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Introduction: In figure skating, various types of multirotational jumps are becoming increasingly important. Based on mechanical considerations, the angular momentum of the entire body at takeoff can increase the number of rotations in the air. This study aimed to compare and characterize the angular momentum of the entire body and each body part during six different jumps.



Methods: Seven female figure skaters performed six double jumps on the ice. The positions of the markers, which were attached to anatomical landmarks, were recorded using a three-dimensional motion analysis system. The angular momenta of the entire body and each body part (trunk, arms, and legs) at takeoff were calculated. The angular momentum was further divided into the transfer term generated by the motion of the body part around the body's center of mass and a local term generated by the rotational motion of the body part itself. A paired t-test was performed to compare all jumps, and multiple comparisons were performed using Holm's method.



Results and discussion: The angular momentum of the entire body at takeoff was similar for all jumps. Although the trunk generated a large local term that was similar in all the jumps, the arms and free leg generated large transfer terms with different patterns. This suggests that different strategies may be used to generate angular momentum at takeoff depending on the jump type.
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1 Introduction

In figure skating, multirotational jumps are becoming increasingly important. It involves the following six types of jumps, in order of increasing difficulty: axel, Lutz, flip, loop, Salchow, and toe loop (Table 1). Jumps with a higher difficulty and more rotations have higher base values (1). The final score for a jump is determined by adding the base value to the quality and shortage of jump rotations. In competitions, skaters must perform multiple types of jumps according to rules. A study analyzing the number of jumps performed in singles events at the World and European Championships from 2005 to 2019 reported that the number of double jumps performed by the top five skaters at each competition decreased for both men and women, whereas the number of triple and quadruple jumps increased (2). In 2022, the quadruple axel was successfully performed for the first time in a competition in men's single skating (3). Quadruple jumps, excluding the axel, have been successfully performed in women's competitions. Skaters must perform various types of multirotational jumps to achieve good results in competitions.



TABLE 1 Jump types and methods with counterclockwise rotations.



	Jump
	Base value
	Approach direction
	Supporting leg on approach
	Takeoff leg or toe-pick leg
	Free leg



	2 rev.
	3 rev.
	4 rev.





	Edge jump



	Axel
	3.30
	8.00
	12.50
	Forward
	Left
	Left
	Right



	Loop
	1.70
	4.90
	10.50
	Backward
	Right
	Right
	Left



	Salchow
	1.30
	4.30
	9.70
	Backward
	Left
	Left
	Right



	Toe jump



	Lutz
	2.10
	5.90
	11.50
	Backward
	Left (outside)
	Right
	Left



	Flip
	1.80
	5.30
	11.00
	Backward
	Left (inside)
	Right
	Left



	Toe loop
	1.30
	4.20
	9.50
	Backward
	Right
	Left
	Right




	Takeoff legs are used in edge jumps and toe-pick legs are used in toe jumps.







Table 1 shows jump methods with counterclockwise rotations, which many skaters perform. For example, in the axel, the skater takes a forward approach with the left leg (supporting leg), swings the right leg up (free leg), and jumps with the left leg (takeoff leg). In the Lutz, the skater takes a backward approach with the left leg, swings the toe of the right leg (toe-pick leg) down onto the ice surface (this motion is a “toe pick”), and then jumps with the outside edge of the left leg. At this point, the supporting leg leaves the ice surface before the toe-pick leg and swings up to become the free leg. The toe-pick leg then leaves the ice surface. The axel, loop, and Salchow, which are jumps where the free leg swings up, are called “edge jumps.” In contrast, the Lutz, flip, and toe loop, which are jumps where the toe pick is used, are called “toe jumps.” All jumps involve landing with the right leg, facing backward. Only the axel, which uses a forward approach, requires an extra half rotation in the air compared with the other jumps.

To successfully perform a multirotational jump, the body must be rotated to the required extent in air. A previous study reported that in the Olympic women's single free skating program, the higher the number of rotations in jumps, the greater the jump height. However, it also reported that the jump height of a single Lutz was greater than that of a double Lutz; therefore, the possible number of rotations in the air was not necessarily determined by the jump height alone (4). In contrast, another study, analyzing single, double, and triple axels of male Olympic athletes, reported that all jumps had similar jump heights and vertical velocities at takeoff, whereas the rotational velocity increased with the increasing number of rotations (5). Furthermore, it was reported a greater rotational velocity in the air for the men's quadruple toe loop than for the triple toe loop (6). These studies suggest that in multirotational jumps, an increase in the rotational velocity at takeoff is important.

