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In the first of a two-part study, the purpose was to investigate the influence of 

suit size and air permeability on ski jumping performance using wind tunnel 

measurements and numerical simulations. Results demonstrated that suit size 

greatly influenced aerodynamic performance, with drag increasing by ≏4% 

and lift by ≏5% for every 2 cm increase in tolerance. Changes in air 

permeability remained within the limits of measurement accuracy. Numerical 

simulations revealed an average difference of 5.8 m between suits of different 

sizes, corresponding to an increase of 2.8 m per cm of tolerance, based on a 

simulated reference jump of 130 m at Granaasen HS-138 m. The numerical 

simulations also highlighted that factors such as length of the reference 

jump, wind conditions, and altitude influenced performance difference. In 

summary, this investigation underscores the importance of suit size, as well 

as restricted importance of air permeability, on ski jumping performance, 

thereby enhancing the understanding of the role of equipment in the sport.
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1 Introduction

Ski jumping is a popular, primarily competitive sport in which the equipment plays 

an important aerodynamic role. The velocity and posture of the jumper–ski system and 

suit design in�uence the aerodynamic resistance and lifting forces (1). Innovation and 

development of ski jumping equipment are highly constrained by the rules and 

regulations set by the International Ski and Snowboard Federation (FIS) (2). The 

importance of suit size becomes apparent by looking into the disqualification data 

from the World Cup (WC). During the last two seasons (2023–2025), 139 male ski 

jumpers were disqualified from WC competitions, and 93% of these cases were due to 

unregulated suits. This issue culminated in the suspension of five jumpers from 

competition due to suit manipulation suspicion after the World Championship 2025 

in Trondheim (3). Suit size is understood to be the most important factor, as it greatly 

in�uences performance (4). The current rule states that a ski jumping suit can be 4 cm 

larger than the circumference of the ski jumper at any point (5). Due to the great 
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benefit of larger suits (4), most disqualifications arise from 

infringing this rule. Another important suit parameter is air 

permeability of the suit, which also contributes to many 

disqualifications each season. According to FIS regulations, a ski 

jumping suit should have an air permeability greater than 

40 L s m�2, and the difference between the front and back parts 

should not be greater than 12 L s m�2 at any point. It is worth 

mentioning that these regulations are not based on scientific 

findings. However, the FIS must balance the safety and fairness 

of the sport by strict equipment regulations, even in the absence 

of scientific background. Given the complexity of ski jumping, 

safety and fairness often compromise each other, and both 

should be taken into account (6–8). A body-fitted suit, like 

those in alpine skiing, could eliminate speculations and 

disqualifications, increasing fairness. However, obtaining the 

same jump length currently reached would require greater inrun 

speeds, which could compromise athlete safety. Hence, 

equipment serves as a means of balancing safety and fairness in 

ski jumping. The actual in�uence of suit size and air 

permeability on performance remains poorly understood, most 

likely due to challenges associated with obtaining reliable data.

Investigating a real-world problem, such as how a ski jumping 

suit affects performance, within comparable settings, and still 

being able to understand the underlying mechanisms, requires 

balancing internal and external validity (9, 10). Due to the 

nature of ski jumping, high external validity can only be 

achieved in field settings, where internal validity is 

compromised. However, internal validity is also needed to 

understand the underlying mechanisms in controlled settings. 

Wind tunnel measurements have a long history in ski jumping 

research and have been frequently used for different purposes, 

although in limited cases to investigate the jumping suit (4, 

11–14). A mannequin model could then be used despite its 

limitation to static positions, as reproducing the repeatability of 

the �ight posture with ski jumpers in a wind tunnel is 

challenging. The pioneering experiments with a mannequin 

model were performed by Straumann in 1927 (15), who 

continued his work by introducing an optimal aerodynamic 

�ight posture, which is similar to that used in modern ski 

jumping (16). Some aerodynamic effects of the jumping suits 

were reported already by Meier (17), whose film analysis of the 

world-record 176-m jump in Oberstdorf 1976 showed a much 

slower landing velocity compared to the take-off velocity. This 

certainly would not have been possible without the “parachute 

effects” produced by the jumping suits of that era, which feature 

a completely air-impermeable back part. In the following years, 

the ski jumping suits with laminated foam have become one of 

the most tightly regulated sports equipment. In terms of 

research on the effect of ski jumping suits, Chowdhury et al. 

