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Abstract

This study extends previous research by examining the biomechanical factors influencing the performance of elite
high jumpers during a 2020 competition. The study involved 16 athletes (mean height: 1.98 m, mean weight: 87
kg, mean age: 30 years). Biomechanical analysis was performed using six GoPro Hero 6 cameras set at 120 frames
per second, capturing 48 jump attempts (three attempts per athlete). The three-dimensional biomechanical analysis
program Skillspector was used to measure biomechanical variables, temporal analysis parameters, and moment
variables, including the moments of takeoff initiation, maximum knee flexion of the takeoff leg, takeoff
completion, flight initiation, and maximum body height during flight. Results. There were inverse relationships
between height achieved and the braking time and the angle of the knee joint of the free leg at the takeoff, and
direct relationships between height achieved and the vertical momentum and vertical kinetic energy of the body's
center of gravity. Conclusions. Increasing the vertical kinetic energy at the beginning of takeoff would increase the
lift force.
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Introduction.

Implementing ideal biomechanics determines the success of an athlete’s performance. The most
important factors affecting performance and achievement level are the mechanical aspects that can be practiced
during an athlete’s training. Applying proper technique requires considering several aspects of biomechanics when
training, including regularity in the process of teaching technique and the individual abilities of the athlete. This
requires identifying the main performance variables and applying them during certain stages of the athlete’s
training (Leite, 2013; Dapena,1992). The precision of mechanical energy transfer through the limbs is important,
as it is the key to performance in the high jump. Therefore, analyzing the patterns of movement and the
characteristics of the athlete's position and movements is essential for improvement (Schiffer, 2012; Dobbs et
al.,2015).

The high jump consists of four technical stages. The first is the approach stage, where the jumper aims to
reach the maximum speed that can be controlled while preparing for the takeoff stage. The takeoff phase, which
represents the most important part of the high jump, aims to generate maximum vertical velocity. The third stage
comprises the flight phase and clearing the crossbar. The final phase is the landing phase (Leite, 2013;Schiffer,
2012). High jumpers run in a curve during the approach, and the number of approach steps for elite high jumpers
ranges from 10 to 12. The jumper completes the first part of the approach in a straight line, while the second part
entails four to five steps in a curve with a radius of roughly 8 to 12 meters (Schiffer, 2012; Sado et al.,2020). The
interval between the time when the takeoff leg contacts the ground and when it loses contact is the takeoff stage.
The takeoff time ranges from 0.14 to 0.18 seconds. This stage is divided into the "beginning takeoff stage" and the
"end takeoff stage.” The beginning stage of the takeoff starts when the leg first contacts the ground and lasts until
the knee joint reaches its maximum flexion. The end stage begins when the knee joint reaches its maximum
flexion and lasts until the leg leaves the ground (Leite, 2013;Milan, 2010; Adashevskiy et el.,2013). The change
from horizontal speed to vertical speed of the body's center of gravity during the beginning phase of the takeoff is
directly related to the height of the jumper's center of gravity. The variable vertical speed of the body's center of
gravity during the end of the takeoff is the determining factor for the height of the jump (Van Caekenberghe et
el.,2021; Agar-Newman et el.,2015). After completing the takeoff stage, the parabolic path of the body's center of
gravity is determined, and it cannot be changed by the jumper. This does not mean that the paths of the torso and
limbs of the athlete’s body have been determined during the flight phase. Rather, what cannot be changed is the
point of the body’s center of gravity, as this represents the average position of the joints and limbs of the
competitor’s body (Nicholson et el.,2019;Van Caekenberghe et el.,2021; Panoutsakopoulos et el.,2012). The flight
phase is next in terms of importance in the high jump after the approach and takeoff, as most of the problems of
clearing the crossbar arise due to suboptimal mechanics during the approach and takeoff phases (Dapena et
el.,2006; Nicholson et el.,2022).
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High jump results are determined to a large extent by the biomechanical characteristics of the athlete, including
running speed, lift velocity, the angle of elevation of the body's center of gravity, the position of the body's center
of gravity at the moment of leaving the ground, and the highest position of the center of gravity of the body while
crossing the bar (Kim et el.,2015). In addition, the aforementioned factors related to the high jump must be
identified, and the development and application of jump patterns are central issues in high jump training
(Milan,2010; Goldmann et el.,2015). At present, there is a dearth of studies related to identifying the most
important biomechanical characteristics affecting the improvement in the high jump. This situation prompted the
present study that was carried out during the Republic Championships in the Arab Republic of Egypt. The goal of
the study was to determine the most important biomechanical indicators affecting the high jump for use in
directing training programs and examining the biomechanics of the competitors (Schiffer, 2012;Rao et el.,2014;
Dapena,1992).

