrees) 

79 175.3 69.9 171.1 85.8 72.6 45.0 
58 159.9 80.8 173.4 69.3 68.6 48.0 
15 179.3 90.9 175.6 87.1 65.2 42.3 
64 168.3 84.6 171.3 85.1 73.2 38.9 
48 162.7 87.4 164.5 63.6 72.3 36.2 
27 164.9 98.8 163.9 97.7 71.5 39.0 
46 171.9 93.9 171.4 85.1 69.8 45.1 
33 164.0 89.5 176.8 77.7 80.9 42.8 
21 156.8 82.7 174.6 84.7 73.6 40.7 
24 151.2 75.4 167.8 97.8 68.4 36.8 
45 155.9 69.8 159.4 90.4 72.5 52.0 
68 176.6 96.1 172.1 85.9 65.7 32.8 
67 168.8 107.0 178.3 111.4 75.7 55.6 
37 156.2 89.8 173.8 100.9 74.4 45.1 
7 159.5 93.1 169.9 91.0 76.9 48.9 
11 162.0 76.0 174.6 73.2 67.6 41.0 
35 167.0 74.9 170.7 76.6 71.9 50.7 

Mean = 164.7 85.9 171.1 86.1 71.8 43.6 
S.D. = 7.9 10.5 4.9 12.0 4.0 6.1 
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Bib Number Strong Side 
Knee Range 

Weak Side 
Knee Range 

Strong Side 
Elbow 

Weak Side 
Elbow 

Hip Range 
of Motion 

of Motion 
(Degrees) 

of Motion 
(Degrees) 

Range of 
Motion 

Range of 
Motion 

(Degrees) 

(Degrees) (Degrees) 

79 49.1 49.0 105.5 85.3 72.6 
58 30.1 29.6 79.1 104.1 68.6 
15 33.2 28.9 88.3 88.5 65.2 
64 23.4 31.4 83.7 86.2 73.2 
48 34.8 37.8 75.3 100.8 72.3 
27 48.1 50.2 66.0 66.2 71.5 
46 35.2 41.0 77.9 86.3 69.8 
33 29.9 29.3 74.4 99.1 80.9 
21 37.7 40.6 74.1 89.9 73.6 
24 39.9 54.9 75.8 69.9 68.4 
45 39.6 33.7 86.1 69.1 72.5 
68 30.1 33.2 80.5 86.1 65.7 
67 21.8 30.8 61.8 66.8 75.7 
37 30.6 34.0 66.4 73.0 74.4 
7 18.4 16.5 66.4 78.9 76.9 

11 37.2 43.7 86.0 101.3 67.6 
35 41.3 46.4 92.1 94.1 71.9 

Mean = 34.1 37.1 78.8 85.0 71.8 
S.D. = 8.4 9.7 11.0 12.6 4.0 
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APPENDIX G

Correlation Matrix (n=17)