(11) investigated the aerodynamics of ski jumping suits using a 

life-sized mannequin in a wind tunnel. First, a +5-cm-tolerance 

suit was compared to a tight fitted suit, concluding that a tight- 

fitting suit could provide a performance advantage over the 

larger suit. Meile et al. investigated the in�uence of ski jumping 

suit size on a reduced-scale model in a wind tunnel and 

compared the results with numerical simulations (4). Here, a 

comparison was done between a tightly fitted alpine suit, a 

normal-sized, and a large ski jumping suit. The actual size 

difference was not reported. In contrast to the findings of 

Chowdhury et al., Meile et al. found that the large ski jumping 

suit on average increased drag by 3.5% and lift by 2.6%, 

underlying the common understanding of the aerodynamic 

benefits of a large suit (18, 19).

There is a public consensus across many sports where 

aerodynamic forces are of importance that the air permeability 

of apparel significantly in�uences performance (20). However, 

no scientific consensus supports this view, and studies suggest 

that air permeability has, at best, minimal in�uence on 

aerodynamic performance in tightly fitted garments (20, 21). Ski 

jumping suits differs from other sports apparel—they are not 

tight-fitting and are composed of five laminated layers with a 

thickness of 4–6 mm. Hence, the aforementioned research does 

not necessarily apply to ski jumping, and research examining 

the effect of air permeability in ski jumping is scarce. However, 

both Hasegawa et al. (22) and Kataoka et al. (23) investigated 

the matter and reached similar conclusions: fabrics with high air 

permeability could actually improve performance, contradicting 

the current consensus.

To enhance both safety and fairness of ski jumping, FIS 

initiated a project to investigate the effect of ski jumping suits 

on performance. For this reason, a project that combines high 

internal validity from wind tunnel measurements and external 

validity from field tests has been conducted and presented in 

two parts. Here, in Part I, the purpose was to investigate the 

in�uence of suit size and air permeability on ski jumping 

performance in a controlled setup. For this reason, 

measurements were performed on a life-sized mannequin 

wearing five suits differing in size and air permeability, with skis 

in an open-jet wind tunnel. The data from the wind tunnel test 

were then used in numerical simulations to assess the practical 

in�uence of the results. This study is followed by Part II, in 

which suits with the same characteristics as those used in Part 

I were tested in the field.

2 Materials and methods

2.1 Wind tunnel measurements

The experiment was carried out in an aero acoustic open-jet 

wind tunnel at the Audi Wind Tunnel Centre (Ingolstadt, 

Germany). The wind tunnel has a jet dimension of 11 m2 

(width: 3.94 m; height: 2.79 m), a contraction ratio of 5.5:1, and 

a test section length of 10 m. The wind tunnel uses a 2.6-MW 

fan and produces wind speeds up to 83 ms�1 with a turbulence 

intensity of <0.3%. A six-component force balance was used to 

measure the forces with an accuracy of +0.5 N, and the air 

temperature was maintained at 19 �C + 0.2 �C.

2.1.1 Mannequin design
The investigations were carried out with a 1:1 scale 

mannequin (height 183 cm, body weight 74 kg) with joints 
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(n = 19), re�ecting anatomical conditions with respect to joint 

properties. Adjustments on the mannequin were based on a 

mathematical model—a matrix depicting the dependencies of 

individual joint settings. This made it possible to set realistic 

�ight postures for the transition phase after take-off and the 

second half of the glide (24). The skis used corresponded to a 

practical model compliant with FIS regulations (25) and were 

mechanically fixed to the mannequin so that forces could be 

transmitted directly through a rigid connection. Angle settings 

for the body and skis are detailed in Section 2.1.3.

2.1.2 Suit construction

The suits used, described in Section 2.1.3, were made from 

material provided by Meininger Jumpsuit (Bessenbach, 

Germany), and the same material was also used in Part II. 

A reference suit was set to be 4 cm larger than the 

circumference of the mannequin, according to the FIS 

equipment rules (25). The two other suits were adjusted by 

+2 cm in the outer circumference relative to the reference suit, 

without varying the crotch length. The suit construction is 

shown in Figure 1.

