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Abstract

Objective

To analyze the physical fitness characteristics of elite freestyle skiing aerials athletes,

thereby enhancing the understanding of exercise physiologists, sports scientists, and

coaches regarding the demands in this discipline.

Methods

After health screenings, 29 athletes from the Chinese National Freestyle Skiing Aerials

Team were divided into elite and general groups, including males and females. Physical fit-

ness indexes were determined through literature reviews, expert interviews, and the Delphi

method, followed by physical fitness tests assessing body morphology, physiological func-

tion, and physical quality. Data normality was verified using the Shapiro-Wilk test. Differ-

ences between the two groups were then evaluated using independent sample t-tests or

Mann-Whitney U tests, after which effect sizes were calculated to assess the magnitude of

the differences.

Results

Significant body morphology differences were noted between elite and general groups in

fat-free body weight, leg, and waist circumferences (P < 0.05). Male athletes in the elite

group exhibited a significantly lower percentage of body fat (P < 0.05), whereas the reduc-

tion in body fat percentage among female elite athletes was not statistically significant. In

terms of physiological function assessment, elite athletes demonstrated superior perfor-

mance in both maximum anaerobic capacity and relative maximum anaerobic capacity com-

pared to their counterparts in the general group (P < 0.05). Notably, the difference in

maximum anaerobic capacity was highly significant among male athletes (P < 0.01), and

the relative maximum anaerobic capacity among female athletes was also markedly signifi-

cant (P < 0.01). Regarding physical quality indexes, elite athletes outperformed those in the

general group in all aspects except for the quick v-up and 12-minute run tests (P < 0.05 or

P<0.01).
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Conclusion

Elite athletes exhibit superior physical fitness characteristics compared to general athletes,

attributable to differences in age, years of training, and their participation in ongoing special-

ized physical training within structured, cyclical programs. Specifically, elite athletes demon-

strated higher fat-free body weight, larger waist and leg circumferences in terms of body

morphology. Particularly, male athletes showed a trend towards lower body fat percentage.

Physiologically, they exhibited stronger anaerobic metabolism capabilities. In terms of phys-

ical quality, elite athletes displayed superior limb strength, lower limb explosive power, and

specialized core strength, along with better speed, agility, and overall coordination.

Introduction

Freestyle skiing aerials, a highly challenging winter sport, originated in the United States in the

1960s. It was officially recognized by the International Ski Federation (FIS) in 1979 and

included in the Winter Olympics in 1994. China began developing this sport in the late 1980s,

and it has since become a key strength in the country’s Winter Olympics lineup. At the 24th

Beijing Winter Olympics in 2022, the Chinese freestyle skiing aerials team achieved their best

historical result with 2 golds and 1 silver, demonstrating their strong competitive prowess.

Stability, difficulty, accuracy, and aesthetics are the main competitive factors and distinctive

characteristics of freestyle skiing aerials [1]. The sport encompasses a range of technical

maneuvers, spanning from single movements to more complex double and triple movements.

As the global competitiveness of freestyle skiing aerials advances, high-difficulty triple move-

ments have become crucial for medal contention (current mainstream triple movements for

females include bLFF, bLTF, bFFF, bLdFF, and for males, bdFFdF and bFdFdF). The sport

consists of four phases [2, 3]: inrun, takeoff, aerial maneuver and landing. Judges score the ath-

letes’ technical maneuvers. The score for each maneuver is then multiplied by the correspond-

ing difficulty coefficient, determining the final score for each maneuver. Scoring is divided

with 20% for air, 50% for form, and 30% for landing [4]. Typically, the greater the difficulty of

the maneuvers executed by athletes, and the better the quality of the execution, the higher the

probability of winning [5].

Aerials athletes are required to perform complex techniques involving flips and rotations

during competitions or training, which place high demands on their execution control, and

also tend to induce fatigue [6–8]. The takeoff and aerials demand acute spatiotemporal percep-

tion, core stability and power output, and precise neuromuscular control [9]. Landing requires

strong eccentric lower limb strength and control of balance stability [10, 11], with failure not

only affecting scores but also increasing injury risks [12, 13]. Among Winter Olympic sports,

the freestyle skiing aerials event has a notably high injury incidence rate of 28.6%, with non-

contact knee injuries being common [14]. The high rate of injuries is primarily due to the

sport involving extreme performances and challenging terrain structures, such as the unstable

landing slope, which disrupts athletes’ body perception and increases risks during landing.