Materials and Methods
Participants

The study was conducted on elite athletes during the 2020 season at the Republic Championship. Sixteen
athletes, each making three attempts, were filmed using 3D photography using six GoPro Hero 6 cameras set to a
frequency of 120 frames/second. Basic and anthropometric measurements were taken for the competitors, where
the mean height was 1.98 meters; the mean weight was 87 kg, and the average age was 30 years. The filming was
done after the athletes had been informed of the research and goals and had given their approval. In addition, the
study had the approval of the Egyptian Athletics Federation, and scientific research ethics approval was obtained
from King Faisal University following the Helsinki Agreement (World Medical Association, 2013).
Procedures

The competitors were photographed using six cameras for three-dimensional analysis. Performance was
examined by identifying and measuring biomechanical variables (kinetic and kinematic) throughout the various
performance stages.
Measures

The study was conducted on elite high jumpers during the Republic Championships in 2020. Sixteen
competitors were filmed during each of three attempts, for a total of 48 records. The 3D photography employed
six GoPro Hero 6 cameras set to a frequency of 120 frames/second and positioned at a height of 120 cm. The
scale of measurement was obtained from a three-dimensional drawing with dimensions of 1x1x1 meters where the
jumpers were photographed (Fig. 1). The three-dimensional biomechanical analysis was performed using the
motion analysis program Skillspector. The data were processed using SPSS version 26 for Windows. Statistical
analyses were performed to calculate the correlations among the biomechanical variables affecting the level of
achievement in the high jump.
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Figure 1. The positions of the cameras, a scale drawing, and a three-dimensional analysis of the
performance of high jumpers during competition.

Statistical analysis

Means and standard deviations were calculated for each of the biomechanical variables (moments of the
beginning of the take-off, maximum knee flexion of the take-off leg, end of take-off, start of flight, and maximum
height of the body during flight).
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Correlation coefficients were calculated to analyze the associations between the biomechanical variables,
temporal analysis variables, and the moment variables listed above. Statistical analyses were performed with SPSS
(version 26 for Windows; SPSS Inc., Chicago, IL, USA). The data are presented as mean =+ standard deviation

(SD).

Results

The temporal analysis of the performance stages, general biomechanical variables, and their correlation
with the level of effectiveness and performance achievement of the high jump are presented in Table 1. The results
of the biomechanical variables for the basic and additional forces and the body’s center of gravity for the different
performance stages are shown in Table 2. The correlations among the biomechanical variables of performance
moments with the jumping heights are presented in Table 3.

Table 1. The mean, standard deviation, and correlation coefficients for the biomechanical variables and
the time analysis of performance stages (n=48).

