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Abstract 

The aim of the present study was to design, construct, and scientifically validate a two-dimensional force 

measurement binding system for cross-country skiing. The system consists of two force measurement 

bindings. One binding was designed for analysing classic skiing (vertical and anterior-posterior [along the 

ski] force components) and the other one for skate (freestyle) skiing (vertical and medio-lateral [transverse to 

the ski] force components). Validation was accomplished by using a three step process 1) accuracy tests for 

the sensors in two temperatures, 2) sport-specific imitation jump test on standard force plates in a laboratory 

and 3) comparing the system against force measurement reference systems that are currently used when 

skiing on snow. During sport-specific imitation jumps, differences in peak forces and impulses between the 

classic binding and the reference systems ranged from 8.0 % to 19.9 % and were two to three times greater 

compared to differences between the skate binding and the reference systems (range: -5.9 to 5.5 %). 

However, high similarity coefficients were observed with both bindings (classic binding: 0.990 to 0.996; skate 

binding: 0.996 to 0.999) compared to the reference systems. Based on these results, the skate binding was 

shown to be fully valid for use in field measurements of skate skiing, whereas some improvements have to 

be performed in the construction and sensor placements for the classic binding (vertical as well as anterior-

posterior force component).  
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1 Introduction 

Force measurements in cross-country skiing have been conducted for over three decades using different 

methods. Two main approaches can be found from the earlier studies: 1) force measurements between the 

ski and the athlete with small force measurement plates or pressure insoles and 2) force measurements with 

systems buried under the snow. There are advantages and disadvantages to both approaches. With small 

force measurement plates attached to the skis, the forces can be measured in two [1-5] or three directions 

[6-10]. However, these kinds of force measurement plates add extra weight to the skis and although 

positioned close to the balance point of the ski they may still have a small effect on skiing. In addition, some 

limitations have been reported concerning the forces in medio-lateral and/or anterior-posterior direction [3,9]. 

Especially for analyses during roller skiing, strain gauges have been used and installed directly on the roller 

skies during classic skiing and skating measuring the forces in several dimensions [11-13]. Pressure insoles 

have been widely used in cross-country skiing research during the last decade due to the light-weight and 

minimal effect on the athletes’ performances [14-17]. With pressure insoles, only the vertical force 

component can be measured and the measuring frequency of 100 Hz may be too low for some applications. 

The advantage of this method is the possibility to measure the center of pressure. Both force plates and 

pressure insole systems may influence athletes’ performances due to the weight of the measurement 

systems (amplifiers, data loggers etc.). Data collecting and transmitting equipment are normally placed on a 

skier’s waist with waist packs, while the included cables may slightly restrict movements and disturb skiing. 

However, the benefit of these systems is the possibility to measure several consecutive skiing cycles in one 

trial. In addition, these methods are not technique sensitive, so both skiing techniques (skating and classic) 

can be measured with these systems. Force platforms placed under snow allow an athlete to ski freely over 

the force measurement systems without any disturbing devices or cables attached. These systems allow 

measurement of only a few cycles per trial due to the length of the platform (6 m to 20 m) and it is in most 

cases only possible to investigate classic technique due to the construction of the system [2,18-20]. For 

skate skiing, Leppävuori [21] introduced a force measurement platform which was 2m long that could record 

one cycle per trial. In addition, measuring of skiing in different situations, e.g. varying track inclinations or the 

need of changing the measurement place, demands a great deal of time due to the big size and weight of 

those systems.   

Classic technique with e.g. diagonal skiing technique can be analyzed with two dimensional force 

measurement systems since when moving straight forward along a classic skiing track only vertical as well 

as anterior-posterior (propulsive; along the ski) leg force components are mainly relevant. In contrast, skating 

techniques are more three-dimensional movements where all possible force components are important with 

a main focus on the vertical as well as the medio-lateral (transverse to the ski) force components. The 

medio-lateral direction of force is of special interest during skate skiing because the propulsive force is 

produced when the ski is edged. In a recent study [10] it was shown that the medio-lateral forces were higher 

using skis with a greater coefficient of friction, whereas no differences were observed in the vertical forces. 