After takeoff, the vertical drop to the landing spot often exceeds 10 meters and can potentially

reach or surpass 18 meters in height difference [9, 15]. During the landing phase of triple

movements, the impact force on the soles of the feet averages 7.06 to 8.13 times the body

weight [16]. In addition to the stress transmitted along the long axis of the lower limbs, differ-

ent loads on the skis during landing exert anterior-posterior and rotational stresses on the
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knee joint [15]. This increases the risk of injury to the joint cartilage, menisci, subchondral

bone, and ligaments. Locking athletes’ ankles in ski boots diminishes cushioning and amplifies

impact forces on knee joints during landing [17]. The cold and variable outdoor environment

further increases the risk of injury to athletes.

Strength training is an essential component of physical fitness training for freestyle skiing

aerials athletes, crucial for enhancing athletic performance and reducing both acute and

chronic injuries [9, 18]. The enhancement of specific strength, particularly in the hip, knee,

ankle joints, and trunk muscles, is key for performing high-quality technical maneuvers and

ensuring safe landings [19]. Improving core endurance and the rapid concentric contraction

ability of the hip flexors significantly reduces spinal and knee injuries, while also optimizing

landing techniques [10]. Enhancing core strength and balance helps reduce the bending angles

of the hips and knees upon landing, diminishes fluctuations along the horizontal axis, and

effectively counters post-landing inertial impacts [10, 20]. Targeted strength training also

accelerates the rehabilitation process for injured athletes, facilitating a quicker return to com-

petition [21]. Additionally, the extended duration of training and competitions, often lasting

2–4 hours with intervals of over 5 minutes between each technical move, places significant

demands on athletes’ recovery capabilities, highlighting the need for robust physical condition-

ing [18, 22].

Athletic physical fitness increasingly determines competition outcomes [23]. Globally, espe-

cially in winter sports powerhouses, research on physical fitness, including anthropometry

[24–27], metabolic characteristics [28–31], and athletic abilities [32–35], is extensive. However,

there remains a lack of comprehensive and quantitative research on the physical characteristics

of freestyle skiing aerials athletes, and no study has compared the physical differences between

aerials athletes at different ability levels. In freestyle skiing aerials, athletes are challenged to

excel in both physical fitness and technical skills. Understanding the specific physical require-

ments for top-level aerials competitors allows for more effective training strategies to develop

and enhance these attributes in athletes. This approach is crucial for advancing performance

standards in this demanding sport. Therefore, this study collected data on the three aspects of

body morphology, physiological function, physical quality and systematically and comprehen-

sively analyzed the physical characteristics of China’s elite aerials athletes. Our aim is to moti-

vate a deeper comprehension among sports physiologists, sports scientists, and especially

coaches, of the requirements needed for proficiency in the aerials event of freestyle skiing. This

understanding is crucial for the development of comprehensive protocols and strategies that

effectively assess the physical attributes of aerials athletes. Furthermore, it aids in monitoring

their performance, offering pragmatic training guidance, and devising precise talent identifica-

tion program.

Methods

Participants

This study involved 29 athletes from the national freestyle skiing aerials team, who were

actively preparing to compete in the 2022 Beijing Winter Olympics. The athletes were system-

atically classified into two distinct groups based on their performance levels in national and

international competitions. The Elite Group, comprising 6 men and 5 women, consists of

international master-level athletes who have achieved top-three finishes in major events such

as the Winter Olympics, World Championships, or World Cups. The General Group includes

9 men and 9 women from various provincial teams across China, with achievements up to

top-three finishes in national competitions. Further details about these groups are provided in

Table 1.
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Study design

To prepare for this study, we reviewed and organized literature related to freestyle skiing aeri-

als and similar technical sports, encompassing both print and online materials. This helped us

gain a comprehensive understanding of the current research landscape and recent advance-

ments in this field. On this basis, this paper determined the research framework.

To delve into the specific traits of aerials event along with the athletes’ physical fitness, and

to ensure the scientific rigor, practical application, and feasibility of our study, we consulted

experts in this discipline from universities such as Beijing Sport University and Shenyang

Sport University (a total of 6 experts), as well as coaches from national and provincial aerials

teams (a total of 10 coaches). Through face-to-face interviews and telephone conversations, we

sought expert advice on aspects including physical fitness test index selection, testing specifics,

and evaluation methodologies (S1 Appendix).

The first two steps in this study were determining the primary selection indexes for the

physical fitness test and designing the questionnaire (S2 Appendix). This survey was carried

out from April to May 2020 with a group of 12 experts, including aerials coaches, referees, and

researchers, who conducted a two-stage survey to assess the importance of these indexes. A

5-point Likert scale was utilized for the questionnaire, ranging from “very inappropriate” to

“very appropriate” for rating each index. This methodological approach aimed to identify the

crucial physical fitness parameters for elite athletes in this discipline. According to the scores

and comments of the first round of expert questionnaires, some indexes were deleted or modi-

fied, and then the second round of questionnaires was developed. The coefficient of variation

(CV) indicated the degree of difference between experts in understanding of the relative

importance of a particular index. Under normal circumstances, CV<0.25 is considered to be

an acceptable range. The smaller the CV was, the higher the degree of coordination between

experts on that index [36–38]. After the second round of questionnaires, we chose the indexes

with CV<0.25 as the final test indexes. Each of the 12 questionnaires issued in the survey

rounds was returned.