The size around the boots was not adjusted because the wind 

tunnel results were intended to be compared with field 

measurements in Part II, where coaches and suit makers 

deemed it unsafe to modify the suits in this area due to 

movement restrictions. Two adaptations were made to facilitate 

dressing the mannequin while mounted on the rack inside the 

wind tunnel. A midline circumferential zipper was added, 

allowing the suit to be changed quickly without having to 

remove the mannequin from the rack (Figure 1), and small 

zippers on both hips enabled adjustment of the hip angle if 

needed. These adaptations are visualized in Figure 2.

All suits followed the same construction procedure and were 

made by the same suit maker. Suits with air permeability of 

20 L s�1 m�2 and 80 L s�1 m�2 followed similar construction by 

maintaining the same dimensions as the reference suit (+4 cm). 

A total of five suits with different sizes, in terms of tolerance 

and air permeability, were made for this investigation. 

Information about the suits is provided in Table 1.

Consequently, Suits 1–3 were used to test changes in size while 

maintaining the same air permeability, while Suits 1, 4, and 5 were 

used to test changes in air permeability while maintaining the 

same size.

FIGURE 1 

Graphical illustration of the suit construction. The five panels of a ski jumping suit are sewn together, with the suit adjustment locations indicated in 

(a). Black and blue lines display how the suits were adjusted for the +2 cm and +6 cm suits. The back part of a fully constructed suit is shown in (b), 

with red lines indicating adjusted areas and the dashed line representing the midline zipper used in the wind tunnel experiment. Panels 1 and 2 

represent the front section of the suit, 3 corresponds to the sleeves, and 4 and 5 represent the back section.
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2.1.3 Test protocol

To ensure that the suit tests were as relevant as possible, two 

different body–ski postures were defined: one from the 

transition phase (Pos 1) and the other from the steady glide 

phase (Pos 2). The angles used to determine the postures are 

visualized in Figure 3 and are described using common angle 

definitions from ski jumping wind tunnel studies (6, 26).

The postures examined were determined by kinematic 

analyses of the best 10 male ski jumpers (mean 1st–10th place) 

at the World Cups in Oberstdorf 2023 and 2024 and the Ski 

Flying World Cup in Oberstdorf 2023. A bent stance with a 

smaller a (Pos 1) was determined for the transition phase, and a 

stretched body posture with a larger ski angle of attack was 

selected for the steady glide phase (Pos 2). Three different 

angles of attack were investigated for each of the two postures 

by varying the mannequin and skis by a defined 5� relative to 

the �ow direction. The hip angle (g) and the body–ski angle (b) 

remained unchanged, and a were set relative to the expected 

glide trajectory. The tests were carried out at three velocities 

corresponding to the expected velocity range in the two 

different postures. Information about the test setup is listed 

in Table 2.

The velocity range used corresponded to a Reynolds number 

range between 1:4 � 106 and 2:4 � 106, with a set critical length 

of 1 m. Higher velocities were considered for Pos 2, as it can be 

achieved in competition. However, the pre-test showed that 

speeds over 33.3 m s�1 (120 km h�1) made the skis of the 

mannequin unstable, rendering the test setup unsafe. The three 

velocities were chosen for each configuration to investigate 

possible Reynolds number dependencies, which are important 

for comparisons with simulations and field tests (27). Blockage 

correction was not applied because the tests were performed in 

an open-jet wind tunnel. A picture was taken at every 

measurement from a stationary camera mounted on the side of 

the mannequin, outside the air �ow, to assess body and ski 

postures. In both postures, Suit 1 was tested first and again at 

the end of the test series to check the repeatability of the test 

setup. The variation between the test and re-test was then used 

as the measurement uncertainty. This was only done for Suit 1 

due to time restrictions. To obtain aerodynamic force values 

related exclusively to the mannequin with the suit, 

measurements of forces acting on the mounting frame without 

the mannequin were conducted. These measurements were 

performed for all tested velocities. The obtained drag and lift 

coefficient values for the frame were then subtracted from the 

corresponding total values for each measurement before further 

data analysis.

The air density (r) was calculated to 1.161 kg m�2 based on 

the measured air temperature and the atmospheric pressure 

corresponding to the tunnel’s elevation in Ingolstadt 

(approximately 370 m a.s.l.). The aerodynamic coefficients CdA 

(drag area) and ClA (lift area) were determined from the 

measured drag and lift forces using the following relationship: 

CdA ¼ 2Fd=rv2 and ClA ¼ 2Fl=rv2, where Fd and Fl represent 

the drag and lift forces, respectively.