The rotational velocity of the body in the air is related to the angular momentum of the entire body at takeoff based on mechanical considerations. In the air, rotational motion occurs around the body's center of mass (COM). At this time, the angular momentum of the entire body is the product of the moment of inertia around the axis passing through the body's COM and the angular velocity (rotational velocity). Assuming that air drag is negligible, there is no external torque in the air, thus angular momentum is conserved and constant. The moment of inertia can be reduced by pulling the upper and lower limbs toward the trunk. Therefore, generating a large angular momentum at takeoff and reducing the moment of inertia in the air increases the rotational velocity in the air, thereby increasing the number of rotations. Thus, skaters must generate a sufficiently large angular momentum at takeoff.

A few studies have been conducted on the angular momentum at takeoff in figure skating. A previous study, analyzing single and double axels in men and women, reported that a large angular momentum was generated by the free leg during the approach (7). Another study reported that in the double axel, the angular momentum of the upper limb with weighted gloves increased compared with that without gloves (8). Research on high jump, which involves approach running, take-off movement, and rotating in the air, similar to figure skating jump, may also be useful for understanding the relationship between angular momentum and rotational motion.

In a study of the Fosbury-flop, it was reported that most of the body's angular momentum was generated during the takeoff phase. Furthermore, most of the vertical component of angular momentum was attributed to the lead leg (the opposite leg of takeoff leg). The movements of both arms were indicated to contribute positively or negatively to the vertical angular momentum, depending on the jumping method (9). In figure skating jumps, although the primary rotation axis differs from high jump (vertical vs. horizontal), the angular momentum could be generated by swinging the arms and legs just before takeoff for rotation in the air, similar to high jump.

The studies mentioned above (7, 8) did not show the angular momentum of the entire body or the body parts other than the ones focused on. In addition, few studies have examined the angular momentum of jumps other than the axel. There is still insufficient foundational knowledge to discuss the role of angular momentum in rotational movements and to clarify the mechanism for six types of jumps in figure skating. With the goal of addressing this issue in the future, we first focused on angular momentum at takeoff in this study.

The purpose of this study was to compare and characterize the angular momentum of the entire body and each body part at takeoff for six types of figure skating jumps. The hypotheses of this study were as follows: (1) the axel, which has an extra half rotation compared to the other jumps, would have the largest amount of angular momentum in the entire body, while the other jumps would have the same amount, and (2) the angular momentum of each body part would differ among jumps because of the different jumping methods.



2 Materials and methods


2.1 Participants

Seven Japanese female skaters (age: 20.0 ± 1.4 years; height: 1.55 ± 0.04 m; body mass: 46.9 ± 3.7 kg; competition history: 12.4 ± 2.0 years) participated in this study. All were able to perform six types of double jumps and at least two types of triple jumps and had a skill level sufficient to compete in the Japanese National Championships. This study focused on double jumps that all participants could successfully perform. The direction of rotation was counterclockwise for all participants. Informed consent was obtained from all participants (or their guardians, if minors) before starting the experiment. This study was approved by the Ethics Committee of Chukyo University (approval number: 2020-17).



2.2 Data collection

Six types of double jumps were performed in an order determined freely by the participants in the ice skating rink at Chukyo University, Japan. Participants were instructed to perform a successful double jump in each trial. Hence, they made greater efforts with jumps they were not good at. The participants wore compression clothing and skates. Retroreflective markers were attached to 39 anatomical landmarks on the participant's clothing and skates (Figure 1). Marker positions during jumps were recorded using a three-dimensional motion analysis system (Vicon MX and T-20S, Vicon Motion System, UK). A high-speed digital video camera (Fastec, Fastec Imaging) was also used to determine the takeoff and touchdown. The sampling frequency was 500 Hz for both the motion analysis system and high-speed camera, which were electrically synchronized. For each jump, the jump judged to be successful by another skilled figure skater was analyzed.