The questionnaire’s effectiveness was affirmed, with over 90% of experts expressing satisfac-

tion with its structure and content (refer to S3 Appendix). To assess the questionnaire’s reli-

ability, a retest method was employed. Six participants from the initial survey were randomly

chosen for a follow-up survey two weeks later. Analysis of both survey results using statistical

software yielded a retest reliability coefficient of 0.87, indicating the questionnaire’s high reli-

ability in measuring physical fitness evaluation indexes.

Procedures and protocols

In June 2020, we recruited athletes as participants for this study and conducted a week-long

series of tests within the same month. Before the commencement of the physical fitness tests,

medical professionals screened the health conditions of the participants to ensure all involved

athletes were in excellent physical health and free from any contraindications that could affect

competitive training, such as cardiovascular diseases or musculoskeletal injuries. Out of 30

Table 1. Basic information of participants.

Calendar Age (yrs) Training age (yrs) Height (cm) Weight (kg)

Group Sample

(n)

Male (M± SD) Female (M± SD) Male (M± SD) Female (M± SD) Male (M± SD) Female (M± SD) Male (M± SD) Female (M± SD)

Elite Group 5 6 23.48±4.40 24.61±4.20 10.56±4.32 10.20±5.61 174.15±2.14 161.90±3.94 68.57±3.51 56.22±3.52

Excellent Group 9 9 19.56±2.29 20.22±3.67 7.85±3.61 8.34±4.59 175.53±4.99 158.78±3.46 69.21±4.82 55.37±5.92

https://doi.org/10.1371/journal.pone.0304912.t001
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national team aerials athletes, 29 met our inclusion criteria. All participants voluntarily signed

a written informed consent, confirming their willingness to participate in this study. This

study was approved by the Ethics Committee of Shenyang Sport University (approval number:

10096) and strictly adhered to the ethical standards of the Declaration of Helsinki. Prior to the

tests, athletes engaged in standardized warm-up activities. Throughout the testing phase, none

of the athletes suffered any injuries. Under the supervision of coaches and scientific research-

ers, they successfully completed all the testing components required by the study. The athletes

underwent body morphology and physical quality tests in the physical fitness training hall and

on the track field, while physiological function tests were conducted in the Functional Testing

Center by scientific personnel.

For assessing body morphology of freestyle skiing aerials athletes, our approach adhered to

the guidelines specified in “Sports Measurement and Evaluation” [39]. The assessments were

conducted using calibrated equipment by trained professionals. We employed the InBody270

(Yinbadi Co., Ltd., CN), a multifrequency bioelectrical impedance analyzer, for detailed body

composition analysis.

Physiological functions of the athletes were measured using a suite of specialized equip-

ment. This included a MONARK837 anaerobic power bike (Switzerland) for assessing anaero-

bic capabilities, a MAXII exercise cardiopulmonary function test system (USA) for

cardiopulmonary evaluation, and a MONARK839E bicycle ergometer (Switzerland) for

endurance testing. Additional physiological and biochemical measurements were undertaken

using a range of diagnostic tools, such as the XF-IB hemoglobin analyzer, BT-1904C blood

urea biochemical analyzer, BECKMAN STKS red blood cell analyzer, DSL-10-67100 cortisol

analyzer, and DSL-10-4000 serum testosterone analyzer, ensuring comprehensive assessment.

To evaluate physical quality of the athletes in aerials event of freestyle skiing, we utilized

various equipment like Zhang Kong barbell plates and bars, Jia You sports and leisure prod-

ucts like medicine balls, logo discs, balance pads, yoga mats, and Great Wall Seiko Industrial

tapes. The WaterRower ribbed wooden frames were instrumental in assessing strength endur-

ance. Precise timing of the athletes’ performance was recorded using SEIKO electronic stop-

watches and the SmartSpeed optical door timing system. Detailed methodologies of these tests

are elaborated in the S4 Appendix.

Data analyses

In this study, physical fitness test data were organized using Microsoft Excel. Descriptive statis-

tical analysis was performed with SPSS 22.0. The Shapiro-Wilk test was used for assessing data

normality. The independent sample t-test was applied to normally distributed indexes, and the

Mann-Whitney U test was used for those not adhering to a normal distribution, in order to

compare differences between two groups of athletes.