This suggests that measuring only vertical forces is not enough to fully understand the requirements of skate 

skiing in different conditions and furthermore highlights the importance of measuring medio-lateral forces. In 

addition, with both vertical and medio-lateral force components a resultant ski force during skating can be 
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calculated. Resultant forces from poles and legs are required in order to have the full benefit of three 

dimensional motion analyses. Using these two methods, it is possible to calculate the propulsive leg force 

component of skate skiing in any condition as described by Smith [22], acquiring the ski edging angle and 

the ski orientation angle from motion analyses and resultant forces from skis and poles. An accurate, valid, 

reliable and direct measurement of several leg force components combined with 3D kinematics will improve 

cross-country skiing specific motion analyses for technique optimization processes and the analyses of new 

ski or boot equipment, altogether in order to optimize skiing performance. 

Even though forces have been measured in cross-country skiing with several different systems, there still is 

a great and from literature clearly justified need for a valid, accurate and light system synchronously 

measuring several force components. Such a system may respond to the high-level requirements of today’s 

elite as well as recreational skiing. Earlier attempts in this working group to develop a 3D-force measurement 

system were partly successful. The constructed force binding could be easily transferred from one ski to 

another allowing for effective testing of different skis and athletes within a short period of time [9,10]. 

However, even though the system proved to be reliable for vertical and medio-lateral forces, there were still 

limitations concerning the measurement of the anterior-posterior forces acting along the ski [9] and 

additionally, there was still a need to make the system lighter and easier to use. Therefore, the aims of this 

study were to further develop the force measurement system by designing and building two separate two 

dimensional (2D) force bindings, one for kinetic classic skiing and one for skate skiing analyses. The 

functionality of these new systems should be tested 1) using accuracy tests separately for each force 

component with the sensors mounted in the front or rear parts of the binding and under lab as well as ski 

tunnel conditions, 2) using skiing imitation jump tests on standard force plates in a laboratory and 3) by 

skiing with the new system and comparing it against reference systems that are currently used in research 

investigating skiing on snow. 

 

2 Materials and Methods 

In this project, a custom-made force measurement system for cross-country skiing was designed and built. In 

order to test the functionality and validity of the new system, a three-step process was conducted. In the first 

step, the accuracy of the strain gauge sensors, mounted on the aluminum front and rear parts of the binding 

were tested separately and this was done in three temperature and mechanical stress conditions. In the 

second step, the system was compared against a standard 3D force plate in four different sport-specific 

imitation jumps in a laboratory and with and without extra load carried by the skier. Finally, the system was 

compared against systems that are currently being used during scientific measures in classic as well as 

skate skiing on snow. 

 

2.1 Force binding    
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A custom-made force measurement system designed as a force binding (Figure 1) for recording several 

spatial components of forces during cross-country skiing was developed by the Neuromuscular Research 

Center, University of Jyväskylä, Finland. The force measurement system consisted of two force bindings in 

which one binding was specifically designed for analysing classic skiing techniques (classic binding) and the 

other for skate skiing techniques (skate binding). Both bindings contained parts for measuring front and rear 

foot forces in 2 dimensional spaces. Both bindings measured vertical forces (FZ) in front and rear parts 

however the classic binding additionally gauged the anterior-posterior (along the ski, FY) force components 

and the skate binding the medio-lateral (transverse to the ski, FX) force components (Figure 2). Based on 

experiences from the first 3D versions of the force binding [3,9] this separation was made to keep the 

construction of the plates more simple, to have less cross-talk between the sensors and so to get more 

accurate signals. The force binding was designed to move easily from one pair of skis to another by using 

the Rottefella (Rottefella as, Klokkarstua Norway) NIS (Nordic Integrated System) system. The NIS system 

allows removing or changing the place of the force binding without using screws. The total weight of both 

force bindings (classic plus skate binding) was 980 g, with 200 g weight for each rear and 290 g for each 

front part. Therefore the total added weight for one ski was 490 g. The total weight of the data capturing and 

transmitting equipment was 1050 g, which was distributed in parts as follows: amplifier 280 g; A/D-card and 

wireless transmitter 440 g; and battery pack 330 g that allows for several hours of measuring in cold 

conditions. The total weight of the whole measurement system was 2030 g. The used sensors mounted in 

the aluminum bodies of all rear and front parts of the force binding were based on resistance strain gauge 

technology where the resistance of the strain gauge is changed when it is stretched or compressed. A 

change in resistance caused a change in voltage over the gauge and these changes were comparable to 

changes in the applied force. In order to have reliable results, all force components were measured with a 4 

strain gauge full bridge circuit. Signals were pre-amplified inside the force binding and transferred via wires 

to an amplifier (8-channel ski force amplifier, Neuromuscular Research Center, University of Jyväskylä, 