[image: Diagram of a human figure with marked anatomical points, each labeled with numbers and corresponding terms. Points include vertex, ear, sternum, cervical spine, acromion, lateral and medial elbows, wrists, iliac spines, greater trochanters, knees, ankles, metacarpals, metatarsals, toes, and heels, some shown on skate shoes.]
FIGURE 1
Placement of reflective markers.




2.3 Data analysis

The collected marker position coordinates were smoothed using a fourth-order low-pass Butterworth filter at a cutoff frequency of 12 Hz. A rigid body-linked segment model consisting of 14 segments (head, torso, and right and left upper arms, forearms, hands, thighs, lower legs, and feet) was constructed to calculate the COM position. The inertia properties of the body were applied, as previously described (10). The local coordinate system (LCS) of a segment was defined as the Z-axis in the longitudinal direction, Y-axis in the posterior-to-anterior direction, and X-axis in the left-to-right direction (Figure 2a). The mass of the skates was set to 1 kg per side for all participants. The centers of mass of the shoe and foot were assumed to coincide and were considered together as the foot segment. Therefore, the participants' total mass was 2 kg greater than their body mass.


[image: Diagram with two parts. (a) Shows a side view of a thigh with axes labeled X, Y, and Z indicating directions. (b) Illustrates a sequence of stick figure movements from takeoff to touchdown with arrows indicating the center of mass and labeled axes X, Y, and Z.]
FIGURE 2
(a) The local coordinate system of body segment (showing only right thigh). The Z-axis of the segment was set to its longitudinal direction, the Y-axis was set to its posterior-to-anterior direction, and the X-axis was set to its left-to-right direction perpendicular to Y- and Z-axes. (b) The global coordinate system. The origin was the position of the body's center of mass (COM) on the horizontal plane (ice surface) at the takeoff. The Y-axis was set to the COM displacement on the horizontal plane from takeoff to touchdown. The Z-axis was the vertical direction. The X-axis was perpendicular to the Y- and Z-axes.


The global coordinate system (GCS) was defined (Figure 2b). The Y-axis was defined as the COM displacement from takeoff to touchdown in the horizontal plane. The Z-axis was defined as the vertical direction, and the X-axis was defined as perpendicular to the Y- and Z-axes in the right-hand coordinate system. Finally, the COM position on the horizontal plane at takeoff was defined as the origin.

The basic jump parameters were calculated, as follows. The flight time was determined by visually checking the takeoff and touchdown from the movie recorded by a high-speed camera. Takeoff was defined as the first frame in which the skate blade left the ice surface, whereas touchdown was defined as the first frame in which the skate blade contacted the ice surface. The rotational angle was defined as the angle at which the shoulders rotated in the air. The rotational velocity was determined by dividing the rotational angle by the flight time.



2.4 Calculation of angular momentum

The angular momentum of the entire body and each body part was calculated for all data points, and the values at takeoff were statistically analyzed (shown in the following section). The angular momentum of the ith segment (Li) was calculated separately from the transfer (Litransfer) and local (Lilocal) terms, as follows:



Li=Litransfer+Lilocal.





The transfer term was the angular momentum generated by the motion of the segment around the COM and was calculated as follows:



Litransfer=ri×mivi,





where mi is the segment mass estimated from previous study (10), ri is the position vector of the segment center of mass relative to the COM, and vi is the velocity vector of the segment center of mass relative to the COM.

In contrast, the local term was the angular momentum generated by the rotational motion of the segment itself, which was calculated as follows:



Lilocal=RiIi′ωi′,







Ri=(iijiki),







ωi′=(ki⋅djidtii⋅dkidtji⋅diidt)T,







Ii′=(Ii,xx′000Ii,yy′000Ii,zz′),





where Ri is the coordinate transformation matrix from the ith LCS to the GCS; ωi′ is the angular velocity vector of the segment expressed in the LCS; Ii′ is the inertia moment tensor around the segment's principal axis of inertia expressed in the LCS; ii, ji, and ki are the unit vectors in each axis of the ith LCS; and Ii,xx′, Ii,yy′, and Ii,zz′ are the principal moments of inertia dependent on the length and mass of the segment. The LCS was assumed to coincide with the principal axes of inertia (10).