variables m SD R
1 Achievement (m) 1.94 0.06 1
2 Speed of the body's COG (end of take-off) (m/s) 3.11 0.57 0.205
3 The angle of flight of the body's COG (degree) 59 3.20 609"
4  Height of the body's COG (end of take-off) (m) 1.45 0.08 -0.293
5  Horizontal braking distance (m) 0.11 0.09 -.643"
6  Vertical braking distance (m) 0.09 0.09 0.137
7  net braking distance (m) 0.16 0.10 -0.335
8  Horizontal push distance (m) 0.26 0.09 -0.215
9  Vertical push distance (m) 0.33 0.11 0.017
10 Net push distance (m) 0.42 0.14 -0.071
11 The distance from the fourth to the last step (m) 1.35 0.12 -0.327
12 The distance from the third to the last step (m) 1.32 0.10 0.156
13 The distance from the second to the last step (m) 1.48 0.14 -0.185
14  The distance of the last step (m) 1.56 0.34 0.419
15 Average speed of the fourth-to-last step (m/s) 5.05 0.54 -0.249
16  Average speed of the third to last step (m/s) 5.51 0.69 -0.360
17  Average speed of the second to last step (m/s) 5.37 0.43 -0.351
18  Average speed of the last step (m/s) 7.54 2.07 0.094
19  The time of take-off of the fourth to last step (S) 0.17 0.01 0.337
20  Flight time of the fourth to last step (S) 0.10 0.01 -0.251
21  The time of the fourth to last step (S) 0.27 0.02 0.106
22 :/1:; lEl)ythmlc coefficient of the fourth to last step (Numeric 167 0.28 0338
23 The time of take-off of the third to last step (S) 0.16 0.03 0.324
24  Flight time of the third to last step (S) 0.08 0.01 0.216
25 The time of the third to last step (S) 0.24 0.04 0.333
26 3:1?1 glythmlc coefficient of the third to last step (Numeric 1.94 036 0.235
27 The time of take-off of the second to last step (S) 0.15 0.02 0.436
28  Flight time of the second to last step (S) 0.12 0.02 -0.039
29  The time of the second to last step (S) 0.28 0.02 0.220
30 The rhythmw coefficient of the second to last step 130 031 0.177
(Numeric value)
31 Time of take-off of the last step (S) 0.16 0.03 0.453
32  Flight time of the last step (S) 0.05 0.01 0.273
33 Time of the last step (S) 021 003 .506"
34  The rhythmic coefficient of the last step (Numeric value) 3.55 0.69 0.139
35  Braking time (S) 008 002 -559
36 push time (S) 0.10 0.02 0.122
37 take-off time (S) 0.18  0.02  -0.348
38 Rhythmic coefficient of take-off (Numeric value) 0.77 0.34 -0.420

* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)
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There were significant negative correlations between the variables of the horizontal braking distance at
takeoff, the braking time of takeoff, and the level of performance (r = -0.643 and -0.559, respectively; P < 0.05).
There were significant positive correlations between the angle of flight of the body’s center of gravity, the time of
the last step, and the level of performance (r = .609 and .506; P < .05).

Table 2. The means and standard deviations of the biomechanical variables and the body’s center of
gravity for each of the four stages of the high jump (n = 48).

