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Objective
The purpose of this study was to examine the differences in the lower-limb muscle activities and kinematics between figure skating Axel type jumps with different number of rotations in youth figure skaters. We hypothesized that skaters would exhibit increased lower limb flexion during jump propulsion phase, lower limb extension at take-off and greater muscle activation levels as jump rotation increases.
Methods
Eleven youth figure skaters (age: 12 ± 4.29 years; height: 146.82 ± 17.71 cm; body mass: 37.02 ± 14.47 kg) performed Waltz Jump (0.5 rotations), Single Axel Jump (1.5 rotations), and three of them additionally performed Double Axel Jump (2.5 rotations). Lower-limb kinematics were recorded using two high-speed cameras. Muscle activities of Rectus Femoris, Long Head of Biceps Femoris, Tibialis Anterior, Lateral Gastrocnemius, and Medial Gastrocnemius of both legs were measured. The differences between the jumps were compared using paired samples t-test. Comparison of EMG data between different muscles parts was performed by One-way ANOVA. Due to limited data, Double Axel jump was compared with descriptive analysis.
Results
More difficult Axel type jump had higher jump height, shorter jump distance, faster jump take-off vertical velocity, and greater hip flexion during propulsion phase. The RMS and iEMG values of the left medial and lateral gastrocnemius and right tibialis anterior increased as the jump difficulty increased. Moreover, there were significant differences between different muscle parts RMS values and iEMG values in both Waltz jump and Single Axel jump (p < 0.01). Biceps femoris and rectus femoris indicated to have the highest RMS values and iEMG values in Waltz jump and Single Axel jump.
Conclusion
More difficult Axel type jumps require greater hip flexion during propulsion phase and greater activities in hamstrings, quadriceps and tibialis anterior before jump take-off. Youth figure skaters can improve jump height, take-off vertical velocity and overall qualities of jumps by enhancing multi-joint movement, muscle coordination and take-off leg strength. These findings provide insights into the lower-limb biomechanical characteristics of figure skating jumps, and potentially leading to refinement of training programs for the youth figure skaters to optimize jump performances and to reduce potential lower extremity injuries.
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1 INTRODUCTION
Figure skating is one of the popular sports in winter Olympic sport categories. According to International Skating Union (ISU), there are six types of jumps in figure skating: Toe-loop, Loop, Salchow, Flip, Lutz, Axel. Jumps are categorized according to how the skater performs jump take-off and lands on the ice. In addition, the difficulty of a jump is based on both the type of jump and the total number of rotations in the air.
Axel Jump is the most difficult jump with an extra half turn in the flight time compared to the other jumps due to forward jump take-off, and backwards landing, where the jumping leg and the landing leg must be opposite legs. Axel type jump is the first jump taught in figure skating, and it is the most critical jump considering its technical aspects and jump technical scores (International Skating Union, 2024). Waltz jump is a jump that leads to the Axel jump, the first jump skaters learn, and it is a half rotation jump (Hines, 2006). Half rotation jump is called Waltz, one and half rotations jump is called Single Axel, two and half rotations jump is called Double Axel, and three and half rotations jump is called Triple Axel.
Figure skaters need to be equipped with good physical qualities, as well as artistic and musical senses. These qualities need to be developed over a long period of time; thus, a large amount of training and early specialization is necessary. (Baker, 2003; Cattle et al., 2023). Youth is not only the golden period for developing fundamental skills, but also the most sensitive phase to body development and sports injuries. Lower limb overuse injuries are common among junior elite skaters with poor movement technique and high impact from repetitive jumps (Dubravcic-Simunjak et al., 2003).
Biomechanical research has been widely conducted in the sport industry. Biomechanical analysis procedures include kinematic, electromyography (EMG) and kinetic analysis are the most used research method for sport performance optimization, injury reduction and equipment development (Taborri et al., 2020; Kos and Umek, 2019; Bruening et al., 2018). Such analysis is also relevant and very critical in competitive sport such as figure skating (Lockwood et al., 2006). In the previous studies of Axel jump, while no differences in jump height and vertical velocity at jump take-off were found between different Axel jumps, and jumps with more rotations are claimed to be completed by the increase in jump rotation speed (King, 2005; King et al., 1994), other studies found that there were increases in the jump height, jump rotational speed, jump flight time, angular velocity and decrease in the jump distance as the jump difficulty increases (Hisako et al., 2004). Moreover, increasing the maximum jump height was found to be the key to succeed Quadruple Axel jump, Triple Axel jump is done by more efficient angular momentum (Hirosawa, 2004). Muscle activity levels of medial gastrocnemius, rectus femoris, biceps femoris, and adductor muscle were found to have greater activities in jumps with more rotations, whereas a similar activation pattern was observed for the adductors in all jumps (Taylor and Psycharakis, 2009). The gastrocnemius lateralis, rectus femoris, biceps femoris and vastus lateralis muscles presented greater activity and longer duration during roller skating Double Axel jump than Single Axel jump figure skating jumps (Pantoja et al., 2014). Unique activation patterns and muscle activity levels in jumps with different rotations suggests that figure skaters need to have the ability to change the technique of the jumps according to the desired jump difficulty with different number of rotations.