2.2 Numerical simulations

The computer simulation used in the present study was based 

on a complete ski jump model, with the ski jumper considered as a 

point mass (28). The simulation was a combination of first- and 

second-order integration methods for ski jump performance and 

employed a discrete time step of 0.02 s. It was carried out in 

four stages: (1) the inrun linear section and curve, (2) the linear 

take-off table section at the end of the inrun where the actual 

FIGURE 2 

Picture of the mannequin mounted on the rack in the wind tunnel, visualizing the two modifications of the wind tunnel suits compared to FIS 

regulations: the black midline zipper and the hip zippers.

TABLE 1 Information about the test suit size (tolerance) and 
air permeability.

Suit Tolerance (cm) Air permeability (L s�1 m�2)

1 +4 40

2 +2 40

3 +6 40

4 +4 20

5 +4 80

Virmavirta et al.                                                                                                                                                       10.3389/fspor.2025.1693699 

Frontiers in Sports and Active Living 04 frontiersin.org



take-off takes place, (3) the transient �ight phase (typically 0.25– 

0.50 s long period after take-off), and (4) the fully developed 

�ight phase. The following parameters were used as input 

information: total mass and reference area of a ski jumper 

(based on the jumper’s body measurements), including skis, air 

density, coefficient of ski friction, and take-off force profile. 

Drag (CdA) and lift (ClA) area for the inrun position were 

obtained from previous studies (12, 13), and an aerodynamic 

polar function was created to establish CdA(t) and ClA(t) for the 

aerial phase using the results of the present study combined 

with the expected time development of the variables during the 

�ight reported in previous studies (29, 30). The hill profile used 

in the simulation was the Granaasen (Trondheim, Norway) large 

hill with hill size (HS) 138 m (FIS certificate No. 289/NOR 39), 

reconstructed for the World Championships 2025 (31), as most 

jumps in the field test in Part II were to be conducted on this hill.

3 Results

3.1 Wind tunnel measurements

Suit 1 (reference suit) was tested as the first and last suit for 

each posture, with the relative change in CdA and ClA in both 

postures presented in Supplementary Table S1. Altogether, the 

relative change between the test and the re-test was 0.81% + 

0.50%. This change was consistent across postures, velocities, 

and angles of attack. The relationships between velocity and 

both CdA and ClA were investigated to understand whether the 

data were Reynolds number (Re)-dependent or represented fully 

developed post-critical Re conditions to further understand how 

these data should be analyzed and used in numerical 

simulations. The average data from the first and second tests of 

Suit 1 are presented in Figure 4.

Both CdA and ClA exhibited a systematic increase of ≏1.5% 

for every 2.8 m s�1. The increase was consistent for all suits 

(1.4% + 0.3% on average). By investigating pictures from each 

test, the angle of attack (a) increased by 1�–2� for every velocity 

increase due to a higher pressure on the skis. As the changes 

were consistent across all test configurations, it was assumed 

that the tests were performed in a post-critical Re range. Hence, 

data on different velocities were averaged for further analysis.

3.1.1 Suit differences

For the comparison of suits, the data were averaged over all 

angles of attack (a) and all velocities. The values of CdA and 

ClA for the five suits and two postures are presented in 

Supplementary Figure S1, and the average percentage changes 

between the suits are shown in Figure 5.

Due to a measurement error in the wind tunnel, the last two 

measurements in this series were not recorded. However, 

presenting the data in such manner allowed all measurements 

from Suit 2 to be used. Altogether, the differences between the 

suits were consistent across all a and velocities. Both CdA and 

ClA increased by a similar magnitude with suit size, while no 

noticeable (as no statistical significance tests were conducted) 

changes were observed for the air permeability test. The current 

data are also presented in Supplementary Table S2.

3.1.2 Lift-to-drag ratio
The relationship between the lift-to-drag ratio (LD ratio) and 

angle of attack (a) for all suits is shown in Figure 6.

All suits displayed similar relationships between the LD ratio 

and a for the two different postures. The relative difference in 

the LD ratio between Suit 1 and the rest of the suits was �1.7%. 