Race Cycle Cycle Cycle CM 
Velocity Velocity Length Rate Angle 

Race velocity 1 

Cycle velocity 0.632 1 

Cycle length 0.329 0.755 1 

Cycle rate 0.304 0.118 -0.561 1 

CM angle -0.307 -0.017 0.307 -0.504 1 

Lateral disp -0.134 0.221 0.559 -0.582 0.956 
Lateral velocity -0.089 0.273 0.508 -0.442 0.953 
Str ski angle 0.089 -0.13 -0.299 0.315 -0.91 
Wk ski angle -0.527 -0.131 -0.049 -0.113 0.454 
SP orient ang-XY 0.148 0.177 0.209 -0.098 -0.238 
WP orient ang-XY -0.224 0.083 0.027 0.072 -0.05 
SP orient ang-YZ 0.047 0.007 -0.144 0.233 -0.03 
WP orient ang-YZ -0.263 -0.008 -0.078 0.121 -0.083 
SP inclination ang 0.164 0.209 0.059 0.169 -0.104 
WP inclination ang -0.164 -0.115 -0.129 0.057 0.082 
Str knee ang-max 0.204 0.576 0.558 -0.12 0.024 
Str knee ang-min -0.302 -0.227 -0.285 0.151 -0.213 
Wk knee ang-max 0.108 0.424 0.376 -0.052 0.093 
Wk knee ang-min -0.117 -0.239 -0.287 0.125 0.12 
Str elbow ang-max 0.28 0.361 0.185 0.156 0.264 
Str elbow ang-min -0.164 -0.124 -0.382 0.42 -0.042 
Wk elbow ang-max -0.202 -0.002 0.021 -0.032 0.125 
Wk elbow ang-min -0.276 -0.035 0.205 -0.352 0.095 
Trunk ang-max -0.18 -0.236 -0.233 0.065 -0.378 
Trunk ang-min -0.32 -0.402 -0.257 -0.115 0.165 
Str knee ROM 0.298 0.483 0.505 -0.16 0.136 
Wk knee ROM 0.135 0.387 0.391 -0.109 -0.025 
Str elbow ROM 0.359 0.38 0.500 -0.289 0.231 
Wk elbowROM 0.183 0.032 -0.186 0.322 -0.042 
Trunk ROM 0.21 0.257 0.108 0.165 -0.432 
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Lateral Lateral Str Ski Wk Ski SP Orient
Disp Velocity Angle Angle Ang-XY

Lateral disp 1 

Lateral velocity 0.985 1 

Str ski angle -0.875 -0.907 1 

Wk ski angle 0.355 0.394 -0.345 1 

SP orient ang-XY -0.155 -0.194 0.36 0.025 1 

WP orient ang-XY -0.047 -0.054 0.065 -0.089 0.063 
SP orient ang-YZ -0.046 -0.005 -0.057 0.177 -0.468 
WP orient ang-YZ -0.092 -0.072 0.131 0.346 -0.331 
SP inclination ang -0.062 -0.037 0.097 0.223 0.36 
WP inclination ang 0.043 0.077 -0.039 0.478 -0.489 
Str knee ang-max 0.159 0.145 -0.132 -0.267 0.203 
Str knee ang-min -0.268 -0.254 0.24 0.108 -0.189 
Wk knee ang-max 0.191 0.205 -0.226 -0.047 0.101 
Wk knee ang-min 0.045 0.087 -0.175 0.18 -0.535 
St elbow ang-max 0.294 0.37 -0.537 0.15 -0.262 
Str elbow ang-min -0.126 -0.041 -0.019 0.357 -0.465 
Wk elbow ang-max 0.132 0.158 -0.134 0.361 -0.466 
Wk elbow ang-min 0.127 0.087 0.003 0.325 -0.004 
Trunk ang-max -0.408 -0.44 0.378 -0.34 -0.326 
Trunk ang-min 0.031 0.019 -0.162 0.001 -0.454 
Str knee ROM 0.251 0.234 -0.218 -0 225 0.233 
Wk knee ROM 0.076 0.057 -0.012 -0.141 0.399 
Str elbow ROM 0.333 0.307 -0.37 -0.234 0.256 
Wk elbowROM -0.069 -0.021 -0.055 -0.168 -0.178 
Trunk ROM -0.313 -0.323 0.429 -0.236 0.248 
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W P SP Orient W P SP Inclin W P 
Orient Ang-YZ Orient Ang Inclin 
Ang-XY Ang-YZ Ang 

WP orient ang-XY 1 

SP orient ang-YZ 0.278 1 

WP orient ang-YZ 0.455 0.673 1 

SP indin ang 0.369 0.585 0.254 1 

WP inclin ang -0.187 0.555 0.737 -0.015 1 

Str knee ang-max 0.565 0.068 -0.042 0.343 -0.419 
Str knee ang-min -0.053 -0.12 0.226 -0.268 0.155 
Wk knee ang-max 0.431 0.077 -0.159 0.326 -0.427 
Wk knee ang-min -0.413 0.066 0.153 -0.339 0.382 
Str elbow ang-max -0.239 0.233 -0.05 0.055 0.082 
Str elbow ang-min -0.07 0.52 0.334 0.177 0.437 
Wk elbow ang-max -0.334 0.138 0.271 -0.351 0.468 
Wk elbow ang-min -0.165 -0.022 -0.027 -0.02 0.215 
Trunk ang-max -0.257 -0.213 -0.184 -0.496 -0.101 
Trunk ang-min -0.37 -0.288 -0.182 -0.703 0.244 
Str knee ROM 0.376 0.11 -0.155 0.364 -0.345 
Wk knee ROM 0.502 2.25E-04 -0.185 0.397 -0.48 
Str elbow ROM -0.105 -0.329 -0.356 -0.13 -0.36 
Wk elbowROM 0.026 0.074 0.131 -0.117 -0.022 
Trunk ROM 0.208 0.153 0.063 0.391 -0.324 
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Str Knee Str Knee Wk Knee Wk Knee Str Elbow
Ang-Max Ang-Min Ang-Max Ang-Min Ang-Max