The angular momentum of each body part was divided into five parts: trunk (head and torso), right and left arms (upper arm, forearm, and hand), and right and left legs (thigh, lower leg, and foot). The right and left legs were categorized as the takeoff, toe-pick, and free legs, respectively (Table 1). The angular momentum of the entire body was obtained by summing the angular momentum of each body part. The sum of the transfer and local terms was also obtained. All angular momenta were normalized by dividing by the product of the participant's total body mass and height squared (11). The ratio of the angular momentum of each body part to that of the entire body was also calculated.

In figure skating jumps, the rotational motion around the vertical axis is the most important. Therefore, this study analyzed only the Z components of the calculated angular momentum vectors.



2.5 Statistical analysis

Prior to statistical analysis, the Shapiro–Wilk test was performed to examine the normality of each variable using by IBM SPSS Statistics (version 30.0; IBM Corp.). As a result, one jump was found to be non-normal for each of the five angular momentum variables. It was unlikely that only one of the six jumps would be non-normal for the same variable. Therefore, in this study, all variables were assumed to follow a normal distribution.

For the variables obtained, paired t-tests were applied to all jump combinations, and multiple comparisons were performed using Holm's method (12). The adjusted probability of significance was set at p < 0.05. MATLAB software (version R2024a; Mathworks Inc.) was used for the data and statistical analyses.




3 Results


3.1 Basic jump parameters

Table 2 lists the basic jump parameters. For the flight time, comparisons of six different jumps showed significant differences between the axel and Salchow from the others (p = 0.004–0.039; all p-values were adjusted by Holm's method). For the rotational angle, comparisons of five different jumps, except for the axel, showed no significant differences between all jumps (p > 0.677). For the rotational velocity, comparisons of five different jumps, except for the axel, showed significant differences between the Salchow and the others (p = 0.005–0.049).



TABLE 2 Basic jump parameters.



	Jump (symbol)
	Flight time (s)
	Rotational angle (deg)
	Rotational velocity (deg s−1)





	Edge jump



	Axel (A)
	0.493 ± 0.030
	L, S
	700.6 ± 34.0
	–
	1422.6 ± 61.8
	–



	Loop (L)
	0.443 ± 0.025
	A
	470.5 ± 23.9
	
	1063.9 ± 54.7
	



	Salchow (S)
	0.419 ± 0.014
	A, Lz, F, T
	463.4 ± 25.6
	
	1108.9 ± 83.6
	Lz, T



	Toe jump



	Lutz (Lz)
	0.481 ± 0.043
	S
	487.0 ± 31.7
	
	1015.8 ± 41.8
	S



	Flip (F)
	0.479 ± 0.043
	S
	489.2 ± 30.4
	
	1024.8 ± 48.6
	



	Toe loop (T)
	0.471 ± 0.028
	S
	476.7 ± 27.7
	
	1013.4 ± 61.5
	S




	Values are shown as mean ± SD. Significant differences from other jumps are indicated with jump symbols when Holm's adjusted p < 0.05, with bold-italic symbols when p < 0.01; for example, flight time of the axel jump significantly differed from the loop (p < 0.05) and Salchow (p < 0.01). Six different jumps were compared for flight time. Five different jumps, except for the axel (shown as the symbol “–”), were compared for rotational angle and rotational velocity.









3.2 Angular momentum of the entire body

Table 3 lists the normalized angular momenta of the entire body and each body part around the vertical axis through the COM at takeoff. The angular momentum of the entire body was the sum of the angular momenta of the trunk, right and left arms, takeoff or toe-pick leg, and free leg. The transfer and local terms are also shown. Figure 3 shows the ratio of the angular momentum of each body part to that of the entire body.



TABLE 3 Angular momenta of entire body and each body part around the vertical axis through the body's center of mass at takeoff.