beginning of Maximum End of take- Maximum
. ginning flexion of the flying start altitude during
variables take-off . off R
ascending leg flight
m SD m SD m SD m SD m SD
1 ” Horizontal speed of the free leg (m/s) 3.61 0.86 1.79 0.96 1.12 0.63 0.87 0.52 2.35 0.90
2 —é «» _ Vertical speed of free leg (m/s) 0.90 0.56 345 2.00 4.08 0.93 3.29 0.77 2.75 1.06
3 = g The net velocity of the free leg (m/s) 3.76 0.85 4.25 1.33 4.30 0.76 3.48 0.58 3.70 1.14
4 “}j Horizontal speed of the right arm (m/s) 2.88 140 3.51 2.24 5.58 1.24 6.14 1.54 1.77 1.49
5 - E Vertical speed of the right arm (m/s) 1.83 1.05 3.38 186 372 1.59 282 1.47 2.13 1.68
6 % g The net velocity of the right arm (m/s) 3.55 1.43 5.38 1.67 6.83 1.51 6.84 1.80  3.02 1.85
7 g £ Horizontal speed of the left arm (m/s) 2.82 0.89 341 1.09 4.17 0.93 347 1.15 3.02 1.55
8 5 § Vertical speed of the left arm (m/s) 158 079 474 336 620 239 482 284 1.54 1.24
9 The net velocity of the left arm (m/s) 331 0.96 6.11 2.99 7.57 2.23 6.18 249 3.71 1.21
10 ° Ankle joint angle of the free leg (deg) 109 17 140 37 122 56 93 52 130 15
11 % Knee joint angle of the free leg (deg) 79 27 112 63 103 36 85 30 90 18
12 ® Hip angle of the free leg (deg) 174 4 166 8 138 24 137 19 157 13
13 - Right shoulder joint angle (deg) 72 59 75 66 121 27 132 16 60 42
14 E Right elbow joint angle (deg) 104 52 81 55 108 60 130 41 162 15
15 = The angle of the right wrist joint (deg) 161 15 161 9 149 9 156 11 166 9
16 _ . _ Left shoulder joint angle (deg) 7 5 16 12 100 43 136 31 13 14
17 g % Left elbow joint angle (deg) 141 14 96 64 58 42 82 46 163 11
18 g g The angle of the left wrist joint (deg) 158 12 156 21 162 8 166 8 166 9
19 2 E Angular velocity of the hip joint of the free 134 108 188 102 449 259 262 212 259 152
leg (Deg/s)
20 o Horizontal speed of the take-off leg (m/s) 237 0.56 1.20 0.48 1.44 0.37 1.46 0.24 3.15 1.37
21 3 Vertical speed of the take-off (m/s) 049 027 065 051 238 048 299 0.69 280 0.42
22 % The net velocity of the take-off leg (m/s) 245 0.51 1.48 0.38 282 031 3.38 0.45 4.31 1.07
23 2 Ankle joint angle of the take-off leg (deg) 169 7 169 7 170 5 165 10 153.08 12.40
24 = Knee joint angle of the take-off leg (deg) 172 4 165 7 178 2 177 2 93.08 12.41
25 g + _ Hip joint angle for the take-off leg (deg) 166 3 163 5 168 4 165 5 154.25 17.15
26 £ £ Angular velocity of the knee joint of the
M S take-off leg (Deg/s) 106 53 49 31 35 34 81 71 185 109
27 5 Height of the body's COG (m) .12 0.04 1.17  0.07 145  0.08 1.57 007 225 0.14
S (Trg/es?onzomal velocity of the body's COG 5 59 47 225 028 203 018 204 022 290 045
S (Trg/es)"em“al velocity of the body's COG 34 31 168 084 320 062 311 057 037 067
5
30 2 The net velocity of the body's COG (m/s) 263 041 289 055 389 052 373 047 298 0.53
31 5 ;—rlr(l)/rsl;;)ntal acceleration of the body's COG 789 599 51;32 12 4.63 314 3.90 2,66 6.63 6
Q
32 £ 2 Vertical acceleration of the body's 16.1 1.7 220 146
E ‘E COG(m/s2) 3 6 3 4 533 572 558 5.03 8.47 4.56
2z g &b : ,
3 g4 (Tmh/esz‘;et acceleration of the body's COG 55, g5 20'7 945 750 549 774 42 1196 522
34 The horizontal momentum of the body's
COG (ke.m/s) 220 27 190 17 169 16 170 18 239 40
35 The vertical momentum of the body's
COG (ke.m's) 20 15 136 67 288 26 272 33 21 24
36 The net momentum of the body's COG 1 27 241 35 335 28 321 32 241 40
(kg.m/s)'
37 The horizontal force of the body's COG 407 275 527 411 250 245 195 118 581 448
(Newton)
38 The vertical force of the body's COG 595 795 2412 815 535 454 595 358 674 435
Z (Newton)
39 § The net force of the body's COG (Newton) 1682 765 2513 770 626 467 645 340 992 425
40 A The horizontal potential energy of the
5 body’s COG (Jules) 1276 249 1397 256 1563 246 1618 246 2419 229
41 *qé The vertical potential energy of the body's
3 COG (Jules) 917 57 959 58 1189 99 1281 102 1843 159
42z The net potential energy of the body's 579 o5 1791 200 1971 203 2071 200 3044 238
2 COG (Jules)
43 g Horizontal kinetic energy of the body's 294 78 219 40 172 31 173 37 347 13
b COG (Jules)
44 3 The vertical kinetic energy of the body's 367 423 139 131 501 74 449 39 6.92 13
5 COG (Jules)
=] s ;
B g (leﬁe‘s‘)et kinetic energy of the body's COG  po¢ 7 358 118 673 95 62 103 354 11

Note: COG: Center of gravity; M: mean; SD: standard deviation
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Table 3. The correlations between biomechanical variables and the height achieved (n = 48).