Overall, there are mixed findings in the kinematics of Axel jump of different number of rotations, and strategies employed by youth skaters to acquire new jumps are not well discovered yet. Despite figure skating’s technical difficulties and high risks of lower-limb injuries (Rauer et al., 2022; Madsen et al., 2024; Jederström et al., 2021), most studies have focused on kinematical aspect of Axel type jumps, and very few studies combined both kinematics and EMG analysis to explore characteristics of jumps. Therefore, this study aims to explore the kinematical characteristics, muscular activation levels and patterns of figure skating Axel type jumps with different number of rotations in youth figure skaters. The findings could provide deeper understanding on the similarities and differences between jumps with different rotations to aid in developing effective training programs and injury prevention strategies targeting youth figure skaters to optimize performance and prevent potential lower limb injuries.
We hypothesized that as jump rotation increases, skaters would exhibit increased lower limb flexion during propulsion phase, lower limb extension at take-off and greater muscle activation levels.
2 METHODS
2.1 Participants
Eight female and three male skaters, total of eleven youth figure skaters (age: 12 ± 4.29 years; height: 146.82 ± 17.71 cm; body mass: 37.02 ± 14.47 kg) performed Waltz Jump (0.5 rotations), Single Axel Jump (1.5 rotations), and three of them additionally performed Double Axel Jump (2.5 rotations). Given the limited number of youth skaters capable of performing this advanced jump safely, we chose to include these data to provide initial insights into its unique biomechanical demands. All skaters were competing at reginal or national levels, with an average training experience of 5 years, and regular skating practice for at least 10 h per week. All skaters were right-handed. Jump were performed with the left foot as the jump take-off leg, the right foot as the landing leg, and the direction of jump rotation was counterclockwise. Skaters were free of injury and illness during the study. All participants and their parents provided written informed consent prior to the study.
2.2 Experimental protocol
Two high-speed cameras (Sony NEX- FS700, at frame rate of 100 Hz) were set up in the ice rink according to the athlete jump placement to record skaters’ jumps kinematics. The cameras were positioned at angle of 110°. The camera placements can be seen in Figure 1. The same standardized calibration procedure was conducted before and after each final using a rigid three-dimension calibration frame with 28 reference points was used. Reflective markers were used to mark individual lower limb joints for modeling purposes. Two cameras and Direct Linear Transformation (DLT) method was used for 3D coordinates reconstruction (Cohen et al., 2017; Pueo, 2016). The X-, Y-, and Z-axes of the 3D coordinate system were the sagittal, coronal, and vertical axis directions, respectively. Ten surface electromyography (EMG) sensors (Delsys Trigno Wireless EMG System, at sampling frequency of 2000 Hz) were placed on the skin overlying the muscle belly of the lower extremity muscles including Rectus Femoris (RF), Long Head of Biceps Femoris (BF), Tibialis Anterior (TA), Lateral Gastrocnemius (LG), and Medial Gastrocnemius (MG) of both legs to assess neuromuscular patterns and muscle activity level at jump’s take-off and landing. Sensor placements followed the SENIAM guidelines (Hermens et al., 2000), and all placements were performed by the same person to ensure consistency. To minimize motion artifacts, we used double-sided tapes, and participants’ skins were shaved and cleaned with alcohol wipes before sensor placement.
[image: Diagram of a rectangular space showing two cameras and a "Jump Placement" area. Camera 1 and Camera 2 are positioned with arrows pointing towards the Jump Placement. Another arrow labeled "Direction" curves from Camera 2 to the Jump Placement. A 3D coordinate axis indicating X, Y, Z is in the upper right corner.]FIGURE 1 | Jump kinematic data acquisition site layout on ice arena.Prior to the test, the athlete performed a few trial jumps to check all the sensors and markers were fixed and does not interfere with the athlete’s ability to complete the movements. After a warm-up, skaters performed each jump three times for actual data collection session.