The LD ratio decreased by 0.02 per degree of a for both postures.

TABLE 2 Information about the angle of attack (a), ski–body angle (b), hip 
angle (g), and velocity used for the two postures in the wind 
tunnel experiment.

Ski–body  
posture

a (�) b (�) g (�) Velocity (m s�1)

Pos 1 21.0 j 26.0 j 31.0 19.0 155.0 22.2 j 25.0 j 27.8

Pos 2 26.0 j 31.0 j 36.0 9.0 165.0 27.8 j 30.6 j 33.3

FIGURE 3 

The two postures tested in the wind tunnel and angle definition describing the ski jumpers posture. (a) shows the posture of the transition (Pos 1) 

together with the hip angle g and (b) the steady glide posture (Pos 2) together with the ski angle of attack a and the ski–body angle b.
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3.2 Numerical simulations

The reference jump for the simulations was established as a 

jump with Suit 1 with a length of 130 m, which denotes the 

length between the K-point and HS in the simulated hill. 

Information about unchanged parameters during all simulations 

is provided in Supplementary Table S3. A visualization of the 

simulated reference jump is shown in Figure 7.

The aerodynamic polar function for the aerial phase was based 

on the wind tunnel measurements in combination with findings 

from earlier studies (29, 30) and is displayed in Supplementary 

Figure S2). After establishing the reference jump, all suits were 

simulated under the same conditions. The variation observed 

between the test to re-test of Suit 1 in the wind tunnel was 

+0.8%. This difference accounted for a change in jump length 

of +0.9 m when both lift and drag were changed similarly. Data 

for all simulations are given in Supplementary Table S4, and the 

jump length difference is shown in Figure 8.

The greatest differences were observed in the suits with 

variable sizes. The jump length decreased by 4.7 m for Suit 2 

and increased by 6.5 m for Suit 3. Even if the wind tunnel 

measurements of air permeability suits (Suits 4 and 5) were 

within the measurement variation, changes of +1.9 and �3.3 m 

were estimated for Suits 4 and 5, respectively. Suit 4 benefited 

from a slight increase in lift area combined with a slight 

decrease in drag area. On the contrary, Suit 5 exhibited a slight 

decrease in lift area and an increase in drag area. Further 

analyses were only performed on the data from suits with 

different sizes (Suits 1–3) to reduce the number of simulations, 

facilitate result interpretation, and because the differences 

between the air permeability suits were considered small. In 

addition, only the suits with different sizes were include in the 

field tests in Part II.

As mentioned previously, the reference jump was set to 130 m 

(between the K-point and HS) for this analysis to represent a 

normal jump distance in a competition. However, the length of 

the reference jump in�uences the results because the hill 

inclination varies. Figure 9 shows the average jump length 

difference between Suits 1 and 3 (Suit 1 vs. Suit 2 and Suit 1 vs. 

Suit 3) at varying reference jump lengths (110, 120, 130, and 140 m).

Here, the reference jump is changed by changing the inrun 

length, i.e., the start gate. The difference in suit size decreases 

from 11.4 m with a reference jump of 110 to 4.6 m with a 

reference jump of 140 m. In addition, the in�uences of external 

factors, such as wind conditions and altitude, were investigated. 

Wind condition is an important performance factor (29, 32), 

and altitude changes the air density, again changing the �ow 

regime, i.e., the aerodynamics. Figure 10 displays how suit size 

is in�uenced by these factors. In all cases, the reference jump is 

set to 130 m to obtain consistent results.

In terms of wind conditions, the largest differences were 

observed under headwind, where a 1 m s�1 headwind increased 

the difference by ≏0.2 m. In terms of altitude, the largest 

differences were observed at sea level, decreasing by ≏0.1 m for 

FIGURE 4 

Drag area (CdA) in (a) and lift area (ClA) in (b) with respect to velocity for all ski angles of attack (a), set at the start of the test series. Posture 1 is 

highlighted in black, and posture 2 is highlighted in red.

FIGURE 5 

Percentage change in the drag area (CdA) and lift area (ClA) for all 

suits, relative to the reference suit (Suit 1). Data are averaged over 

all velocities, angles of attack (a), and both postures.
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FIGURE 6 

Relationship between the LD ratio and a. Pos 1 is shown in black, and Pos 2 is shown in red.