[ @ '
° £ = - =
o
. g. Esgp ¢ g £.E
variables =% EREC] S Y EE=E)
B2 2%3. 2. s EE%
20 = =t
28 =22 =% & =%3
1 ” Horizontal speed of the free leg (m/s) -0.371 0.083 0.473 0.385 0.084
2 é - Vertical speed of free leg (m/s) -0.320 -0.281 -0.056 -0.236 544"
3 - g The net velocity of the free leg (m/s) -0.400 -0.193 0.088 -0.131 0.360
4 3 Horizontal speed of the right arm (m/s) 0.255 0.225 -0.249 -0.114 595"
5 - E Vertical speed of the right arm (m/s) -0.057 -0.349 0.093 0.402 0.082
6 % g The net velocity of the right arm (m/s) 0.178 -0.268 -0.090 0.065 0.489
7 g k= Horizontal speed of the left arm (m/s) -0.412 -0.442 0.014 0.108 0.133
8 5 2 Vertical speed of the left arm (m/s) -0.068 -0.442 0.201 0.289 0.279
< The net velocity of the left arm (m/s) -0.380 -508" 0.190 0.308 0.228
10 ° Ankle joint angle of the free leg (deg) -0.288 -0.465 525" 0.173 -0.104
11 & Knee joint angle of the free leg (deg) -.536 -537 -574 -.560° -.527
12 ® Hip angle of the free leg (deg) -0.157 -0.060 -.549" -.639" 0.375
13 . Right shoulder joint angle (deg) 0.096 0.119 0.120 0.324 -.676"
14 2 Right elbow joint angle (deg) -.546 -0.015 -0.070 -0.011 -0.484
15 = The angle of the right wrist joint (deg) 0.357 0.079 0.045 -0.133 -0.237
16 — Left shoulder joint angle (deg) -.523" -0.359 -0.182 -0.093 -0.209
17 g % Left elbow joint angle (deg) -0.133 0.069 -0.403 -0.038 -0.119
18 g g The angle of the left wrist joint (deg) 0.080 0.236 -0.209 -0.174 0.416
19 2 E ?anglil:;r velocity of the hip joint of the free leg 0292 -0.063 767" 0303 0.369
20 o Horizontal speed of the take-off leg (m/s) -0.401 0.198 0.445 553" 0.427
21 z Vertical speed of the take-off (m/s) 0.472 0.024 -0.277 -0.305 0.120
22 % The net velocity of the take-off leg (m/s) -0.383 0.243 -0.021 -0.193 0.408
23 3 Ankle joint angle of the take-off leg (deg) 0.292 0.436 -0.350 -0.476 0.233
24 = Knee joint angle of the take-off leg (deg) 0.192 0.283 -0.148 0.142 -0.021
25 g 2 Hip joint angle for the take-off leg (deg) -0.032 -0.086 -0.142 0.065 0.263
£ g i i0i N
26 S E Angular velocity of the knee joint of the take-off 0,102 0.201 0283 0209 0335
leg (Deg/s) -
27 S5 Height of the body's COG (m) -0.203 -0.261 -0.293 -0.147 .627
28 % The horizontal velocity of the body's COG (m/s) -0.477 -0.277 0.251 0.095 0.107
29 w @ The vertical velocity of the body's COG (m/s) 0.253 -0.169 -0.005 0.205 0.424
30 ‘% ) 2 The net velocity of the body's COG (m/s) -0.461 -0.256 0.074 0.257 0.250
31 g £ E Horizontal acceleration of the body's COG (m/s2) -0.282 -0.207 -0.276 0.158 0.034
32 E 2 2 _Vertical acceleration of the body's COG(m/s2) 0.111 0.086 -755" -0.163 -556"
33 = © " The net acceleration of the body's COG (m/s2) 0.085 0.087 785" -0.102 -0.227
34 The horizontal momentum of the body's COG 0471 -0.126 0263 0.110 0.058
(kg.m/s) .
35 The vertical momentum of the body's COG 0.178 -0.207 673" 814" 41"
(kg.m/s) _ _
36 2 The net momentum of the body's COG (kg.m/s) -0.485 -0.252 .602 .739 0.106
37 = The horizontal force of the body's COG (Newton) -0.294 -0.237 -0.265 0.169 0.030
38 Eﬂ The vertical force of the body's COG (Newton) 0.139 0.113 -761" -0.155 -576"
39 ° The net force of the body's COG (Newton) 0.114 0.113 780" -0.089 -0.245
5} : : 1
40 % The horizontal potential energy of the body's COG 0,305 -0.403 0,405 -0.400 0.052
S (Jules)
41 % ;l;l]ﬁe:)emcal potential energy of the body's COG 0.047 -0.167 0.122 0038 535"
42 E The net potential energy of the body's COG (Jules) -0.273 -0.387 -0.385 -0.354 0.270
43 < gzﬁzst))ntal kinetic energy of the body's COG 0454 -0.153 0228 0079 0.055
44 3 ;l;l]ﬁes\;emcal kinetic energy of the body's COG -0.090 0.166 700" 856" 0.442
a5 ¥ The net kinetic energy of the body's COG (Jules) -0.458 -0.235 .614 g1 0.115