Str knee ang-max 1 

Str knee ang-min -0.424 1 

Wk knee ang-max 0.661 -0.426 1 

Wk knee ang-min -0.707 0.584 -0.404 1 

Str elbow ang-max 0.124 0.127 0.059 0.199 1 

Str elbow ang-min -0.422 0.45 -0.149 0.5 0.317 

Wk elbow ang-max -0.359 0.379 -0.006 0.438 0.317 
Wk elbow ang-min -0.117 0.098 -0.008 -0.029 -0.057 
Trunk ang-max -0.257 0.248 -0.163 0.363 -0.306 
Trunk ang-min -0.259 0.073 -0.364 0.169 -0.091 

Str knee ROM 0.855 -0.832 0.648 -0.767 0.003 

Wk knee ROM 0.817 -0.609 0.81 -0.864 -0.095 

Str elbow ROM 0.494 -0.339 0.186 -0.335 0.419 

Wk elbowROM -0.029 0.055 0.005 0.198 0.177 

Trunk ROM 0.094 0.094 0.268 0.074 -0.115 
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Str Elbow W k W k Trunk Trunk 
Ang-Min Elbow Elbow Ang-Max Ang-Min 

Ang-Max Ang-Min 

Str elbow ang-min 1 

Wk elbow ang-max 0.331 1 

Wk elbow ang-min 0.418 0.069 1 

Trunk ang-max 0.158 0.098 0.171 1 

Trunk ang-min -0.024 0.119 0.282 0.391 1 

Str knee ROM -0.516 -0.437 -0.127 -0.299 -0.201 
Wk knee ROM -0.403 -0.284 0.014 -0.322 -0.309 
Str elbow ROM -0.728 -0.088 -0.442 -0.372 -0.043 
Wk elbowROM -0.268 0.323 -0.922 -0.124 -0.221 
Trunk ROM 0.133 -0.057 -0.176 0.281 -0.774 
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Str Knee Wk Knee Str Knee W k Trunk 
ROM ROM ROM Elbow ROM 

ROM 

Str knee ROM 1 

Wk knee ROM 0.849 1 

Str elbow ROM 0.497 0.317 1 

Wk elbow ROM -0.049 -0.124 0.385 1 

Trunk ROM 0.003 0.1 -0.211 0.145 1 
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APPENDIX H 

Stepwise Regression Data for Cycle Velocity 

Stepwise Regression Y 1 :CYC VEL 4 X variables 

Summary Information 

F to Enter 8.68 

F to Remove 8.68 

Number of Steps 2 

Variables Entered 2 

Variables Forced 0...0 

No Residual Statistics Computed 

Stepwise Regression Y 1 :CYC VEL 4 X variables 

STEP NO. 1 VARIABLE ENTERED: X 3 : CYC LEN 

R: R-squared: Adj. R-squared: RMS Residual: 

1.755 1.57 1.541 1.316 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 

REGRESSION 1 1.986 1.986 19.854 

RESIDUAL 15 1.501 .1 

TOTAL 16 3.487 

STEP NO. 1 Stepwise Regression Y 1 :CYC VEL 4 X variables 

Variables in Equation 
Variable: Coefficient: Std. Err.: Std. Coeff.: F to Remove: 

INTERCEPT 2.404 
19.854CYC LEN .417 094 .755 

Variables Not in Equation 
Variable: Par. Corr: F to Enter: 

STR KNEE MAX .285 1.236 

STF1KNEE ROM .18 .468 

CYC RATE .998 3386.007 
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Stepwise Regression Y 1 :CYC VEL 4 X variables 

(Last Step) STEP NO. 2 VARIABLE ENTERED: X 4 : CYC RATE 

R: R-squared: Adj. R-squared: RMS Residual: 
1.999 1.998 1.998 1.021 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F -test: 