FIGURE 7 

Visualization of the trajectory of the reference jump with Suit 1, displaying the simulated inrun speed and estimated take-off speed.

FIGURE 8 

Simulated jump length difference from the reference jump at 130 m.
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every 500 m increase in altitude. Final simulations were performed 

in which all three suits were simulated to achieve a jump of 130 m 

by changing the inrun length (start gate) to investigate changes in 

key parameters. The data from these simulations are presented in 

Table 3 and Supplementary Figure S3.

The inrun length was here changed to precisely reach 130 m, 

and the estimated gate to which it corresponds is also presented. 

An increase of 0.22 m s�1 in the inrun speed was needed for 

Suit 2 to reach 130 m, corresponding to a change of 2.5 gates. 

With Suit 3, one would need 0.36 m s�1 less speed to reach 

130 m, which corresponds to approximately four gates. The 

maximum height over ground (hmax) was similar for all suits 

and is reach quite fast after take-off. Suit 2 exhibited an increase 

in perpendicular landing velocity (Vp) of 0.10 m s�1, which 

FIGURE 9 

Average absolute jump length difference between the reference suit and suits +2 cm in size for different reference jump lengths.

FIGURE 10 

Absolute jump length differences due to external factors: wind conditions (a) and altitude (b), for Suits 2 and 3 compared to Suit 1. The reference 

jump length for Suit 1 was set at 130 m.

TABLE 3 Suit comparison where the inrun speed is set to reach a jump of exactly 130 m by changing the inrun length, i.e., the start gate, with data on 
maximal height over ground (hmax), perpendicular landing velocity (Vp), equivalent jump height (he), according to Vp, and the resultant landing velocity 
(Vl) for jumps to 130 m for the three suits.

Suit Inrun speed Inrun length Start gate hmax Vp he Vl

(m s�1) (m) (#) (m) (m s�1) (m) (m s�1)

1 24.91 87.20 14.00 3.65 4.22 0.91 29.25

2 25.13 88.45 16.50 3.65 4.34 0.96 29.83

3 24.55 85.25 10.10 3.65 4.03 0.83 28.80
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corresponds to a equivalent jump height difference (he) of 

+0.05 m. Suit 2 also showed an increase in resultant landing 

velocity (Vl) of 0.58 m s�1. Suit 3 exhibited a decrease in Vp of 

0.19 m s�1, corresponding to a decrease in he of 0.08 m, and a 

decrease in Vl of 0.45 m s�1.

4 Discussion

In the first of a two-part study, the purpose was to investigate 

the effect of ski jumping suits on performance. In this Part I, the 

in�uence of both suit size and air permeability was investigated. 

The main finding was that suit size largely in�uences 

aerodynamic performance, while air permeability exerted a 

limited effect on the results. Changing the suit circumference by 

+2 cm increased the lift area (ClA) by ≏5% and the drag area 

(CdA) by ≏4%. This was simulated to change the jump length 

by 5.8 m, which corresponds to an increase of 2.8 m/cm in suit 

tolerance, for a reference jump of 130 m. Changes in air 

permeability were in general small and more or less within the 

range of measurement variation seen from the test to the re-test 

of Suit 1. Suit 4 exhibited somewhat increased lift and less drag, 

while Suit 5 demonstrated somewhat lower lift and more drag. 

Due to this, Suit 4 was simulated to a 1.9-m-longer jump, while 

Suit 5 was simulated to a 3.3-m-shorter jump than the reference 

jump. Although the suits were made of similar fabrics, that of 

Suit 5 had a slightly different macrostructure, as the foam had 

larger holes to let more air pass through, which may have 

in�uenced the results of Suit 5 somewhat. In general, air 

permeability could have a small effect on overall performance, 

but these results indicate that it plays a minor role in ski 

jumping performance compared to suit size.

It is noteworthy that the wind tunnel measurement was done 

in a post-critical re-regime. Both lift and drag increased by ≏1.5% 

per 2.8 m s�1, which was explained by an increase in a of 1�–2�

due to a higher pressure on the skis for higher velocities. Due to 

this fact, data for all suits were averaged over all velocities in the 

analyses and comparisons. Moreover, velocity dependencies were 

not needed to be taken into account in the numerical 

simulations either. The average measurements of ClA and CdA 

from the wind tunnel of the reference suit were 0.72 and 

0:59 m2, respectively. For all suits, ClA values were in the region 

0.55–0.89 m2 and CdA values were in the region 0.43–0.79 m2. 