	(×10−3 s−1)
	Edge jump
	Toe jump



	Axel (A)
	Loop (L)
	Salchow (S)
	Lutz (Lz)
	Flip (F)
	Toe loop (T)





	Entire body
	152.1±7.1
	F
	140.2 ± 11.2
	
	143.7 ± 7.1
	
	138.7 ± 9.8
	
	134.8 ± 10.7
	A
	133.4 ± 10.5
	



	 transfer
	108.6 ± 10.3
	
	100.4 ± 12.0
	
	104.3 ± 4.3
	
	103.3 ± 9.0
	
	97.7 ± 9.6
	
	92.0 ± 10.6
	



	 local
	43.6 ± 6.5
	
	39.7 ± 5.2
	
	39.4 ± 6.4
	
	35.4 ± 3.1
	
	37.2 ± 2.3
	
	41.4 ± 7.3
	



	Trunk
	30.1 ± 6.1
	
	28.9 ± 4.8
	
	28.8 ± 6.1
	
	31.4 ± 3.3
	
	29.9 ± 5.2
	
	28.9 ± 6.1
	



	 transfer
	−0.4 ± 2.0
	Lz
	5.9 ± 3.0
	
	4.2 ± 2.0
	Lz
	9.7 ± 3.3
	A, S, T
	7.6 ± 4.0
	
	2.9 ± 2.3
	Lz



	 local
	30.6 ± 6.7
	
	23.0 ± 3.8
	
	24.6 ± 5.1
	
	21.7 ± 3.0
	
	22.3 ± 2.0
	
	26.0 ± 5.3
	



	Right arm
	30.7 ± 6.3
	L, S, T
	16.6 ± 3.9
	A
	18.1 ± 3.4
	A, T
	18.8 ± 6.1
	
	19.0 ± 5.7
	
	14.9 ± 4.0
	A, S



	 transfer
	29.8 ± 6.2
	L, S, T
	15.7 ± 3.9
	A
	17.1 ± 3.5
	A, T
	18.1 ± 6.1
	
	18.3 ± 5.7
	
	14.2 ± 4.1
	A, S



	 local
	0.9 ± 0.2
	
	0.9 ± 0.2
	Lz, F
	1.0 ± 0.2
	Lz, F, T
	0.7 ± 0.2
	L, S
	0.7 ± 0.2
	L, S
	0.7 ± 0.2
	S



	Left arm
	30.1 ± 7.9
	Lz
	19.7 ± 1.9
	
	22.5 ± 3.4
	F
	13.6 ± 3.4
	A
	15.3 ± 4.1
	S
	19.0 ± 4.5
	



	 transfer
	29.4 ± 7.9
	
	19.2 ± 1.9
	
	21.8 ± 3.4
	
	13.1 ± 3.5
	
	14.8 ± 4.2
	
	18.5 ± 4.5
	



	 local
	0.7 ± 0.2
	
	0.5 ± 0.2
	
	0.6 ± 0.1
	
	0.5 ± 0.2
	
	0.5 ± 0.2
	
	0.5 ± 0.1
	



	
	Left
	
	Right
	
	Left
	
	Right
	
	Right
	
	Left
	



	Takeoff or toe-pick leg
	25.7 ± 2.9
	L
	15.5 ± 3.2
	A, S
	26.4 ± 3.3
	L
	5.7 ± 3.9
	T
	7.3 ± 1.8
	T
	30.2 ± 4.3
	Lz, F



	 transfer
	18.8 ± 2.6
	L
	9.1 ± 3.6
	A, S
	20.5 ± 3.4
	L
	0.1 ± 3.1
	T
	1.2 ± 2.4
	T
	23.3 ± 4.1
	Lz, F



	 local
	6.9 ± 0.9
	
	6.4 ± 1.1
	
	5.9 ± 1.0
	
	5.6 ± 2.0
	
	6.1 ± 1.5
	
	6.9 ± 0.8
	



	
	Right
	
	Left
	
	Right
	
	Left
	
	Left
	
	Right
	



	Free leg
	35.5 ± 8.7
	L, S
	59.6 ± 7.7
	A, S
	47.9 ± 4.0
	A, L
	69.2 ± 8.2
	T
	63.3 ± 7.3
	T
	40.4 ± 6.3
	Lz, F



	 transfer
	31.0 ± 9.2
	L, S
	50.5 ± 6.7
	A
	40.6 ± 3.8
	A
	62.4 ± 7.0
	F, T
	55.8 ± 6.2
	Lz, T
	33.1 ± 8.0
	Lz, F



	 local
	4.5 ± 0.8
	L, S
	9.1 ± 1.6
	A, S
	7.3 ± 1.3
	A, L
	6.8 ± 1.9
	
	7.6 ± 2.5
	
	7.4 ± 2.5
	




	Values are shown as mean ± SD, normalized by participant's mass and height. Significant differences from other jumps are indicated with jump symbols when Holm's adjusted p < 0.05, and with bold-italic symbols when p < 0.01. Legs were compared among edge jumps or toe jumps, and were indicated left or right side.