To quantify the practical significance of differences between groups, this study calculated

the effect size of relevant variables. For variables confirmed to follow a normal distribution by

the Shapiro-Wilk test, we calculated the Cohen’s d coefficient to assess the effect size between

two independent samples. The effect size for the d coefficient was defined as: small

(0.20�d<0.50), medium (0.50�d<0.80), and large (d�0.80) [40, 41]. For variables not con-

forming to normal distribution, we used the r value to indicate effect size. The general stan-

dards for the effect size of the r value are: small (0.10�r<0.30), medium (0.30�r<0.50), and

large (r�0.50) [41].

In all statistical analyses, two-tailed tests were used, and the significance level was set at

0.05. In the statistical results, a single asterisk (*) indicates P<0.05, and a double asterisk (**)
indicates P<0.01. Moreover, “d” represents the Cohen’s d coefficient value, and “r” represents
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the r value. For variables adhering to a normal distribution, the presentation of data utilizes

means and standard deviations, denoted as M±SD. Conversely, for those variables not follow-

ing a normal distribution, the data is represented using medians and interquartile ranges, indi-

cated as Median [Q1-Q3] (for detailed information, refer to S5 Appendix).

Results

Body morphology test results

As seen from Figs 1 and 2, among male athletes, significant statistical differences were

observed between elite and general athletes in terms of fat-free body weight (p = 0.038,

d = 1.14), waist circumference (p = 0.039, d = 1.22), thigh circumference (P = 0.030, d = 1.32),

body fat percentage (p = 0.010, r = -0.67), and calf circumference (p = 0.032, d = 1.29). Among

female athletes, elite athletes differed significantly from general athletes in fat-free body weight

(p = 0.027, d = 1.33), waist circumference (p = 0.021, d = 1.96), and thigh circumference

(p = 0.035, d = 1.45). No significant differences were observed in other body morphology

indexes between the two groups (P>0.05).

Physiological function test results

According to the statistics of the test data (Figs 3 and 4), the maximum anaerobic power and

relative maximum anaerobic power of the elite athletes were significantly higher than those of

the general athletes (P<0.05). The maximum anaerobic power (p = 0.001, d = 2.52) of the male

athletes was very significantly different (P<0.01), and the relative maximum anaerobic power

(p = 0.005, d = 2.14) of the female athletes was very significantly different (P<0.01). The statis-

tical results of other indexes were not statistically significant (P>0.05).

Physical quality test results

As shown in Figs 5 and 6, the other indexes of physical quality in the elite group were better

than those in the general group (P<0.05 or P<0.01), excluding the indexes of quick v-up and

aerobic endurance.

Discussion

Body morphology characteristics

Body composition proportions influence athletic techniques and strategies in competition, as

evidenced by studies [42, 43]. The body composition of winter athletes is related to their com-

petition results [26]. Fat-free body weight is made up of all other body components excluding

fat tissue, with muscle being the main component. Fat-free body weight affects the athletic

ability of athletes [44, 45]. The proportion of fat weight to body weight is called body fat per-

centage. The fat-free body weight is inversely proportional to the percentage of body fat. The

higher the fat-free body weight of an athlete is, the lower the body fat percentage, and vice

versa. Figs 1 and 2 show a significant difference between the fat-free weight of male and female

athletes in the elite group and that of male and female athletes in the general group (P<0.05).

In the comparison of body fat percentage among male athletes, the elite group demonstrated a

significantly lower body fat percentage compared to the general group (P < 0.05). In contrast,

while the female elite athletes did not differ significantly from the general group in terms of

body fat percentage statistically, the mean value for the elite group was still lower. These find-

ings suggest that elite athletes tend to have a physique characterized by higher fat-free body

weight and lower body fat content, a trend that is particularly evident in male athletes. Accord-

ing to the characteristics of aerials, strength is the core physical quality of the event [23]. The
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Fig 1. Comparison of male athletes’ body morphology indexes between elite and general groups.

https://doi.org/10.1371/journal.pone.0304912.g001
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Fig 2. Comparison of female athletes’ body morphology indexes between elite and general groups.

https://doi.org/10.1371/journal.pone.0304912.g002
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body’s exercise ability and power level are closely related to fat-free body weight [19, 45]. The

higher the proportion of fat-free body weight, the stronger the muscle strength and explosive

power are. Therefore, athletes with a high proportion of fat-free weight and low body fat con-

tent are better able to complete complex technical movements and meet the needs of the

competition.