This coincides well with previous wind tunnel and 

computational �uid dynamics (CFD) simulations (6, 26, 33) and 

also estimations done in the field by Elfmark et al. (34). 

Similarly, the absolute values of the LD ratio, from 1.1 to 1.5, 

were in line with the literature (4, 6, 26, 33, 34), and the 

relationship between the LD ratio and a was consistent. On 

average, the LD ratio was found to decrease by 0.02 per degree 

of increase in a, a trend similar to that found by Meile et al. for 

a similar body–ski posture (4).

Published investigations into the effect of suit size rarely are 

rare. This, combined with the fact that both suit materials and 

FIS regulations evolve over time, makes it difficult to directly 

compare results on the observed suit size effects. However, 

Meile et al. did compare a normal suit (within the current FIS 

regulations) to one they reported as a “suit with extreme width,” 

although they provide no further specification, in 2006. Drag 

increased on average by 3.5% and lift by 2.6% (4). The data 

from the current study showed that increasing the suit size by 

2 cm resulted in a 4%–5% increase in drag and lift. Hence, it 

seems like one would gain even more on a larger suit with the 

current suit material and FIS regulations, compared to that 

reported in 2006. However, this remains a speculation because 

Meile et al. did not report the actual suit size difference in their 

study. Another important finding, not observed by Meile et al. 

(4), was that lift increased more than drag. In general, the aerial 

performance of a ski jump is defined by two factors: minimizing 

vertical velocity and maximizing horizontal velocity (34, 35). 

Vertical velocity is minimized by increasing the aerodynamic 

forces, and horizontal velocity is maximized by increasing the 

LD ratio. Hence, a larger suit benefits both. It mostly helps 

decrease vertical velocity, but since lift increases more than drag, 

it also increases the horizontal velocity.

The wind tunnel data were subsequently used in numerical 

simulations to understand the practical in�uence of the results 

and to provide comparative data for the upcoming study (Part 

II). A reference jump of 130 m, which is a normal competition 

length, falling between the K-point and HS, was chosen. 

However, it is clear that the length of this reference jump 

in�uences the result because the hill inclination changes, with 

the biggest differences observed for shorter jumps. This itself is 

an important finding, as it implies that the effect of equipment 

changes will be more significant in a competition where average 

jump length is shorter. As an example, during the 2025 Large 

hill World Championship competition held on the ski jumping 

hills in Granaasen (Trondheim) (36, 37), the average jump 

lengths for the top 10 men and women were 133.9 and 125.7 m, 

respectively. Based on the current simulations, increasing the 

suit size by +2 cm would increase the jump length by ≏5 m for 

men and ≏7 m for women. Moreover, the study explored 

external factors such as wind and altitude, discovering only 

minor variations. However, extreme combined values of both 

wind and altitude could still be in�uential (29). As an example, 

the difference at 1,000 m altitude with �2 m s�1 wind, compared 

to a competition held at sea level with +2 m s�1 wind (both 

reasonable examples), would change the expected suit difference 

by ≏1 m. This suggests that the fairest competitions are those 

with high altitude, tailwind, and long average jumps. In 

contrast, these types of competitions could compromise the 

safety because they require higher velocities. This highlights, 

once more, the compromise between safety and fairness in 

ski jumping.

Although the results of this investigation emphasize the 

consensus that suit size largely in�uences performance, its 

in�uence on safety is less clear. To explore this, suits of different 

size were simulated to 130 m by changing the inrun length. The 

highest speeds were reached with the smallest suit. This is 

because its aerodynamic performance was of lower quality, 

requiring more speed to reach a similar length. However, the 

maximum height over the ground was similar for all suits. Only 
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minor differences in trajectories were observed in the last part of 

the glide, where the largest suit had the lowest trajectory. The 

difference in perpendicular landing velocity was roughly half the 

observed inrun velocity, which corresponded to an average 

difference in equivalent jump height of 0.07 m. Hence, the 

landing impact do not differ much between the suits for a jump 

of similar length. However, the landing impact is greatly 

in�uenced by the inclination of the landing area and the outrun 

radius (38). As the resultant landing velocity required to reach 

130 m increases by ≏0.5 m s�1 per increment in suit size, the 

centrifugal force in the landing will increase. A larger suit 

compromises fairness is due to the difficulty FIS has in 

controlling its dimensions. However, comparing the suits with 

regard to safety and landing impact, one could still argue that a 

larger suit is safer. In particular, when an athlete widens the 

angle between skis and landing area and executes a backward 

rotation during landing preparation, which will be easier with a 

larger suit, the resulting braking action softens the landing (39). 