Finland). The amplifier was connected by separate cables for each force component (altogether 8 signal 

cables and one ground cable) for capturing data with the desired system. The amplifier was connected to a 

National Instruments wireless data acquisition and transmitting system, which consists of an A/D converter 

(sampling rate 1 kHz, NI 9205, National Instruments, Austin Texas, USA) and a wireless transmitter (WLS-

9163, National Instruments, Austin Texas, USA). Data was transferred via WiFi to a receiver computer 

equipped with special data collecting software (LabVIEW 8.5; National Instruments, Austin Texas, USA). 
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Fig. 1 Photograph and design drawing of the developed force measurement binding for cross-country skiing 
with dimensions of the front and rear part of the binding 
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Fig. 2 (a) Vertical (FZ) and medio-lateral (transverse to the ski) (+/- FX) force components (skate binding) and 
(b) vertical (FZ) and anterior-posterior (along the ski) (+/- FY) force components (classic binding) measurable 
separately by the front (f) and the rear (r) parts of both bindings 

 

2.2 Calibration device   

The calibration and the accuracy measurements for the rear and front parts of the force bindings were 

conducted with a special calibration device (Figure 3). The calibration device consisted of an amplifier, a 

screw vice where a commercial force sensor (Raute precision TB5, Nastola Finland) used as calibration 

sensor, was attached and an aluminum body where one part of the force binding was attached. The screw 

vice and body were attached to a thick aluminum base plate. The aluminum body could be attached to the 

base plate in three different positions to make the calibration of all three force components possible (Figure 3 

a and c). The calibration sensor used as reference sensor and the amplifier were tested and calibrated in an 

accredited laboratory for force measurements (MIKES: The Centre for Metrology and Accreditation, Kajaani, 

Finland.). This sensor was confirmed to be reliable in the range of 0 to 1000 N with uncertainty ranging from 

0.01 to 0.09 %. The calibration device was used in the accuracy tests during the first step of the validation 

process. 

a

b
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Fig. 3 Experimental set up for the calibration of the different force binding sensors: Adapted screw vice with 
mounted high precision reference sensor (Raute precision TB5, Nastola, Finland) and a part of the force 
binding with the amplifier, all mounted on a rigid aluminium body (a). The calibration sensor is pressed five 
times in succession (d) against the (a) anterior-posterior (FY), (b) medio-lateral (FX) and (c) vertical (FZ) force 
binding sensors determining voltage response at five increasing loads (e)   

 

2.3 Reference systems in laboratory and field measurements 

Sport-specific imitation jumps conducted during the second step of the validation process were performed in 

a laboratory over a 10 m long force plate row (8 plates of 1.25 x 0.60 m with natural frequency 180 ± 10 Hz 

for the vertical force component and 130 ± 10 Hz for the anterior-posterior force component, linearity ≤ 1%, 

cross-talk ≤ 2%; Raute Precision, Finland). The used force plate was based on strain gauge technology and 

has been used in numerous running studies, e.g. by Mero et al. [23]. 

In the third step of field measurements the following reference systems currently being utilized during 

scientific measures in classic as well as skate skiing on snow were brought to use: for classic skiing 

(diagonal style) the constructed force binding system was compared with a 20 m long force platform system 

(Neuromuscular Research Center, University of Jyväskylä, Finland), which consists of four parallel series of 

force plates for both skis and poles. The platform was composed of twenty 1 m long force plates which 
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measure vertical (Fz) and anterior-posterior (Fy) components of force simultaneously along the platform from 

rows under skis and poles. These 1 meter long plates were connected to each other electrically in series row 

by row and voltage response was recorded with 1000 Hz. The measurement system was described in detail 

by Vähäsöyrinki et al. [20]. For comparing the force binding during skate skiing, a Pedar Mobile System 

(Novel GmbH, Munich, Germany) was used as a reference system. This system measures vertical ground 

reaction forces with pressure insoles, which include 99 capacitive sensors in each insole using a 

measurement frequency of 100 Hz. The insole data was transmitted via wires to a data logger. The 

calibration of the Pedar Mobile system was conducted using a special Pedar calibration device and these 

procedures were described in detail in several earlier cross-country skiing studies [14,15].  