The study unveiled significantly larger thigh and waist circumferences in elite athletes com-

pared to their general counterparts (P<0.05), with elite male athletes showing notable differ-

ences in calf circumference (P<0.05). These elite athletes, having low body fat content and

larger waists and legs, display higher strength levels. The large waist circumference of elite ath-

letes results from long-term specialized training, reflecting the high degree of development of

their waist and abdominal core muscles. The unique techniques of aerials have very high

requirements for the stability and power output of athletes’ core muscles. On one hand, the

solid lumbar pelvic belt forms an overall regional muscle group that ensures that the athlete’s

somersault with twist remains stable and prevents deformation while stabilizing the body’s

Fig 3. Comparison of physiological function indexes of male athletes in elite and general groups.

https://doi.org/10.1371/journal.pone.0304912.g003
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center of gravity. On the other hand, the technical movements of the landing phase are over-

loaded on the human waist. If there is no strength in the waist and abdominal core muscles to

fix the spine, stabilize the pelvis, reduce the impact force, and improve the stability of the land-

ing posture, the probability of injury in athletes will be increased. Therefore, the strength of

the waist and abdominal muscles is indispensable for aerials athletes [10]. Furthermore, the

significant thigh circumference in elite athletes signifies their prominent lower limb strength.

Given that many movements in the aerials event involve lower limbs, strong lower limbs facili-

tate takeoff and landing [11, 46]. Additionally, developed leg muscles help alleviate knee joint

pressure during high-altitude landings, reducing injury risks [47, 48].

Physiological function characteristics

Anaerobic capacity characteristics. Anaerobic metabolic capacity is defined as the physi-

ological capacity for energy production in the absence of oxygen, primarily during high-inten-

sity exercises. It represents the ability of the body to work continuously using the energy

Fig 4. Comparison of physiological function indexes of female athletes in elite and general groups.

https://doi.org/10.1371/journal.pone.0304912.g004
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supply system of adenosine triphosphate-creatine phosphate (ATP-CP) and glycolysis. Com-

pared with aerobic metabolism, anaerobic metabolism is characterized by a higher intensity

but shorter duration. Generally, to master the ability of the body to produce high power output

in the shortest time under anaerobic conditions, that is, the ability to exert maximum strength

and speed, scientific researchers use an anaerobic power bicycle and the Wingate anaerobic

power test method to obtain data [49, 50]. According to previous research results and the char-

acteristics of freestyle skiing aerials, athletes need to have good anaerobic metabolism and

aerobic metabolism to adapt the energy system of the body to the requirements of this sport,

have a good rhythm of energy output and recovery and make adequate preparations for adapt-

ing to high-intensity training and competition. The development of anaerobic metabolism is

significant for aerials athletes.

This study measured maximum anaerobic power and relative maximum anaerobic power

in athletes. These two indexes mainly reflect the ability of athletes to do work quickly under

the ATP-CP system. These results (Figs 3 and 4) indicated that the two test indexes reflecting

Fig 5. Comparison of physical quality indexes of male athletes in elite and general groups.

https://doi.org/10.1371/journal.pone.0304912.g005
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anaerobic metabolic ability were significantly higher than those of general athletes (P<0.05).

The capability of the ATP-CP energy supply system of elite athletes was better than that of gen-

eral athletes, and the anaerobic metabolism of elite athletes was more prominent. At the same

time, these results also indicate that maximum power and relative maximum power are the

typical indexes to evaluate the physiological function level and anaerobic metabolic ability of

athletes in this event. After a comparative analysis of the data above, it is evident that the

exceptional Chinese aerials athletes possess a strong power supply capacity in the ATP-CP sys-

tem, a characteristic feature of their bodily function. This capacity enables them to exhibit

remarkable movement speed and instant explosive ability.

Aerobic capacity characteristics. Maximum oxygen uptake refers to the maximum

amount of oxygen taken in and utilized by the body in a unit of time when the cardiovascular

system is fully mobilized. Cardiopulmonary function reaches the body’s limit. Maximum oxy-

gen uptake is an important index for evaluating aerobic endurance, manifested as the absolute

and relative values. For competitive sports with weight control requirements, the research

Fig 6. Comparison of physical quality indexes of female athletes in elite and general groups.

https://doi.org/10.1371/journal.pone.0304912.g006
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significance of relative maximum oxygen uptake is greater than that of maximum oxygen

uptake [51–53]. As demonstrated in Figs 3 and 4, elite Chinese athletes exhibited higher overall

mean values for maximum and relative maximum oxygen uptake compared to the general ath-

lete group, but these differences were not statistically significant (P>0.05).