This scenario requires less speed, leads to a lower trajectory 

during the second part of the glide, and results in a similar 

landing impact but lower impact after the landing due to lower 

centrifugal force in the outrun. However, this safety issue is 

more of a hill construction problem, as a steeper landing would 

solve this issue.

A separate finding also emerged from the suit size simulation 

in which all suits were simulated to achieve a jump length of 

130 m. With Suit 3, one would need to start roughly four gates 

(or exactly 1.95 m) lower to reach 130 m, which is the only 

changed parameter in this comparison. The gate compensation 

in Granaasen is 7.45 points/m, giving a point difference between 

the suits of 14.5 points. However, the simulated difference 

between the suits when all parameters were kept constant 

(Figure 8) was 6.5 m, which corresponds to a point difference of 

11.7 points. This indicates that the gate might be slightly over- 

compensated, with approximately 0.7 points per gate, which in 

many cases could in�uence the outcome of a competition.

This study has several notable limitations that should be 

considered when interpreting the results. A simplified 

experimental design was used, investigating the effects of suit 

size and air permeability independently. Suits combining 

different sizes with different permeabilities were not tested, 

preventing assessment of potential interactions between these 

parameters. Theoretically, the in�uence of permeability may be 

greater for larger suits due to the larger material surface area 

and volume of the space between the suit and the athlete’s body. 

Furthermore, the use of a static mannequin does not capture the 

subtle body position adjustments made by jumpers during 

actual �ight. Only two body positions were studied, which do 

not represent the full range of configurations adopted during 

�ight, especially in the transitional phase. In addition, wind 

tunnel testing does not replicate variable wind conditions 

present during actual competitions, which may modify the 

relative impact of suit parameters on aerodynamic performance. 

Testing was also limited to a single material type with different 

permeabilities and a small number of size variants, whereas real 

suits differ in seam construction and other features that affect 

aerodynamic behavior. Finally, the simulation model used 

simplified assumptions, such as ignoring crosswind and 

turbulence effects and treating the jumper as a point mass. 

Despite these limitations, the obtained results provide valuable 

insights into the in�uence of basic suit parameters on 

aerodynamic performance and constitute a solid foundation for 

further, more detailed research.

5 Summary

Altogether, this investigation demonstrates the importance of 

suit size and the restricted in�uence of air permeability on ski 

jumping performance. Enlarging the suit by 2 cm increased the 

lift and drag force by 5% and 4%, respectively. An increase in 

both aerodynamic forces and the LD ratio was seen, which 

provides a benefit by reducing vertical velocity and increasing 

horizontal velocity. The numerical simulations showed that this 

aerodynamic effect corresponded to an average jump length 

difference of 5.6 m, or 2.8 m/cm of increased tolerance. Air 

permeability had a limited effect on performance. Wind tunnel 

measurements showed differences within the expected 

measurement variations. However, these changes still resulted in 

jump differences of +1.9 for Suit 4 and �3.3 m for Suit 5. While 

air permeability may have a small effect on performance, its 

in�uence is significantly overshadowed by the effect of suit size. 

Numerical simulations confirmed that the equipment difference 

is the largest for shorter jumps, where the landing slope is 

steeper. A somewhat larger difference between the suits was also 

observed in headwind compared to tailwind, and at sea level 

compared to higher altitude. These findings suggest that the 

fairest ski jumping competitions would be those held at high 

altitude, with tailwind, and long average jumps. However, this 

condition could compromise the safety of the competition. 

Comparisons of jumps of similar jump lengths displayed only 

small differences in landing impact. Nevertheless, the fact that 

higher speed is needed to reach similar length with a smaller 

suit could still in�uence safety during the glide and outrun 

phases, and the real impact could be confirmed with additional 

testing of smaller suits in a controlled and safe setup.
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