2.3 Data processing
Manual digitizing was conducted in SIMI Motion (version 9.2.2, Simi Reality Motion Systems GmbH, Germany) to obtain kinematic data form jump propulsion phase, take-off phase, flight phase and landing phase. To minimize the error, all the videos were manually digitizing by one person. The main kinematic parameters obtained include the time parameters of each phase of the jump, the angles of the hip, knee and ankle, the jumping height, the distance, and the spatial parameters such as the peak vertical velocity of the jump. For this study, the onset of the movement was defined as the instant of the left foot placed on the ice at the beginning of the jump during propulsion phase. The end of movement was defined as when athletes stabilized after jump landing. The overall jump time ranged average of 2.5 s. EMG data collection, the initial screening and export of the data were conducted using EMGWorks Acquisition software version 4.8.0, developed by Delsys. Raw EMG signals were band-pass filtered at 20–500 Hz using a ButterWorth filter made in Python 3.11. 5 to remove artifacts before subsequent data processing, and the filtered data were normalized to the mean peak EMG value obtained in each movement (Maddox et al., 2022). After full-wave rectification, envelope extraction, root-mean-square amplitude (RMS) and integrated EMG (iEMG) were calculated. Each muscle was considered activated when its EMG amplitude reached more than 10% of its peak value in each movement.
2.4 Statistical analysis
Prior to statistical analysis, the normality of all variables was assessed using the Shapiro–Wilk test. Normally distributed kinematic data and EMG data of different jumps were compared using paired samples t-test. Non-normal data were analyzed statistically using the non-parametric Wilcoxon signed-rank test. Due to limited data, Double Axel jump was compared with descriptive analysis. Comparison of EMG data between different muscles was first performed by One-way ANOVA, and if the difference between the data was found to be significant, the Tukey HSD post hoc test was applied. All statistical analysis was conducted using Python 3.11.5. Significance level was set at p < 0.05.
3 RESULT
3.1 Kinematics
Firstly, all kinematical variables and terms used and analyzed can be seen in Table 1. As shown in Table 2, there was a significant difference between the take-off time of Waltz and Single Axel jump, with Waltz jump having a longer take-off time than Single Axel jump (p < 0.05). There was also a significant difference between flight time of Waltz jump and Single Axel Jump, with Waltz jump having a longer flight time than Single Axel jump (p < 0.01). There was no significant difference in the propulsion time and landing time. Propulsion time and take-off time of Double Axel jump are approximately the same as Waltz jump and slightly longer than Single Axel jump, the flight time and landing time were the longest in Double Axel jump. There was a significant difference between the jump height of Waltz jump and Single Axel jump (p < 0.01). Single Axel jumps with higher jump height. There was also a significant difference between the jump distance of Waltz jump and Single Axel jump (p < 0.01). Waltz jump with longer jump distance. There was also a significant difference between the jump take-off vertical velocity of Waltz jump and Single Axel jump, Single Axel jump with faster take-off vertical velocity (p < 0.01). Out of all jumps, Double Axel jump showed the highest jump height, shortest jump distance, and fastest jump take-off vertical velocity.
TABLE 1 | Definition for all variables used and analyzed.	Variable	Definition
	Propulsion Phase	The moment from jump take-off leg touches down ice to body reaching to the lowest point before jump, in another words, the end of knee flexion
	Take-off phase	The moment from body reached to the lowest point before jump to moment of take-off leg leaving the ice. From the beginning of knee extension to the moment of toe-off
	Flight phase	The moment while skaters are in air completing jump rotations. From the toe-off to initial ground contact on landing foot
	Landing phase	From the first contact of the landing foot to the point where the body reaches stable posture, defined by minimal vertical displacement of the center of mass
	Jump height	The change in height from jump take-off to maximum height skater reached during flight phase
	Jump horizontal distance	The horizontal distance skater travelled during flight phase
	Take-off vertical speed	The peak vertical velocity of the centre of mass at the instant of take-off leg leaving the ice
	Hip Angle	The angle of the thigh relative to the torso
	Knee Angle	The angle of the thigh relative to the shank
	Ankle Angle	The angle of the shank relative to the foot
	Propulsion Angle	Joint angle at the end of propulsion phase
	Take-off Angle	Joint angle at the end of take-off phase
	Landing Angle	Joint angle at the end of landing phase
	Range of Motion (ROM)	Change in joint angle from the beginning of each phase to the end of the phase


TABLE 2 | Variables (mean ± SD) representing the kinematics and spatiotemporal characteristics of Waltz, Single Axel and Double Axel jump.	Variable	Waltz (n = 11)	Single Axel (n = 11)	Double Axel (n = 3)	p-value
	Temporal
	Propulsion time	0.45 ± 0.07	0.44 ± 0.06	0.45 ± 0.03	0.57
	Take-off time	0.37 ± 0.05	0.34 ± 0.05	0.36 ± 0.08	0.012*
	Flight time	0.36 ± 0.10	0.40 ± 0.07	0.51 ± 0.04	0.003*
	Landing time	0.48 ± 0.16	0.57 ± 0.11	0.61 ± 0.09	0.05
	Spatial
	Jump height	0.18 ± 0.09	0.24 ± 0.10	0.36 ± 0.13	0.001*
	Jump distance	1.51 ± 0.54	1.14 ± 0.37	1.11 ± 0.07	0.004*
	Take-off vertical velocity (m·s–1)	1.77 ± 0.46	2.24 ± 0.42	2.73 ± 0.31	<0.001*


p-value represents statistical comparisons between Waltz jump and Single Axel jump only.