According to relevant research and analysis, freestyle skiing aerials is a skill-dominated

sport with difficult and beautiful performances. The time of muscle movement is short, and

the energy consumption from a single movement is small. The impact on vegetative function

is poor compared with other sports, so the level of cardiopulmonary function is not prominent

[54]. Aerobic metabolism is not the most critical part of the competitive ability of aerials ath-

letes. From the overall point of view of energy metabolism of the body, although the technical

movements displayed by the athletes during the competition are fast-paced and short in time,

athletes need a good anaerobic metabolic system to provide the energy supply. This does not

mean that the coaches overemphasize the training of anaerobic metabolic ability while ignor-

ing aerobic metabolism training, because anaerobic ability needs to be based on aerobic ability

to highlight the level of sports technique [18].

Physiological and biochemical characteristics. Figs 3 and 4 show that the levels of spe-

cific blood biochemical indexes in athletes of different levels are all within the normal ranges

[55]. Hemoglobin levels are 120–160 g/L for males and 110–150 g/L for females. Serum testos-

terone ranges from 270–1070 ng/dl in males and 10–100 ng/dl in females. Blood urea is typi-

cally between 1.7–8.3 mmol/L for both genders. The red-cell count is 3.5–5.6 × 10^12/L, and

cortisol levels are 5–25 μg/dl for both males and females. Statistical analysis revealed no signifi-

cant differences across these indexes at different levels of athletes (P>0.05). This indicates that

the physiological functions of freestyle skiing aerials athletes at all levels are better, and differ-

ences in their biochemical characteristics are minor.

Physical quality characteristics

Strength characteristics. Strength is the foundation for developing other physical quali-

ties and the essential quality that allows athletes to master skills and tactics and improve per-

formance [56]. In aerials techniques, takeoff, aerial maneuvers, and landing techniques are

inseparable from the support of strength. Barbell squat reflects the athlete’s lower limb muscle

strength, especially the comprehensive strength of the gluteal leg muscle group. It also tests the

athlete’s rigid stability in the waist and abdomen region, that is, its static contraction ability.

Pull-ups mainly measure the strength and endurance level of the back muscle group and upper

limb muscle group of aerials athletes. To achieve elite performance in this index test, athletes

need to have a strong relative strength level and speed endurance ability of continuous con-

traction. As shown in Figs 5 and 6, at present, China’s elite aerials athletes have a stronger level

of limb strength than general athletes (P<0.05).

Standing long jumps mainly test the explosive force of the lower limbs. The power clean

movement mainly reflects the explosive force of the athlete’s lower limb three-joint extension

and overall coordination ability [57]. The three-step stable jump index test evaluates the lower

limbs’ ability to initiate and buffer movements quickly, and react to changes, while also assess-

ing the symmetry of lower limb strength to ensure balanced muscle development. Figs 5 and 6

show that compared with general athletes, the athletes in the elite group had significant differ-

ences in the above indexes (P<0.05). This indicates that the overall lower limb explosive

power level of the athletes in this event plays a vital role in improving their competitive ability.

The definition of relative strength is the maximum strength of an athlete per kilogram of

body weight, which reflects the relationship between absolute strength and body weight [58].

The relative strength level is essential for freestyle skiing aerials, gymnastics, diving, and other
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technical sports. This kind of Olympic event requires athletes to have greater maximum

strength, and it also requires that athletes not be too heavy. Therefore, athletes need to have

good relative strength; that is, under the condition of small weight change, athletes must have

a higher maximum strength ability, which is more conducive to the effective completion of

their technical actions.

Freestyle skiing aerials is a competitive event with relatively strict weight control [53]. Ath-

letes are affected by wind resistance and other environmental factors when performing maneu-

vers such as somersaults. Excess weight may lead to reduced agility and smoothness in their

movements. In addition, the impact on the knee joint is greater when landing, and the risk of

injury will increase [17]. In summary, the weight of aerials athletes must be controlled within

the ideal range. Therefore, testing and analysis of the relative strength ability of aerials athletes

are more reasonable and targeted. Figs 5 and 6 show that the relative strength indexes of male

elite athletes significantly differ from those of the male general athletes (P<0.05) and that the

relative strength indexes of female elite athletes exhibit even more significant differences from

those of the female general athletes (P<0.01). These results show that a better relative strength

level is a typical physical feature of freestyle skiing aerials athletes in China.