 

2.4 Accuracy measurements of the force binding sensors 

The accuracy of the new force measurement system was tested by investigating the linearity and the 

repeatability of the force binding in calibration measurements in three different conditions against a 

calibration device: 1) laboratory (+22° centigrade); 2) ski tunnel (-5° centigrade); 3) 1 hour skiing in ski tunnel 

(-5° centigrade). In the calibration measurements, the rear and front parts were tested separately, each for 

both respective force components (Figure 2 a and b) in all described conditions which were a) pre and post 

measurements at 2-hour intervals in a laboratory as well as in a ski tunnel and b) also before and after 1 

hour of skiing. The measurement equipment was placed and kept in the laboratory as well as in the ski 

tunnel for several hours before the measurements in order to be properly adapted to the temperature in each 

condition. The calibration for all components of forces was conducted by loading and unloading the 

appropriate binding part five times with each loading and unloading cycle lasting for approx. 2 seconds 

(Figure 3 d and e). To simulate the forces during natural skiing conditions all parts of the binding (all force 

components) were calibrated by 5 loads increasing by 200 N, 100 N and 50 N, up to 1000 N, 500 N and 250 

N, respectively (Figure 3 e). Voltage response from the force binding data at appropriate points from five 

curves were collected and averaged. Figure 3 e shows an example of one calibration curve with appropriate 

points from the calibration sensor. 

For linearity calculations, averaged values from the calibration sensor and the force binding were 

represented in the XY-coordinate system and a linear regression curve was drawn through all five points and 

R2 values were calculated. Conversion factors to Newton were calculated from all five points with equation 1. 

A general conversion factor for each binding part was then achieved by calculating the average value of 

these five points.    

𝐹𝐶𝑎𝑙𝑖𝑏

𝐹𝐵𝑖𝑛𝑑𝑖𝑛𝑔
      (1) 

Where FCalib is the absolute (Newton) value from the calibration sensor and FBinding is the voltage value of the 

force binding.  



9 

 

The repeatability of the system was tested by calculating the relative difference of the conversion factor 

between pre and post tests for all the channels. These measurements were done to reveal the system ’s 

repeatability in two different constant temperatures. In addition, repeatability measurements were conducted 

to clarify the effect of mechanical stress (1 hour skiing) on the functionality of the force binding. 

 

2.5 Comparison measurements during different jumps 

In order to test the force binding in more applied situations, different modes of jumps simulating dynamic 

situations as well as diagonal and skate skiing were performed by one highly skilled male, National level 

cross-country skier: age = 44 years; height = 187 cm; body weight = 85 kg. A single subject design was 

chosen in order to keep the variability low between single imitation jump trials and thereby increasing the 

power for difference detection between all compared systems. Jumps and especially imitation jumps with 

skies plus force binding were and are highly demanding from a coordination point of view and had to be 

extensively trained properly even by the highly experienced skier. The individual-subject-analysis design was 

also used because the variations, especially in the used jump tasks, were considered to be the result of 

different strategies to perform the same imitation task by individual subjects, and not the result of more or 

less variations among individuals [24]. The skier was highly familiar with imitation exercises and with 

diagonal and skate skiing on skis during both training and testing. The athlete was fully informed about the 

nature of the study and procedures before giving his written informed consent to participate. The methods 

used and the experimental protocol of the study were approved by the University of Jyväskylä Ethics 

Committee. All jumps were performed on a force plate (Raute Precision, Finland). During all jumps including 

diagonal skiing and skating imitation jumps, the force bindings were attached to the skis and the subject 

used ski boots to better simulate a real skiing situation. Four kinds of jumps were done: squat jumps (SJ), 

counter movement jumps (CMJ), diagonal jumps (DJ) and skate jumps (SkJ). In all jump situations, absolute 

value signals from the front and back parts of the force binding were summed and compared to the force 

plate used as reference system. 
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Fig. 4 Definitions of force variables during the two-legged squat (a) and countermovement (b) jumps and 
one-legged diagonal (c) and skating (d) imitation jumps in the lab 

FZ_peak, vertical peak force; IFz_A1, impulse of vertical force calculated for area 1 below the force curve (A1 = unweighting 
phase during CMJ); IFz_A2, impulse of vertical force calculated for area 2 below the force curve (A2 = impulse of force in 
deceleration + acceleration phase during CMJ); FZ_peak_l, vertical peak force during landing impact; IFz_l, impulse of 
vertical force during landing impact; IFz, impulse of vertical force; FY_peak, anterior-posterior peak force; IFy, impulse of 
anterior-posterior force; FX_peak, medio-lateral peak force; IFx, impulse of medio-lateral force 

 

SJ and CMJ (Figure 4 a and b) were performed standing on and jumping from the force plate with both legs. 