* indicates p < 0.05.
As shown in Table 3, there was significant difference between the hip angle at propulsion phase of Waltz jump and Single Axel jump (p = 0.04). Double Axel jump showed the smallest propulsion phase hip and knee angle, and the largest hip ROM compared to the other two jumps descriptively. Therefore, as jump difficulty increased, propulsion phase hip and knee flexion increased, and hip ROM tend to increase.
TABLE 3 | Variables (mean ± SD) representing the lower limb joint angle characteristics of Waltz, Single Axel and Double Axel jump.	Variable	Waltz (n = 11)	Single Axel (n = 11)	Double Axel (n = 3)	p-value
	Propulsion angle
	Hip Angle	135.86 ± 20.63	125.62 ± 15.70	92.07 ± 4.38	0.040*
	Knee Angle	129.23 ± 15.37	125.99 ± 8.22	114.33 ± 4.38	0.260
	Ankle Angle	73.65 ± 19.29	67.69 ± 11.57	70.17 ± 20.37	0.485
	Hip ROM	12.12 ± 7.48	12.61 ± 11.25	19.37 ± 8.47	0.881
	Knee ROM	17.09 ± 8.55	18.25 ± 13.61	17.77 ± 10.79	0.756
	Ankle ROM	18.37 ± 14.33	21.03 ± 12.99	11.97 ± 14.60	0.673
	Take-off Angle
	Hip Angle	164.59 ± 8.05	156.46 ± 16.53	164.17 ± 8.89	0.419
	Knee Angle	161.72 ± 14.65	156.68 ± 16.56	162.93 ± 8.89	0.100
	Ankle Angle	91.02 ± 16.01	83.89 ± 11.01	81.43 ± 9.38	0.321
	Hip ROM	28.73 ± 18.80	30.85 ± 24.50	72.1 ± 10.75	0.797
	Knee ROM	32.49 ± 16.19	30.69 ± 12.81	48.6 ± 12.07	0.800
	Ankle ROM	17.37 ± 23.74	16.20 ± 14.10	11.27 ± 21.34	0.910
	Landing Angle
	Hip Angle	107.6 ± 24.07	97.15 ± 14.66	105.07 ± 21.52	0.330
	Knee Angle	124.18 ± 18.60	114.66 ± 12.47	126.27 ± 21.52	0.258
	Ankle Angle	62.20 ± 12.01	64.12 ± 13.89	66.80 ± 3.87	0.716
	Hip ROM	53.65 ± 30.27	63.06 ± 22.14	61.53 ± 16.76	0.424
	Knee ROM	31.36 ± 18.49	43.05 ± 19.09	27.13 ± 11.13	0.170
	Ankle ROM	25.07 ± 23.85	15.89 ± 18.59	11.07 ± 8.21	0.388


p-value represents statistical comparisons between Waltz jump and Single Axel jump only.
* indicates p < 0.05.
3.2 Muscle activation patterns
As shown in Figure 2, take-off leg muscles activated during the waltz jump propulsion phase were following the order of TA and RF. During the take-off phase, the muscle activated following the order of TA, BF, RF, MG and LG. During the landing phase, the muscle activated following the order of LG, RF, MG, TA and BF (See Figures 2A,B). The rest of the athletes had approximately the same muscle activation patterns. Take-off leg muscles activated during the Single Axel jump propulsion phase were following the order of TA and RF. During the take-off phase, the muscle activated following the order of TA, BF, LG, and RF and MG activated at the same time. During the landing phase, the muscle activated following the order of MG, LG, BF, and TA and RF activated at approximately the same time (See Figures 2C,D). Other athletes had approximately the same activation patterns. Take-off leg muscles activated during the Double Axel jump propulsion phase were following the order TA and RF. During the take-off phase, the muscle activated following the order of TA, RF, BF, LG, and MG which the activation was not obvious. During the landing phase, the muscle activated following the order of BF, RF, LG, TA and MG (See Figures 2E,F). Other athletes had approximately the same activation patterns.