Freestyle skiing aerials require athletes to have robust core muscles, evident in testing mea-

sures such as overhead barbell squat on balance pads, quick v-up, and different directions of

ball tosses. These tests reflect core muscle stability and explosive strength levels, fitting into the

category of specialized strength [21]. The overhead barbell squat on balance pads test evaluates

core stability under weight-bearing imbalance, and flexibility of hips, knees, ankles, shoulder

joints, and spine extension. Quick v-up tests fast coordinated contraction ability of athletes’

core muscles. Backward ball toss measures the instantaneous explosive force of the trunk in

backward extension. The leftward and rightward ball tosses evaluate the explosive rotational

force of the side core muscles, indicating an athlete’s rotational capacity. Additionally, these

tests assess the symmetry of trunk rotational strength. As shown in Figs 5 and 6, in addition to

the quick v-up, the core strength test results of the elite group were significantly different from

those of the general group (P<0.05). In the aerial maneuvers phase of the technical movement

of aerials, the athletes rely on the controlled force of the trunk to generate rotation of the body,

transmit the rotation force, promote the coordination of the four limbs to cooperate with the

somersault technique, and finally achieve the goal of accurately completing the technical action

[2, 59]. A strong core muscle group stabilizes and supports the body posture and unique sports

skills of aerials athletes. Maintaining a beautiful upright posture, precise body control, and bal-

ance in the air is beneficial [60]. In the landing phase of the technical action, after the athletes

finish multiple types of difficult aerial maneuvers, they land on the soft and slippery sloping

snow. Even a slight deviation in their body’s center of gravity can result in deformation of the

landing technique. Therefore, maintaining core muscle stability in athletes upon landing is

crucial [10, 60, 61]. The success of this phase determines the quality of the entire technical

action. Aerials athletes must have strong core muscle groups, a typical feature of athletes’ phys-

ical quality.

Due to the high requirements of aerials on the core muscles, this study reflected the athletes’

specific explosive core strength and core stability strength index through graph processing.

The differences between the groups were analyzed by visualizing the core-specific strength

index data of each group for comparison. Because the numerical units of each index are differ-

ent, the values of each index were first converted into percentiles and then plotted. The specific

steps are as follows: (1) Determining the minimum and maximum values for each index, fol-

lowed by calculating the scores at key percentiles, starting from the 1st, 2nd, 3rd, and extend-

ing through to the 99th and 100th; (2) The corresponding percentiles of the mean values of the

five indexes were determined; (3) The radar chart for the comparison of the unique core
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strength test results of different groups of athletes was drawn up (a smaller numerical value for

overhead barbell squat on balance pads and quick v-up indicated a low optimal index, while

greater numerical values for the other indexes indicated a high optimal index). Fig 7 shows

that each elite group’s unique core strength values were within the closed pentagon’s outer

layer (radar chart). This indicated that the elite group had better unique explosive core

strength and core stability strength. This also lays a solid foundation for elite athletes to per-

form more difficult aerial unique techniques and stabilize their ability to land.

Speed characteristics. The aerials event of freestyle skiing is technically characterized by its

brief duration. From the perspective of energy metabolism, the movement takes less than 10

seconds, and the aerobic oxidation energy supply system is the main contributor for the sliding

phase. The athletes also bear low load intensity. The key to determining the outcome of the

competition is the aerial maneuver and landing phases, a period of rapid exertion of athletes

lasting for 2–3 second. In this short technical movement, the body’s energy sources mainly

rely on the ATP-CP energy supply system [9]. Aerial maneuver and landing require athletes to

have good quick response ability. Executing technical maneuvers with quickness, precision,

and stability is crucial for achieving high-quality performance. Consequently, coaches should

focus significantly on enhancing both the speed and quality of training, aiming to improve ath-

letes’ overall performance level. The 30-meter sprint effectively evaluates the ATP-CP energy

supply system and serves as a reliable index of athletes’ speed quality. It reflects the body’s

overall movement, the coordinated operation ability of muscles, and the agility of human

hands and feet. Figs 5 and 6 show that the 30-meter sprint test results of the elite athletes were

significantly better than those of the general athletes (P<0.05). This reflects that elite athletes

have faster muscle contraction and reaction ability.

Endurance characteristics. Freestyle skiing aerials is a sport based on aerobic ability,

although anaerobic ability plays a decisive role. The time interval for each athlete’s complete

Fig 7. Comparison of specialized core strength test results in different groups.

https://doi.org/10.1371/journal.pone.0304912.g007
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movement exceeds 5 minutes, with the average duration of competition or training sessions

ranging between 120 to 240 minutes [9]. The waiting period during competition or training

mainly depends on the aerobic oxidation energy supply system to promote the energy recovery

of the ATP-CP system. Considering the energy supply characteristics of aerials, the unique

physical fitness of aerials athletes should include aerobic endurance. Aerobic endurance is the

body’s capacity to sustain a certain intensity load for a prolonged period, underpinned by ade-

quate oxygen supply. Figs 5 and 6 illustrate that the 12-minute run test revealed no significant

difference between the elite and general groups (P>0.05). This aligns with the aforementioned

research findings on aerobic metabolic capacity.