* Correlation is significant at the 0.05 level (2-tailed)
** Correlation is significant at the 0.01 level (2-tailed)

There were significant negative correlations between the height achieved and the knee joint angle of the
free leg, the angle of the right elbow joint, and the angle of the left shoulder joint at the moment of the beginning
of the takeoff (r =-.536, -.546, and -.523, respectively; P < 0.05).

There were significant inverse relationships between the height achieved and the variables of the net
velocity of the left arm and the knee joint angle of the free leg during the moment of maximum knee flexion of the
takeoff leg (r = -.508 and -.537, respectively; P < 0.05). In addition, there were significant negative correlations
between the height achieved and the variables of the knee joint angle of the free leg, the hip joint angle of the free
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leg, the vertical acceleration of the center of gravity of the body, the net acceleration of the center of gravity of the
body, the vertical force of the center of gravity of the body, and the net force of the center of gravity of the body
during the moment at the end of the takeoff (r = -.574, -.549, -.755, -.785, -.761, and -.780, respectively; *P < .05,
**P < .01). The height achieved was positively correlated with the ankle joint angle of the free leg, the angular
velocity of the hip joint of the free leg, the vertical momentum of the body’s center of gravity, the net momentum
of the body’s center of gravity, the kinetic energy of the body’s center of gravity, and the net kinetic energy of the
body’s center of gravity (r =.525%, .767**, .673**, .602%*, .700**, and .614%*, respectively; *P <.05, **P <.01).

There were significant negative correlations between the height achieved and the variables of the knee
joint angle of the free leg and the hip joint angle of the free leg at the moment of the beginning of the flight (r = -
.560 and -.639, respectively; P < .05). There were significant positive correlations between the height achieved
and the horizontal speed of the takeoff leg, the vertical momentum of the body’s center of gravity, the net vertical
momentum of the center of gravity, the vertical kinetic energy of the center of gravity, and the net kinetic energy
of the center of gravity during the beginning of flight (r = .553*, .814%*, 739**  856**, and .771**, respectively;
*P <.05, ¥*P <.01).