[image: Six line graphs labeled A to F showing normalized EMG activity as a percentage of peak over time for different movements: Waltz, Single Axel, and 2Axel. Each graph displays lines for various EMG readings, with peaks corresponding to different phases labeled a, b, c, and d. Vertical dashed lines indicate these phases, and legends differentiate the EMG channels used.]FIGURE 2 | Examples of muscle activity patterns of Axel type jumps from one elite youth skater. (A,B) Indicates left and right foot muscles activity during Waltz jump. (C,D) Indicates left and right foot muscles activity during Single Axel jump. (E,F) Indicates left and right foot muscles activity during Double Axel jump. (A) propulsion phase; (B) take-off phase; (C) flight phase; (D) landing phase. EMG 1, 3, 5, 7, 9: Right TA, LG, MG, BF, RF. EMG 2, 4, 6, 8, 10: Left TA, LG, MG, BF, RF.3.3 Muscle activation levels
3.3.1 Quantifying muscle activation and effort
Normalized RMS values of lower limb muscles for Waltz, Single Axel and Double Axel jumps are shown in Figure 3. Although, there were no significant difference between the normalized RMS values of different muscles during Waltz jump and Single Axel jump, the RMS values of the left MG, left LG and right TA increased as the difficulty of the jump increased. On the other hand, the RMS values of the left BF, left TA and other muscle of the right leg decreased. RMS values of right and left RF were the highest during Single Axel jump and Double Axel jump.
[image: Bar chart titled “RMS Values of Muscles for Waltz, Axel, and Double Axel.” It shows RMS values for various muscles, with bars in blue for Waltz, orange for Single Axel, and green for Double Axel. Each muscle group shows variance with error bars; RF, BF, TA, MG, and LG muscles are listed, differentiated by right (R) and left (L).]FIGURE 3 | Normalized RMS values of lower limb muscles for Waltz, Single Axel and Double Axel jump RF, rectus femoris; BF, biceps femoris; TA, tibialis anterior; MG, medial gastrocnemius; LG, lateral gastrocnemius.Normalized iEMG values of the lower limb muscles for Waltz, Single Axel and Double Axel jumps are shown in Figure 4. Although there were no significant differences between the normalized iEMG values of the muscles between the Waltz and Axel jumps, there was an increase in the iEMG value of right foot TA and left MG, and a decrease in both the right and left BF, left TA and right MG as the difficulty of the jumps increased.
[image: Bar chart titled "iEMG Values of Muscles for Waltz, Axel, and Double Axel." It shows iEMG values for various muscles, with bars in blue for Waltz, orange for Single Axel, and green for Double Axel. Each muscle group shows variance with error bars; RF, BF, TA, MG, and LG muscles are listed, differentiated by right (R) and left (L).]FIGURE 4 | Normalized iEMG Values of Lower Limb Muscles for Waltz, Single Axel and Double Axel Jump RF, rectus femoris; BF, biceps femoris; TA, tibialis anterior; MG, medial gastrocnemius; LG, lateral gastrocnemius.3.3.2 Differences in neuromuscular activation across various muscle regions
There were significant differences between different muscle parts RMS values and iEMG values in both Waltz jump and Single Axel jump (p < 0.01). Tukey HSD post hoc test results show that, in Waltz jump, biggest differences were found between RMS values of BF-L and MG-L, (differences = 6.03, p = 0.01). The largest and smallest muscle RMS values were at BF-L and MG-L, respectively, during Waltz jump. Moreover, biggest differences were found between iEMG values of BF-L and MG-L (differences = 18.28, p = 0.001). The largest and smallest muscle iEMG values were at BF-L and MG-L, respectively, during Waltz jump. In Single Axel jump, biggest differences were found between RMS values of RF-R and LG-L (differences = 5.88, p = 0.001). The largest and smallest muscle RMS values were at RF-R and LG-L, respectively, during Single Axel jump. Furthermore, biggest differences were found between iEMG values of RF-R and LG-L (differences = 17.88, p = 0.001). The largest and smallest muscle RMS values were at RF-R and LG-L, respectively, during Single Axel jump. With descriptive analysis, largest and smallest muscle RMS values were at RF-L and LG-R (4.78)., respectively, during Double Axel jump. Largest and smallest muscle iEMG values were at TA-L and LG-R (11.62), respectively, during Double Axel jump.
In both Waltz jump and Single Axel jump, the muscles of hamstrings (BF) and quadriceps (RF) indicated to have the highest RMS values and iEMG values, referring to total muscle work and activity duration. BF-L is the most active muscle parts both in terms of muscle activity level and total activated duration during completion of Waltz jump, and RF-R is the most active muscle parts both in terms of muscle activity level and total activated duration during completion of Axel type jumps. However, TA-L seemed to be the muscle most contributed in completion of Double Axel jump.