Agility characteristics. Agile running primarily evaluates an athlete’s agility and coor-

dination, signifying body sensitivity via straight sprints and directional changes. This

reflects an athlete’s speed, adaptability, and rapid maneuvering abilities [58]. For freestyle

skiing aerials athletes, the capacity to control limbs and maintain body balance on slippery

snow is fundamental to technical movements. Coordinated footwork aids in adjusting take-

off distances, preparing for swift launch, and achieving high-speed performance in competi-

tions [3, 62, 63].

As the technical complexity of freestyle skiing aerials evolves, athletes face increasing

demands on movement difficulty and quality, necessitating enhanced limb and trunk coordi-

nation [5, 6]. The intricate and variable structure of aerials requires athletes to have quick,

coordinated movements and precise muscular strength. Hence, agility becomes a vital asset in

this sport, playing a critical role in overall technical movements. As Figs 5 and 6, significant

differences were noted in men’s and women’s agility running results across different groups

(P<0.01 for men; P<0.05 for women), suggesting distinct agility levels among freestyle skiing

aerials athletes of different ranks.

Analysis of factors contributing to physical fitness differences among

different groups

Age and years of training significantly impact athletes’ competitive abilities. These two factors

are crucial for the selection of prospective sports talents, training quality, and achieving excel-

lent competition results. According to feedback from interviews with coaches, China’s national

freestyle skiing aerials team is currently undergoing a transition phase between veteran and

new athletes following the Beijing Winter Olympics. Due to the impact of the COVID-19 pan-

demic and other factors, there is a significant gap in competitive capabilities between reserve

talents and current top athletes. An analysis of age and years of training (see Table 1) shows

that athletes in the general group in China are generally younger and have fewer years of train-

ing, compared to the elite group. This difference reveals that, whether in terms of technical

proficiency or physical reserves, athletes in the general group have substantial room for devel-

opment. Elite athletes have undergone long-term systematic and cyclical training. This train-

ing regimen not only promotes their comprehensive development in technical skills but also

significantly shapes their unique physical fitness characteristics.

Limitations

This study has certain limitations. First, the small sample size may limit the generalizability of

the results, which is a common issue in research involving elite athletes. Second, the lack of

international athlete data prevents cross-national comparisons; future studies should include a

broader sample. Additionally, due to the variability inherent in physical fitness testing, the

data collected may not fully reflect the athletes’ optimal condition. Lastly, balance ability is also

crucial for freestyle skiing aerials athletes. Although this ability was indirectly assessed through
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overhead barbell squat on balance pads and three-step stable jump, the study design and test-

ing conditions did not allow for an independent and detailed analysis of balance. Future

research should employ more precise testing methods to comprehensively evaluate athletes’

balance abilities under varied postural controls.

Conclusion

This study has summarized the physical fitness characteristics of elite freestyle skiing aerials

athletes. Compared to general athletes, elite athletes exhibit higher fat-free body weight, larger

waist and thigh circumferences in terms of body morphology. Particularly, male athletes

exhibit significantly lower body fat percentages. In terms of physiological function, these ath-

letes demonstrate a stronger anaerobic metabolic capacity, which is crucial for high-intensity

performance over short durations. In terms of physical qualities, they have more prominent

limb strength, lower limb explosive power, and specialized core strength. They also display

higher levels of speed and agility, and overall movement coordination. The superior physical

performance of elite athletes can be attributed to variations in age, longer training years, and

the structured and periodic scheduling of long-term training programs.

Practical applications

Analyzing the physical fitness characteristics of elite athletes helps practitioners to scientifically

diagnose and rationally plan training processes, thereby improving the quality and effective-

ness of training. In terms of body morphology, aerials athletes need to focus on increasing

muscle mass while maintaining a low body fat percentage and ensuring that body weight

remains within the ideal range. Although the elite group has larger waist and thigh circumfer-

ences than the general group, training should not solely focus on increasing body dimensions

but rather emphasize strength development. The body morphology characteristics of elite ath-

letes are the result of years of systematic and cyclical training, reflecting the cumulative effects

of training intensity and volume. In terms of physiological function, aerials athletes should pri-

oritize the development of anaerobic capacity while also enhancing aerobic capacity, to meet

the energy metabolism demands of the aerials event. In terms of physical qualities, coaches

must ensure that athletes enhance limb strength and lower limb explosive power while main-

taining symmetry in muscle strength. Targeted core strength training should be designed

based on technical characteristics to strengthen athletes’ core muscles, thereby ensuring pre-

cise execution of technical maneuvers. Additionally, other physical qualities such as speed and

agility should be systematically enhanced to optimize athletes’ overall athletic performance

and neuromuscular coordination.
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