There were significant negative correlations between the height achieved and the knee joint angle of the
free leg, the angle of the right shoulder joint, the vertical acceleration of the body’s center of gravity, and the
vertical force exerted on the body’s center of gravity during the maximum height (r = -.527* a -.676**, -.556%,
and -.576%, respectively; *P < .05, **P < .01). There were significant positive correlations between the height
achieved and the variables of the vertical speed of the free leg, the horizontal speed of the right arm, the height of
the body’s center of gravity, the vertical momentum of the body’s center of gravity, the vertical potential energy of
the body’s center of gravity(r = .544%, .595%, .627*, .541%*, and .535%, respectively; *P < .05, **P < .01).

Discussion

Previous studies have demonstrated that the variables related to the takeoff of the high jumper are among
the most important factors that the athlete and coach should seek to improve in the training programs. The current
study has highlighted the necessity of increasing the angle of flight of the jumper’s center of gravity during the
beginning of flight, since the objective is to achieve the maximum vertical height, and this is largely determined
by the athlete's flight angle. One of the most crucial skills a high jumper must master is the ability to convert
horizontal velocity into vertical velocity by adjusting the flight angle in a way that achieves the ideal vertical path
to the bar (Rao et el., 2014; Sado et el.,2022).

One of the most important phases in the high jump is the takeoff stage. The goal of this stage is to convert
horizontal velocity into vertical velocity. This requires a large amount of muscular force applied within a very
short time; to achieve this, the jumper must shorten the braking distance while trying to increase the second part of
the takeoff to raise the center of gravity of the body. The current study has demonstrated the necessity of
shortening the horizontal braking distance to the body’s center of gravity, as there was an inverse relationship
between this variable and the height achieved (Dobbs et el.,2015; Becker,Will,2015; Johnston et €l.,2015).

There was an inverse correlation between the braking time and the height achieved. Braking represents
the negative aspect of the takeoff, while the push represents the positive aspect of achieving a height. To succeed
in clearing a height, it is necessary to reduce the braking time during the takeoff, as shown in previous studies of
the high jump (Sattler et el.,2015; Goldmann et el.,2015).

The variables associated with the additional limbs (the arms and the free leg) played major roles and
showed positive relationships with the vertical speed of the free leg and the horizontal speed of the right arm. We
note the necessity of reducing the speed of the left arm during the moment of maximum flexion of the knee of the
takeoff leg (Coh, Supe;j.,2008; Ae et el.,2008).

Since additional forces play an important role in addition to the basic push by the take-off leg, we
highlight the necessity of increasing the angular velocities of the joint of the free leg at the end of the takeoff,
directing the connection of the thigh, leg, and foot in the movement upward depending on the angle of the free leg
(Table 3). Therefore, the jumper should control the angle of the free leg while not to a degree that reduces the
velocity (Nicholson et el.,2018; Plesa et €l.,2022).

Many studies have confirmed the importance of increasing the speed of the jumper during the beginning
of flight. From this moment onward, the jumper's body is treated as a projectile. As this aspect of the jump is
associated with better performance among top athletes, we stress the importance of increasing the horizontal
velocity of the takeoff leg during the beginning of the flight (Van Caeckenberghe et el.,2021; Kim et el., 2015; Kim
etel.,2011).

The variable height of the body's center of gravity and the height achieved at the end of the flight are
correlated, but to lift the body's center of gravity to the maximum height, the distance between the center of
gravity and the crossbar should be as small as possible. From Table 2, the maximum height of the body's center of
gravity during flight was 2.25 meters, whereas the greatest height that jumpers achieved was 1.94 meters, a
disparity of 0.31 meters (Bermejo et el .,2011;Sado et el.,2018).

By monitoring the kinetics of movement, we note that there is a direct relationship between the vertical
momentum of the body’s center of gravity and the distances during the most important moments of the jump (the
end of the ascent, the beginning of flight, and the maximum flight height). The momentum can be increased by
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increasing the velocity. Increasing the momentum produced means an increase in the force exerted. Therefore, our
results are in agreement with previous studies regarding the necessity of increasing the rates of momentum, speed,
and force exerted to achieve maximum height (Nicholson et el.,2019; Mariano et el.,2021).