4 DISCUSSION
4.1 Spatiotemporal characteristics of Axel type jumps
The waltz jump has the longest take-off time, while the Axel jump, and Double Axel jump have shorter take-off time. The flight time of the Double Axel jump is significantly longer than that of the waltz jump and Axel jump, thus, as the number of rotations increases, jump flight time increases. This result is consistent with the previous studies, where the flight time of Triple Axel is approximately 0.06 s longer than that of Double Axel jump (Hisako et al., 2004) and increasing the maximum jump height was found to be the key factor in mastering the Quadruple Axel jump when comparing the height between Triple Axel and Quadruple Axel (Hirosawa, 2004). Additionally, there were increase in jump height and maximum vertical speed at takeoff, and decrease in jump distance as jump difficulty increases, which indicate the need to optimize energy distribution in the vertical direction during the jump. For some athletes, as jump difficulty increases, the jump distance increase, making the jump appear larger and more aesthetically pleasing, but this may increase the likelihood of falling. Therefore, maximizing jump height while slightly decreasing jump distance could also be the key to land more difficult Axel type jumps. Previous research primarily included only high-level senior athletes, showed that as jump difficulty increases, the rotational speed in the air increases, and the jump distance decreases, which is consistent with the results of this study (King, 2005; King et al., 1994). However, in that study, no differences in jump height and vertical speed at takeoff were found between different jumps, thus more difficult jumps are completed only through an increase in rotational speed in the air, which is inconsistent with this study. Others showed that the average flight time of Triple Axel jumps of Japanese junior female athletes was 0.57 s, with a vertical speed at takeoff of 2.63 m/s and a jump height of 0.36 m (Hisako et al., 2004). Which is 0.06 s longer than the average flight time of 0.51 s of the Double Axel jump in this study, and the vertical speed at takeoff is 0.1 m/s slower (2.73 m/s), with the same jump height. This indicates that the Triple Axel jump might be completed by generating more efficient angular momentum, tightening the arms and legs as much as possible, reducing rotational resistance, lowering the moment of inertia, and increasing angular velocity. The differences in results may be influenced by the subject group. It can be inferred that the technical movements of high-level athletes are more refined, and their ability to control inertial forces and increase angular velocity is higher, meaning that high-level athletes can stop the arm and leg movements after the propulsion phase and then quickly bring the arms and legs closer to the rotation axis through the take-off and during the jump.
In addition, previous study has reported Double Axel jumps with greater jump distance have more likelihood of receiving better Grade of Execution (GOE) points by the judges (Hirosawa et al., 2022). Combining the result of this study, figure skaters are recommended to increase their jump height and take-off vertical velocity first to acquire difficult jumps, and later improve jump distance and the overall quality of jumps by increasing the horizontal speed before the execution of jumps.
4.2 Lower limb joint angle characteristics of Axel type jumps
In this study, hip angle at propulsion phase during Single Axel jump showed significantly larger flexion angle than during Waltz jump. Overall, there were increases in hip ROM during both propulsion and take-off as the jump difficulty increases, indicating that athletes are required to fully utilize the flexion of the lower-limb joints during the propulsion phase and maximize hip joint extension at takeoff to complete difficult jump, which supports our first hypothesis. Highest knee ROM at takeoff during Double Axel jump were found; however, no clear patterns of increasing knee ROM were observed between Waltz jump and Single Axel jump. Therefore, our second hypothesis is not supported. Larger joint movements create a spring-like effect, allowing the athlete to jump higher. Thus, this study shows that jumps with more rotations are completed by reducing the hip, knee and ankle joint angles during the propulsion phase, which is consistent with previous studies that showed an increase in jump height is achieved by reducing the ankle joint angle in the propulsion phase (Iwanska et al., 2018). Higher knee and hip joint flexion range during more difficult jumps suggests that there can be increases in knee and hip injuries; therefore, strengthening programs targeting lower limb are extremity important before attempting difficult jumps on ice.
More difficult jumps require athletes to accumulate energy and perform the takeoff action in a shorter period while generating enough flight time to complete more rotations in the air. To successfully perform more difficult Axel jumps, athletes need to enhance their lower body vertical explosive power, ability to increase jump height, extend flight time, and to convert linear motion into rotational motion. The use of the lower-limb joints (hip, knee, and ankle) during propulsion phase of the jump is crucial. The knee joint angles at takeoff for Double Axel jumps in both on ice and off-ice training conditions are very similar (Mazurkiewicz and Iwanska, 2015), suggesting that youth athletes can optimize the takeoff movement of the Axel jump through off-ice jump training. For junior athletes, premature pre-rotation is a common issue that can negatively affect jump height, the number of rotations, and landing stability (Liu, 2014). The proper technical sequence of the Axel jump includes down swing, upswing, ice push-off, and rotation. Therefore, the Axel jump must be performed with a proper rhythm to ensure technical stability, jump success rate and lower injury rates.