[image: Bar graphs illustrating the ratios of angular momentum for six types of figure skating jumps: Axel, Loop, Salchow, Lutz, Flip, and Toe loop. Each graph shows two data categories, transfer and local, across various components labeled EB, TR, RA, LA, TL, and FL, with left and right foot distinctions. Percentages range from negative twenty to one hundred percent. Error bars indicate variability in data.]
FIGURE 3
Ratios of the angular momentum of each body part to that of the entire body for six types of jumps; (A) axel, (B) loop, (C) Salchow, (D) Lutz, (E) flip and (F) toe loop. Standard deviations are shown as horizontal bars with caps for transfer terms and without caps for local terms. EB, entire body; TR, trunk; RA, right arm; LA, left arm; TL, takeoff leg for axel, loop, and Salchow, and toe-pick leg for Lutz, flip and toe loop; FL, free leg; R or L, right or left side of leg.


For the angular momentum of the entire body, comparisons of six different jumps showed a significant difference between the axel and flip (p = 0.043; p > 0.148 for the other comparisons). No significant differences in either transfer or local terms were found between jumps (p > 0.121).



3.3 Angular momentum of each body part

Comparisons of the six jumps showed no significant differences in the angular momentum of the trunk (p > 0.994). For the transfer term, the Lutz was significantly different from others (p = 0.005–0.021). No significant differences were found in local terms (p > 0.224).

Comparisons of six different jumps showed significant differences in the angular momentum of the right arm between axel and the other jumps and between the Salchow and toe loop (p = 0.008–0.038; p > 0.112 for the other comparisons). A similar trend was found for the transfer term (p = 0.009–0.046). Although some significant differences were found for the local term (p = 0.004–0.039), the magnitudes were <1.0 × 10−3 s−1.

Comparisons of the six different jumps showed only two significant differences in the angular momentum of the left arm between the axel and Lutz and between the Salchow and flip (p = 0.046 and p = 0.049, respectively; p > 0.050 for the other comparisons). No significant differences were found in transfer or local terms (p > 0.050). The magnitudes of the local terms were <0.7 × 10−3 s−1.

Comparisons between the three different edge or toe jumps showed significant differences in the angular momenta of the takeoff and toe-pick legs between jumps (p < 0.002; p > 0.246 for the other comparisons). A similar trend was observed for transfer terms (p < 0.002). No significant differences were found in either local term (p > 0.176).

Comparisons between the three different edge or toe jumps showed significant differences in the angular momenta of the free leg between jumps (p < 0.031; p = 0.051 for the other comparison). A similar trend was observed in the transfer terms for both the edge and toe jumps (p < 0.001). Significant differences in the local terms were found among all edge jumps (p < 0.042), whereas no significant differences were found among the toe jumps (p > 0.130).




4 Discussion

In this study, the angular momenta of the entire body and each body part were calculated in detail. In previous studies, Dapena's method (13) was used to calculate the angular momentum (7, 8). However, this method can result in large errors in the angular momentum because the products of inertia are ignored (14). We calculated the products of inertia for all segments of the body and presented more accurate angular momenta. Furthermore, by simultaneously comparing six different types of jumps, we clarified the angular momentum characteristics of each type of jump.


4.1 Angular momentum of the entire body

The angular momentum of the entire body in the axel was not significantly larger than that in the other jumps. The axel requires an extra half rotation in the air compared to the other jumps. The rotational angle, representing the actual number of rotations, and the rotational velocity of the axel were greater than those of the other jumps (Table 2). As mentioned in the introduction, angular momentum is the product of the moment of inertia and rotational velocity. Therefore, we predicted that in the axel, to achieve the required rotational velocity for two and a half rotations in the air, the body would generate a larger angular momentum than in the other jumps at takeoff (Hypothesis 1). However, no significant differences in either the transfer or local terms were observed between jumps; therefore, the angular momentum of the entire body had approximately the same magnitude (Table 3).