The sum of the vertical signals from both types of force bindings were compared to the vertical signal from 

the force plate. From CMJs, landings were also analysed and compared to the force plate signal. DJs were 

performed in anterior-posterior (forward) direction on the force plate with one leg imitating the diagonal stride 

push-off phase (Figure 4 c). Vertical and anterior-posterior force components of the classic binding were 

analysed and compared to the corresponding signals of the force plate. SkJs were performed in the medio-

lateral direction on the force plate (Figure 4 d) with one leg imitating the skate skiing push off phase. During 

SkJs the ski plus force binding were distinctly edged. In order to have comparable data from the force 

binding and the force plate, the following calculations were used for the vertical (equation 2) and medio-

lateral (equation 3) directions (Figure 5). The calculations are based on ski edging angle analyses, which 

was acquired with a high-speed camera at 100 Hz (NXR-NX5E, Sony, Tokyo, Japan) and by using a specific 

2D video analysis software (Dartfish, Fribourg, Switzerland).  
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Fig. 5 Geometric scheme for the conversion of the vertical and medio-lateral binding forces (FZ_FB; FX_FB) 
during skating imitation jumps into vertical and medio-lateral force plate forces (FZ_FP; FX_FP) based on 
trigonometric functions in the right-angled triangle (equations 2 and 3) 

 

𝐹𝑍_𝐹𝑃 = 𝐹𝑍_𝐹𝐵 ∗ cos 𝛼 + 𝐹𝑋_𝐹𝐵 ∗ sin 𝛼    (2) 

𝐹𝑋_𝐹𝑃 = 𝐹𝑍_𝐹𝐵 ∗ sin 𝛼 + 𝐹𝑋_𝐹𝐵 ∗ cos 𝛼    (3) 

Where FZ_FP and FX_FP stand for the vertical and medio-lateral force components of the force plate and FZ_FB 

and FX_FB for the vertical and medio-lateral force components of the force binding. The calculations are also 

shown in Figure 5. From SkJs the calculated vertical and medio-lateral force components measured by the 

skate binding were compared to the vertical and medio-lateral signals from the force plate. If yaw rotations 

were observed between ski and force plate during SkJs, the particular jump was discarded from the results. 

In all jump tests, each jump was carried out with 20kg extra load and without extra load to simulate heavier 

skier and/or stronger push offs. From each situation (SJ, CMJ, DJ and SkJ with and without extra load) 10 

jumps were recorded for further analysis with both the systems (force binding and force plate). Peak forces 

and impulses (Figure 4 a to d) were calculated and absolute and relative differences between systems were 

investigated. In addition, similarity coefficients between the force binding and the force plate were calculated 

using Taylor polynomials [25] to show the similarity of the response between systems.  

 

2.6 Comparison measurements during diagonal skiing and skating on snow 

Finally the functionality of the force binding was tested in a skiing situation on real snow with diagonal skiing 

and skating techniques. In the skiing tests, the absolute signals from the front and rear part of the binding 

were also summed for achieving comparable signals to the used reference systems. The classic binding was 

tested using classic skiing diagonal stride technique on a 20 m long force platform system [20]. Vertical and 

anterior-posterior force components of the classic binding were compared to corresponding force signals 

from the long force platform. For skate skiing the V2-technique [22] was used when the skate binding was 

compared to the described pressure insole system. Pressure insoles measure only vertical forces and 
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therefore only vertical forces could be compared between the systems. Due the lack of measurement 

systems, the medio-lateral direction could not be compared for the on snow skiing situation. With both 

techniques, the same skilled cross-country skier used medium speed (approx. 4 m/s for classic and 5 m/s for 

skating). With both skiing tests, again 10 subsequent cycles were averaged and analyzed and similarity 

coefficients were calculated.  

Table 1 Comparison of the conversion factors (Volt to Newton) from two-time calibration measurements with 
a 2 hours break in between (pre vs. post) in three different conditions, i.e. in 1) the laboratory (+22°), 2) the 
ski tunnel (-5°) and 3) the ski tunnel (-5°) with 1 h skating (mechanical load) in between 

 

2.7 Data proceeding and statistical analyses 

All data processing was conducted using IKE-master v. 1.34-software (IKE Software Solutions, Salzburg, 

Austria) and descriptive statistics with mean values and standard deviations were calculated using Microsoft 

Office Excel 2010 (Microsoft Corporation, Redmond, Washington, USA).  