For ideal performance, the jumper should increase the amount of vertical kinetic energy and the net
energy at the beginning and end of the flight. The jumper should increase the amount of vertical kinetic energy
and the net energy of the body’s center of gravity during the end of takeoff and the beginning of flight, as the
results showed that there is a direct correlation between the height achieved and the vertical and net kinetic energy
(Kim et el.,2014;Pavlovic,2017; solehto et el.,2007).

Practical implications

The current results can help coaches and athletes in developing the skills necessary to improve their level
of performance. The findings can also aid researchers in conducting further studies. We highlight the following
points and results that should be considered during training or when researching the high jump.

At the beginning of takeoff, there are significant inverse correlations between the height achieved and the
variables of the knee joint angle of the free leg, the angle of the right elbow joint, and the angle of the left shoulder
joint. During maximum knee flexion of the takeoff leg, there is a significant inverse correlation between the height
achieved and the variables of the net velocity of the left arm and the knee joint angle of the free leg.

During the end of the take-off, there is an inverse correlation between the height achieved and the
variables of the knee joint angle of the free leg, the hip joint angle of the free leg, the vertical acceleration of the
body’s center of gravity, the net acceleration of the body’s center of gravity, the vertical force on the body’s center
of gravity, and the net force on the body’s center of gravity.

There is a direct relationship between the height achieved and the variables of the angle of the ankle joint
of the free leg, the angular velocity of the hip joint of the free leg, the vertical momentum of the center of gravity
of the body, the net vertical momentum of the center of gravity of the body, the vertical kinetic energy of the
center of gravity of the body, the net kinetic energy of the center of gravity of the body.

During the beginning of flight, there is an inverse correlation between the height achieved and the
variables of the knee joint angle of the free leg and the hip joint angle of the free leg, and the existence of a direct
correlation between the horizontal speed of the take-off leg, the vertical momentum of the body’s center of
gravity, the net momentum of the body’s center of gravity, the vertical kinetic energy of the body’s center of
gravity, the net kinetic energy, and the center of gravity of the body.

During the maximum height of the body's center of gravity in flight, there is an inverse correlation
between the height achieved and the variables of the knee joint angle of the free leg, the angle of the right shoulder
joint, the vertical acceleration of the body's center of gravity, and the vertical force of the body's center of gravity.
There were positive correlations between the height achieved and the variables of the vertical speed of the free leg,
the horizontal speed of the right arm, the height of The center of gravity of the body, the vertical momentum of the
center of gravity of the body, the vertical potential energy of the center of gravity of the body.

Study limitations

Although the current study has certain strengths, several limitations should be addressed in future
research. In such studies, a larger sample size should be obtained for accurate results. All athletes participating in
the current competition were used to collect the data, and 48 attempts were analyzed.

Secondly, in such studies, a larger number of cameras (6-12) could be used to capture the variables and
conduct a three-dimensional analysis. In the present study, only six high-quality cameras were available to
photograph the athletes (Panoutsakopoulos et el.,2012).

Finally, this is a descriptive and analytical study that aims to analyze biomechanical variables affecting
the achievement during the performance stages of the high jump. The information can be provided to assist
coaches and those interested in this field during the training process or can be used to conduct complementary
studies for further development.

Conclusion

Performance in the high jump depends on several factors, the most crucial being the approach to the bar
along a curve at speeds that can be controlled while positioning the takeoff leg in the proper spot and applying
sufficient force to obtain the maximum height during flight. To achieve this, according to the results of the present
study, the jumper must increase the vertical kinetic energy during the beginning of the takeoff while increasing the
velocity of the limbs during the moment of maximum flexion and the beginning of the push to reduce the pressure
on the take-off foot. Reducing the braking time during take-off and increasing the pushing time, increasing the
stretch in the joints of the take-off leg at the end of the take-off, and maintaining the decrease in velocity during
crossing the bar are all important factors that can help the jumper achieve maximum height.
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