The rotational velocity in the air is related to the moment of inertia and flight time. Because the angular momentum of the entire body is constant in the air, decreases in the moment of inertia cause increases in the rotational velocity. In the axel, a large angular momentum of the entire body is generated at takeoff, and then the upper and lower limbs are drawn toward the trunk in the air to decrease the moment of inertia, thus causing a greater rotational velocity in the air. However, previous studies have indicated that the number of rotations in the air would be increased by the greater vertical velocity at takeoff, to obtain an increased flight time (6). If the rotational velocity in the air is small but the flight time is sufficiently long, the required number of rotations may be achieved. However, there is no consistent relationship between rotational and vertical velocities at takeoff (4, 5). In the present study, the flight time of the axel was not significantly greater than that of all other jumps. Moreover, despite having the shortest flight time, the Salchow tended to have a greater rotational velocity than the other four jumps, except for the axel (Table 2). The participants in this study likely achieved the required rotational velocity for two or two and a half rotations not only by generating angular momentum at takeoff but also by adjusting the moment of inertia in the air, rather than by increasing the flight time.



4.2 Angular momentum of each body part

To generate a large angular momentum for the entire body at takeoff, each part of the body must generate a large angular momentum. The six types of jumps have different directions and supporting legs during the approach and different takeoff, toe-pick, and free legs at takeoff (Table 1). Therefore, we predicted that even if the angular momentum of the entire body was the same, the angular momentum of each body part at takeoff would differ between jumps (Hypothesis 2). In this study, we compared and characterized the angular momentum of five body parts (the trunk, right and left arms, and right and left legs) between jumps.


4.2.1 Angular momentum of the trunk

The angular momentum of the trunk was similar for all jumps. All jumps had a large proportion of local terms and a small proportion of transfer terms (Figure 3). The local term is the product of the moment of inertia of the segment and angular velocity. The moment of inertia depends on the segment mass. In addition, in the short time before the takeoff, a rotational movement of the body with the toe of the blade of the takeoff or toe-pick leg occurs (i.e., a “pivot”) (6, 7). In the present study, the body rotated by approximately 240° (200° in the axel) during takeoff (Table 2). Therefore, all jumps likely generate large local terms of angular momentum by rotating the high-mass trunk before takeoff.

In contrast, the transfer term depends on the relative position and velocity of the segment and COM. The inclination of the torso at takeoff is believed to increase the relative position of the COM on the horizontal plane, resulting in a larger transfer term. The tendency for the transfer term in the Lutz to be larger than that in the other jumps suggests an inclination of the torso at takeoff. The trunk and COM could also have the same degree of forward velocity at takeoff; therefore, the relative velocities of the two and the transfer term could be smaller.



4.2.2 Angular momenta of arms

The angular momenta of the right and left arms were dominated by the transfer terms for all jumps, and local terms were negligibly small (Figure 3). The transfer terms for the right arm tended to be larger for the axel than for the other jumps. The transfer terms for the left arm showed no significant differences between jumps; however, the mean value for the axel was the largest and was similar in magnitude to that of the right arm (Table 3). In the axel, both arms quickly and simultaneously swing up from behind the body to the front of the body before takeoff. The ratio of the angular momentum of the free leg to the angular momentum of the entire body is smaller in the axel than in the other jumps, as discussed below (Figure 3). To compensate for this, the axel may involve both arms to generate greater angular momentum than the that in other jumps. In contrast, in jumps other than the axel, the right and left arms swing separately, following the body's rotational motion before takeoff. Thus, a slight difference between the right and left arms may have occurred (Figure 3).



4.2.3 Angular momenta of legs

The angular momenta of the right and left legs were dominated by the transfer terms in all jumps, except for the toe-pick leg of the Lutz and flip, whereas the local terms were small (Figure 3). The angular momenta of both the takeoff and toe-pick legs were smaller than that of the free leg. Pushing on the ice surface with these legs at takeoff swings the free leg and generates vertical velocity in the body (5, 6). At this time, the takeoff and toe-pick legs are located below the COM, and their relative velocity to the COM is small, resulting in smaller transfer terms. The differences in the transfer terms of the loop and toe loop compared with the other jumps were probably due to the inclination of the leg at takeoff. In particular, in the Lutz and flip, where the transfer terms were almost zero, the toe pick legs were probably positioned almost directly beneath the COM at takeoff.