4.3 Muscle activity patterns and activity levels during Axel type jumps
As the jump difficulty increased, the muscle activation pattern shifted from a wider distribution to a more efficient pattern. First, activation pattern of the major muscles in the propulsion phase remained consistent across three jumps, with the take-off leg TA and RF dominating. The take-off leg RF and TA remain as the primary muscles in the propulsion and take-off phases, and the intensities of these muscle activations remain high in all three jumps. RF of the take-off leg was activated to control the rate of knee flexion, rapid joint extension, and joint protection during the propulsion and take-off phases. TA was activated to adjust foot contact with ice, shifting weight distribution and slowly control ankle dorsiflexion. This suggests that these muscles play an important role in energy accumulation and upward momentum generation during the jump. Secondly, the activation pattern of TA, BF, and then calf muscles during the take-off phase was consistent across jumps. Activation of BF and MG increased during the take-off phase compared with the propulsion phase. BF assists in the extension of the hip joints and stabilize the lower body in take-off phase. MG aids in plantarflexing the ankle to provide the final upward thrust of the jump. The activation pattern of muscles in the landing phase of different jumps showed some differences. Landing leg BF and RF tend to be activated earlier with increasing difficulty, indicating that at the beginning of landing of more difficult jumps requires better knee stability and hip mobility, to stabilize the high impact of the landing from higher jump height in difficult jumps. During the landing phase, there is increased activation of all muscles of the landing leg. Muscle activation patterns indicate that the landing leg muscles need to be trained evenly to stabilize the landing for jumping. Although not statistically different, muscle activation of the RF appears to increase during the takeoff phase of jumps with more rotations. In addition, muscle activation of MG muscle appears to increase during the overall jump, which is consistent with previous research on Axel jumps in roller skating (Pantoja et al., 2014). The results for the other muscle areas differed from other research and may be due to differences in subject populations. These results partially support our third hypothesis as some muscle parts activation levels increase during as jump rotation increases; however, the findings are not conclusive enough to fully validate the hypothesis.
More difficult jumps required higher levels of muscle coordination. Although the primary muscle groups during the propulsion, take-off and landing phases of the jumps were generally consistent, there were some differences in the pattern of secondary muscle involvement between the Waltz and Axel jumps, and Double Axel jump. Smaller activation level of the LG muscle during the take-off phase of the Double Axel jump suggests that the jumps require a more efficient activation pattern, which would require the athletes to be able to activate different parts of the muscle separately rather than synchronizing them. Only the needed muscles are activated, and the unwanted muscles are not as activated. In addition, the landing leg RF and TA are always involved as primary muscles in the landing phase, but their activation levels are significantly higher in the Waltz and Axel jumps and slightly lower in the Double Axel jump, indicating a greater reliance on the precise control of these muscles to absorb impact and maintain stability. This high demand for ice landing stability and related muscle activation patterns alternation demonstrates the technical complexity of difficult jumps. Particularly in youth athletes, improper landing mechanics and neuromuscular fatigue can lead to overuse injuries. Thus, understanding these muscle activation patterns and their relationship to landing mechanics are essential for developing targeted injury prevention strategies and optimizing performance.
The RMS and iEMG values of the left MG, left LG and right TA increased as the jump difficulty increased, whereas the values of the left BF and the right gastrocnemius muscles decreased. The differences in the activation of these muscles may be mainly in the take-off and flight phase, as the Double Axel jump has the longest flight time and more rotations. Double Axel jump requires a high level of coordination and postural stability of the muscles of the lower limbs during the flight phase, and these muscles play an important role in the postural and rotational control.
There was a correlation found between countermovement jump height with angle of the pelvis during propulsion and angle of pelvis and knee during take-off phase (Endy et al., 2017). Moreover, there is also a relationship between figure skating jump height and muscle strength especially for knee extension (Podolsky et al., 1990), and those skaters who can perform Double Axel jumps were also found to perform greater knee extension and plantar flexion (Comuk and Erden, 2012). Hamstrings are responsible for knee flexion and hip extension (Park and Lim, 2023; Avers and Brown, 2018), and quadriceps for knee extension (Bordoni and Varacallo, 2023). These findings align with this study results, since highest muscle activities were found at hamstrings and quadriceps in all jumps. Also, increase in medial gastrocnemius activation were found in more difficult jumps, all of which reflects that these muscles are required to generate the primary force, power, explosive energy, and stabilized lower body through greater knee, hip and ankle joint controls, for optimal jumping performance. These muscles work synergistically to produce stable, rapid, coordinated movements during jump propulsion and jump take-off for maximizing jump height and maximal take-off vertical velocity while maintaining control and efficiency.