REGRESSION 2 3.48 1.74 3943.139 
RESIDUAL 14 .006 4.413E-4 
TOTAL 16 3.487 

STEP NO. 2 Stepwise Regression Y 1 :CYC VEL 4 X variables 

Variables in Equation 
Variable: Coefficient: Std. Err.: Std. Coeff.: F to Remove: 

INTERCEPT -5.943 
CYC LEN .662 .008 1.199 7776.113 
CYC RATE 8.961 .154 .791 3386.007 

Variables Not in Equation 
Variable: Par. Corr: F to Enter: 

STR KNEE MAX .061 .049 

STR KNEE ROM .117 .182 
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APPENDIX I 

Stepwise Regression Data for Cycle Length 

Stepwise Regression Y 1 :CYC LEN 5 X variables 

Summary Information 

F to Enter 4.54 
F to Remove 4.54 
Number of Steps 2 

Variables Entered 2 

Variables Forced 0...0 

No Residual Statistics Computed 

Stepwise Regression Y 1 :CYC LEN 5 X variables 

STEP NO. 1 VARIABLE ENTERED: X 1 : CYC RATE 

R: R-squared: Adj. R-squared: RMS Residual: 
.561 1.315 .269 1.723 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 

REGRESSION 1 3.605 3.605 6.902 
RESIDUAL 15 7.835 .522 
TOTAL 16 11.44 

STEP NO. 1 Stepwise Regression Y 1 :CYC LEN 5 X variables 

Variables in Equation 
Variable: Coefficient: Std. Err.: Std. Coeff.: F to Remove: 
INTERCEPT 17.171 

CYC RATE -11.519 4.384 -.561 6.902 

Variables Not in Equation 
Variable: Par. Corr: F to Enter: 

LAT DISP .345 1.895 
LAT VEL .35. 1.949 
STR KNEE MAX .597 7.767 

STR KNEE ROM .508 4.872 
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Stepwise Regression Y 1 :CYC LEN 5 X variables 

(Last Step) STEP NO.2 VARIABLE ENTERED: X 4 : STR KNEE MAX 

R: R-squared: Adj. R-squared: RMS Residual: 
1.748 1.56 1.497 1.6 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 

REGRESSION 2 6.401 3.2 8.892 
RESIDUAL 14 5.039 .36 
TOTAL 16 11.44 

STEP NO.2 Stepwise Regression Y 1 :CYC LEN 5 X variables 

Variables in Equation 
Variable: Coefficient: Std. Err.: Std. Coeff.: F to Remove: 

INTERCEPT 3.036 
CYC RATE -10.294 _3.666 -.502 7.884 
STR KNEE MAX .082 .029 .498 7.767 

Variables Not in Equation 
Variable: Par. Corr: F to Enter: 

LAT DISP .351 1.825 

LAT VEL .361 1.95 

STR KNEE ROM -.003 1.321E-4 
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APPENDIX J 

Stepwise Regression Data for Cycle Rate 

Stepwise Regression Y 1 :CYC RATE 3 X variables 

Summary Information 

F to Enter 4.54 
F to Remove 4.54 
Number of Steps 1 

Variables Entered 1 

Variables Forced 0...0 

No Residual Statistics Computed 

Stepwise Regression Y 1 :CYC RATE 3 X variables 

(Last Step) STEP NO. 1 VARIABLE ENTERED: X 1 : LAT DISP 

R: R-squared: Adj. R-squared: RMS Residual: 
1.582 1.339 1.295 1.035 

Analysis of Variance Table 
Source DF: Sum Squares: Mean Square: F-test: 

REGRESSION 1 .009 .009 7.699 
RESIDUAL 15 .018 .001

TOTAL 16 .027

STEP NO. 1 Stepwise Regression Y 1 :CYC RATE 3 X variables 

Variables in Equation 
Variable: Coefficient: Std. Err.: Std. Coeff.: F to Remove: 
INTERCEPT .759 
LAT DISP -.233 .084 -.582 7.699 

Variables Not in Equation 
Variable: Par. Corr: F to Enter: 

CMANGLE .222 .726 
CYC LEN -.35 1.951 