A large transfer term for angular momentum is generated by swinging the free leg, which has the second-highest mass after the trunk, around the COM. The angular momentum of the free leg continues to decrease while pivoting in the axel (7). In the present study, the angular momentum of the free leg in the axel was significantly smaller than that in the other jumps (Table 3). This suggests that the swung-up free leg was already drawn toward the COM before takeoff. The same may be true for the smaller transfer term of the free leg in the toe loop.

In addition, the transfer term of the free leg in the Lutz was significantly greater than that in the flip (Table 3). The Lutz and flip differ only on the side of the edge used for takeoff (Table 1). The Lutz takeoff involves the outer edge of the blade of the supporting (left) leg and is the only one of the six jump types in which the body undergoes a rotational movement in the opposite direction to the original direction of rotation in the air before takeoff. Thus, the Lutz likely generates a greater angular momentum of the free leg than the flip, which is a similar jumping method.



4.2.4 Angular momentum patterns

Differences in the pattern of the proportion of the angular momentum of each body part relative to the angular momentum of the entire body were observed. In the Lutz and flip, which have similar jumping methods, the ratio of the free leg was the largest, followed by those of the trunk, right arm, left arm, and toe-pick leg (Figures 3D,E). The Salchow and loop showed a similar pattern, although there was a difference between the edge and toe jumps (Figures 3C,D). In both cases, the free leg, trunk, and takeoff or toe-pick leg followed to the same extent, followed by the left arm and then the right arm. In contrast, the axel showed a specific pattern compared with the other five jumps (Figure 3A). The proportion of angular momentum generated by each body part was similar for all body parts (16.9–23.2%). These differences in the angular momentum patterns of each body part suggest different strategies for generating angular momentum during the period from the approach to takeoff for the type of jump.

The findings on the angular momentum of the entire body and each body part obtained in this study may lead to improved athletic performance and the development of effective training methods. Participants in this study had high-level skating skills. Therefore, the results of this study may guide the performance of double-rotational jumps with sufficient success. For example, for athletes with low skating skills, it may be useful to practice jumping methods such that the pattern of angular momentum in each body part approaches the pattern shown in Figure 3, after generating a sufficiently large angular momentum in the approach.




4.3 Limitations and future directions

The present study only focused on angular momentum, and no other kinematic analyses were performed. Therefore, all relationships between the angular momentum and movement of the body discussed in this study are speculations based on previous studies and general findings in figure skating. The angular momentum of the entire body at takeoff was generated from the approach to the takeoff. Moreover, the moment of inertia should be regulated by the upper and lower limbs in the air to obtain the required number of rotations. Based on the results of this study, kinematic analyses should clarify how angular momentum is generated during the approach and how rotational velocity is acquired in the air.

Additionally, the number of rotations in the air is complexly related not only to the angular momentum of the entire body at takeoff but also to the vertical velocity, flight time, and moment of inertia. Therefore, simply increasing the angular momentum of the entire body at takeoff does not necessarily guarantee a successful triple- or quadruple-rotational jump. The results of the present study show that a sufficient amount of angular momentum is required for a successful double-rotational jump and that caution should be exercised in its application to jumps with a higher number of rotations.




5 Conclusion

In this study, the angular momentum at takeoff was compared for six different figure skating double jumps. The results showed that the angular momentum of the entire body was approximately the same, and a large local angular momentum term was generated in the trunk for all jumps. Although large angular momenta of the transfer terms were generated in the right and left arms and the free leg for all jumps, the patterns of them differed depending on the jump type. This suggests that the generation strategies of angular momenta may differ across the jump type. Skaters may improve their jump performance by training to move their arms and free legs in a manner that approximates the pattern of each jump. Additionally, the results also suggest that skaters may adjust their moment of inertia in the air, particularly in the axel and Salchow jumps, in order to achieve the necessary rotational velocity. These findings were obtained for the first time by comparing the six types of jumps. The angular momentum of high-level skaters will be an important indicator for future studies on treating lower-skilled skaters and focusing on triple and quadruple jumps. Based on these results, further analysis of the movements of body parts during the approach and of the moment of inertia in the air could clarify the mechanics of figure skating jumps.
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