Similarity coefficients were calculated using MATLAB (The MathWorks, Natick, MA, USA) from time 

normalized curves between the force binding and the reference systems. In contrast to standard correlation 

coefficient calculations for time-discrete values, similarity coefficients are used with time series and they are 

mathematically based on Taylor polynomials [25]. The similarity coefficients were classified as follows -1 < 

similarity <1, where -1 means entirely contrary time histories, 0 means no similarity, and 1 means high 

similarity. 
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Table 2 Comparison of force variables between the cross-country skiing specific force bindings and a 
standard force plate during squat and countermovement jumps without and with 20 kg extra weight 

 

 

3 Results and discussion 

3.1 Accuracy of the force binding sensors  

The accuracy tests showed high linearity in all situations (pre and post tests in the laboratory, ski tunnel and 

1 hour skiing) with the range of R2 values from 0.9981 to 1.0000 where the lowest values were observed 

after one hour of skiing in the rear part of the classic binding. The repeatability results between pre and post 

tests in three different conditions (laboratory, ski tunnel and 1 hour skiing) are shown in Table 1.  In the 

laboratory tests, the highest difference in the conversion factors between pre and post tests were 3.9 % 

(skate binding, rear part, medio-lateral direction) with the range of all sensors varying between -2.4 % and 

3.9 %. The repeatability measurements in the ski tunnel revealed equal differences compared to laboratory 

measurements with the largest difference of -4.2 % (skate binding: rear part, medio-lateral force component) 

and the range of all sensors varying between -4.2 % and 2.9 %. One hour of skiing caused greater 

differences in the conversion factors between pre and post tests compared to previous measurements 

resulting in 9.7 % as the largest value (classic binding: rear part, vertical force component) and with a range 

of -2.0 % to 9.7 % for all sensors. In addition, conversion factor levels were larger in this rear force channel 

compared to other tests (laboratory and tunnel tests without skiing) while conversion factor levels in other 
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channels remained rather constant, although the reason for this is unclear. These results suggest that skiing 

had some mechanical effects on the rear part sensor of the classic binding with no negative effects found for 

the constructed skate binding. This was possibly due to a different construction and placing of the strain 

gauges, which probably led to a different level of sensitivity to mechanical loading between the bindings. 

3.2 Comparison of force binding to force plate during jumps 

SJ and CMJ were performed with both legs on the force plate and signals from both bindings were summed 

to obtain the total vertical force, which was comparable to the vertical force component of the force plate.  

Results of SJ and CMJ are presented in Table 2 and differences are always shown and discussed between 

force plate and force binding. The relative differences in maximum vertical forces were greater for CMJ 

(approx. 6 %) compared to SJ (-1.6 to 1.4 %). The differences in impulses of force were similar during SJ 

(approx. 3 %) and deceleration-acceleration phase of the CMJ (approx. 5 % for area [A] 2, Figure 4b). The 

greatest differences in CMJ were observed in the impulse of force during the unloading phase (8 % to14 %, 

area [A] 2, Figure 4b). Due to the lower absolute values during the unloading phase, the relative differences 

were greater for A1 compared to A2. All in all, the absolute differences stayed quite constant (Figure 6 a and 

d, Table 4) during both jumps with mean absolute differences for SJ of approx. 74 N and for CMJ of approx. 

77 N indicating that the error was constant during jumps and the movement itself was not affecting the error. 

  

Fig. 6 Comparison of vertical force curves measured by force bindings (bold line; sum of all vertical part 
forces - left and right binding) versus force plate (dotted line) during squat (a and b) and countermovement (c 
and d) jumps with (b and d) and without (a and c) 20 kg extra weight. Absolute differences over time are 
demonstrated (grey line) 
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The landing situation during CMJ caused extremely high peak forces (over 5000 N), which were approx. 

fourfold compared to forces recorded during skate cross-country skiing at maximum velocity [17,26,10,21]. 

Nevertheless, the differences between the force plate and the force binding were approx. -8 % at the peak 

force and only approx. 0.5 % for the impulse of force during the landing situation. Both of these results 

appear to be low for such extreme loads suggesting that even higher loads do not negatively affect due to 

the robust construction of the binding. 