Muscle recruitment pattern also highlights the importance of strength training and neuromuscular coordination in enhancing jump performance. From these results, it is suggested that figure skaters need to improve large muscle group strength and lower limb coordination for acquiring difficult jumps. Strengthening the rectus femoris and biceps femoris are necessary to enhance hip and knee control for jumps. Training methods include lunge jumps, deep squats, glute bridges and single leg pulls can be useful to optimize the power output of the large muscle groups including rectus femoris and biceps femoris. Secondly, athletes need to improve the efficiency of the power chain of the lower limbs, hip-knee-ankle joints, optimize joint coordination and improve jumping techniques. Training methods include box jumps, deep jumps, and drop jumps, all focusing on coordinated hip-knee-ankle power output, improving cushioning and joint coordination when landing. Balance board exercises, single leg calve raises, and other foot stability exercises can be used to enhance ankle stability, increase calf muscle function, balance and endurance, and improve muscle activation patterns of the tibialis anterior and other muscle coordination during the propulsion phase while avoiding over-activation due to fatigue. These training methods can help youth athletes to not only jump better but also reduce injury risks.
5 LIMITATION
This study provides a preliminary examination of lower-limb biomechanical characteristics of Axel type jumps in youth figure skaters; however, there are several limitations. Firstly, the overall sample size is relatively small, which may have an impact on the data statistics and limit the generalizability of the results of the present work. Due to the lack of high-level junior figure skaters with stable jumping skills, the sample size of Double Axel jump was especially small. Due to the limited sample size of Double Axel (n = 3), all findings related to the Double Axel are purely descriptive and should be interpreted as exploratory. Secondly, there are many other factors affecting the performance of skaters, such as gender, age, training background, which in this study did not consider. Gender-differences in jumping performance are commonly observed in youth athletes (Magnúsdóttir et al., 2011; Atkinson et al., 2024). In pair figure skaters, gender differences in vertical jump characteristics during repetitive jump test were also reported (Sands et al., 2012). There are differences in the typical injury profiles between male and female skaters (Dubravcic-Simunjak et al., 2003). These findings suggest that there may be gender differences in biomechanical characteristics of Axel type jumps. Future study can include more samples, with same sample size of both male and female to perform gender-based subgroup analysis and analyze gender-based biomechanical differences in figure skating jump performance. In addition, body mass and height, which may influence both EMG amplitude and joint kinematics. Future studies with larger sample sizes should consider incorporating covariate adjustments, such as body mass and height, and including such adjustments through ANCOVA or regression-based methods to improve the precision of biomechanical comparisons in youth athletes. More higher-level skaters who acquire Double Axel jump and even more difficult jumps such as Triple Axel can be included for more in-depth jump analysis. Also, a detailed analysis of the flight phase to characterize associated biomechanics of jump flight position and posture can also be conducted in the future.
Despite these constraints, this study explored the kinematic characteristics and muscular activation characteristics of figure skating Axel type jumps with different number of rotations in youth skaters. Uniquely identified which muscles are more involved in figure skating jumps, which could be helpful for designing specific training programs for strengthening these muscles, which may provide benefits to youth athletes.
6 CONCLUSION
This study analyzed lower-limb kinematics and neuromuscular activity characteristics of Axel type jumps in youth figure skaters and compared characteristics between jumps with different difficulty including Waltz jump, Single Axel jump and Double Axel Jump. The results indicate that skaters need to apply greater lower limb flexion, and while maintaining greater activities in hamstrings and quadriceps before take-off, using more of tibialis anterior, lateral gastrocnemius, and medial gastrocnemius throughout jumps can be important to jump higher, faster take-off vertical velocity, and to obtain enough time in air to complete jumps with additional rotations. In conclusion, figure skaters are required to enhance lower limb flexibility, stability, proper joint and muscular coordination, to acquire more difficult jumps that are with more rotations. This study uniquely identified the similarities and differences in the lower-limb biomechanical characteristics across different types of Axel jumps by youth figure skaters. It also explored the technical and neuromuscular strategies youth skaters employ to master more complex Axel jumps. These insights can be valuable for both youth figure skaters and coaches in developing training programs and injury prevention strategies for figure skating jumps.
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