DJs and SkJs were more specific imitation jumps for cross-country skiing that simulate diagonal and skating 

push-off phases. These jumps were performed on the force plate using only one leg with the classic or skate 

binding attached to a ski.  Results of the DJ and SkJ are shown in Table 3. The greatest differences during 

skiing imitation jumps were recorded during diagonal jumps (Figure 7). Differences in peak forces were 

approx. 10 % to 15 % for the vertical and approx. 18 % for the anterior-posterior force components. For the 

vertical components forces were slightly overvalued around the highest forces (Figure 7 a and b) and for the 

anterior-posterior force component during the whole jump (Figure 7 c and d). This indicated that a more 

natural movement, where the center of pressure is moving along the force binding (simulating the diagonal 

stride push-off) is causing an error in the vertical direction during push-off discussed in detail when 

comparing the errors of both bindings. This effect is smaller in the direction along the ski/binding, however 

there was a constant absolute error during the push-off phase probably due to a cross-talk effect. These 

differences also caused higher impulses of force with the force binding in vertical (approx. 10 %) and 

anterior-posterior (approx. 20 %) force components. 
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Table 3 Comparison of force variables between the cross-country skiing specific force bindings and a 
standard force plate during imitation jumps for diagonal skiing and skating technique without and with 20 kg 
extra weight 

 

Differences in SkJ using the skate binding were less than half compared to DJ using the classic binding. 

Regarding peak vertical forces, differences between force plate and the skate binding were 5.5 % or less 

and peak medio-lateral forces -3.9 % or less. In addition, the differences between the force measurement 

systems varied within the jump (Figure 8 a to d), which also resulted in small differences in impulses of force 

(vertical: approx. 2 %; medio-lateral: approx. -6 %). The results from the skate binding can be considered as 

promising and acceptable for highly dynamic situations, especially since these values were calculated using 

angular data from a high-speed camera to transform the forces into the same coordinate system as the force 

plate.  
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Fig. 7 Comparison of vertical (a and b) and anterior-posterior (c and d) force curves measured using the 
classic binding (bold line; sum of corresponding front and rear part forces) versus the force plate (dotted line) 
during diagonal imitation jumps with (b and d) and without (a and c) 20 kg extra weight. Absolute differences 
over time are demonstrated (grey line) 

 

 

Fig. 8 Comparison of vertical (a and b) and medio-lateral (c and d) force curves measured by the skate 
binding (bold line; sum of corresponding front and rear part forces) versus force plate (dotted line) during 
skating imitation jumps with (b and d) and without (a and c) 20 kg extra weight. Absolute differences over 
time are demonstrated (grey line) 
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The smaller differences observed in the skate binding compared to the classic binding may have occurred 

due to the different constructions and designs of the two bindings as well as the mechanically different 

movements and mechanical stresses acting on the bindings during these specific jumps. During DJ push-off 

the center of pressure is moving forward along the force binding and the maximum force is produced when 

the subject’s heel is lifted from the rear plate of the force binding. This might create a moment acting on the 

front part of the classic binding, which possibly causes a greater error. During SkJ the push-off force is 

almost perpendicular to the skate binding and the acting angle of force in relation to the force binding is not 

changing as much as during DJ, which might cause less moments.  

Mean absolute differences between the force plate and the force binding for vertical force components 

(Table 4) were lower for SkJ (approx. 27 N to 50 N) and higher for DJ (77 N to 125 N) when compared to SJ 

(71 N to 74 N) and CMJ (76 N to 77 N). These results support the suggestion that the vertical force sensors 

of the classic binding measured forces too high. This can be seen in the higher differences compared to the 

force plate during DJ, which were performed only with the classic binding. Mean differences were smaller 

during SJ and CMJ compared to DJ, which is probably caused by the use of both bindings and the summing 

of the force signals during SJ and CMJ, which presumably reduced the error of these jumps. The smallest 

mean differences were observed during SkJ, which were performed only using the skate binding. These 

results highlight the different behavior of these two bindings during sport-specific movements.  
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Table 4 Similarity coefficients and differences between time normalized force curves recorded by different 
measurement systems during various jump and imitation exercises (with and without 20 kg extra weight) in 
laboratory conditions and during diagonal and skating skiing on snow 

 

Generally observing, all laboratory imitation jumps (SJ, CMJ, DJ and SkJ) showed high similarity coefficients 

(Table 4) in all situations with the lowest value of 0.982 from SJ with 20 kg extra load to the highest value of 

0.999 from the vertical force component of SkJ with 20 kg extra load. This suggests a nice force curve 

reproduction in terms of specificity of different sport specific tasks, a fact that may get essential when 

comparing inter-individual technique strategies during push-off and gliding phases in cross-country skiing 

techniques. 

3.3 Comparison measurements during diagonal skiing and skating on snow  

The mean differences between the long force platform and classic binding (Figure 9 a and b) during diagonal 

stride over a total ground contact phase were 58 N and approx. 7 % for the vertical force component and 17 

N and approx. 12 % for the anterior-posterior force component. These results are quite well in line with 

differences in DJ (77 N and 7.5 % for the vertical and 44 N and 21.7 % for the anterior-posterior component). 

The results of the skiing comparisons are presented in Table 4. There may be several reasons which might 

cause uncertainty in these results, for example a slight ski edging during diagonal skiing over the force 
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platform, which could not be controlled but may have caused shifts between the coordinate systems of the 

force binding and the long force platform. Therefore, these results can be considered as only indicative. 

 

Fig. 9 Comparison of vertical (a) and longitudinal (b) force curves measured by the classic force binding 
(bold line; sum of corresponding front and rear part forces) versus the long force platform mounted in snow 
(dotted line) during classic skiing in the ski tunnel, and comparison of vertical (c) force curves measured by 
skate binding versus Pedar pressure insoles during skating on snow. Absolute differences over time are 
demonstrated (grey line) 

 

During skate skiing, the mean difference between Pedar insoles and the skate binding over ground contact 

was 93 N and 13.0 % for the vertical force component. Lindinger 2005 [15] and other studies [14,27] 

reported lower values measured by the Pedar system compared to other standard force plates with values of 

-1,5 % to -6 % at peak values during skating push-offs and up to -14% in other phases of the ground contact. 

Interestingly and in contrast to the study of Lindinger 2005 [15], results of the current study showed that the 

highest differences between systems were recorded during maximum force (Figure 9 c) which may also 

indicate that the skate binding may measure slightly too high values due to unknown mechanical reasons. In 

studies of other winter sports, e.g. alpine skiing [28,29], Pedar insoles have also been reported to show 

lower values compared to other systems.  

Despite these limitations we again observed high similarity coefficients when comparing with both reference 

systems during skiing on snow (classic: vertical 0.993, anterior-posterior 0.979; skating: vertical 0.988) which 

supports the assumption that the force bindings are valid and reliable also in field conditions. Similarity 

coefficients have been also used elsewhere when comparing force measurement systems. For example 

Stricker et al. [28] reported similarity coefficients ranging from 0.974 to 0.977 between custom made 3D 

dynamometer and Pedar pressure insoles during alpine skiing. 
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Overall, when examining the mean differences (Table 4) in all situations, the greatest differences between 

the force binding and any used reference system were observed in the classic binding during DJ situations 

(approx. 20 %). Much lower differences were found from skiing (skate: vertical 13 %; diagonal: anterior-

posterior 12.1 %) as well as in CMJ (12.1 %; with 20 kg extra load) and SJ (10.3 %; with 20 kg extra load). 

All other differences were less than 10 %.  Mean differences during SkJ using the skate binding were 6 % or 

less for both measured force components and load situations.  

4 Conclusion 

In summary, it can be concluded that through all steps of the validation process there was a difference in the 

functionality between classic and skate binding constructions. Sensor tests in our laboratory showed high 

linearity for both bindings, while repeatability tests indicated small differences between pre and post-tests in 

both laboratory and ski tunnel measurements. Mechanical stress caused by one hour of skiing showed some 

effects on the classic binding sensors. Greater differences were observed for the classic binding compared 

to the skate binding in comparison to the force plate when performing different modes of jumps with less 

accuracy observed during DJ at higher forces. The comparison of the force binding to a reference system 

during on snow skiing showed high similarity correlations for both classic and skate bindings, indicating a 

high validation level in terms of specific reconstruction of the task specific ground reaction forces in several 

relevant force components. The lower accuracy of the classic binding compared to the skating binding are 

most likely due to different mechanical properties caused by the construction and making the binding more 

sensitive for measurement errors especially during diagonal imitation type jumps. Further improvements are 

therefore needed for the classic binding. The most crucial point will be to prolong the front part of the classic 

binding. This would enable the pressure of the body to be distributed over a longer portion of the binding 

during the push-off phase and therefore causing a lower moment. In addition, the placements of the strain 

gauges need to be re-considered. These points are taken into account in the planning of the next version of 

the classic binding.  The skate binding, on the other hand, was shown to be reliable during all measurements 

from sensor tests to more applied jumping tests and skiing on snow. Based on these results, the skate 

binding was shown to be valid and reliable for use in cross-country skiing skate technique measurements 

with differences of 6 % or less in all tested situations.  
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