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PURPOSE This study aimed to examine the kinematic differences between successful
and failed (baulk) hurdle steps in springboard diving and to identify key factors
influencing successful execution. METHODS Ten diving athletes (age: 20.82 + 2.75
years; height: 170.09 + 5.86 cm; body mass: 64.91 £ 5.63 kg; career: 11.64 + 2.46 years)
performed both successful and failed hurdle step movements during a national
diving competition. Whole-body center of mass (WCoM) variables—including
position, velocity, tilt angle, projection angle, mechanical energy, work, and average
impact force—were analyzed. Paired t-tests were used to compare movement types,
and binary logistic regression (forward likelihood ratio) was conducted to identify
predictors of success. RESULTS At board contact (E1), baulks exhibited significantly
lower mechanical energy (p < .05). During board recoil (P2), posterior impact force
was significantly higher in baulks (p <.05). At take-off (E3), successful hurdle steps
demonstrated higher forward WCoM velocity, a more upright tilt angle, a more
favorable projection angle, and greater mechanical energy (p < .05). Mechanical
work during the push-off phase (P3) was also significantly greater in successful steps
(p < .05). Logistic regression analysis indicated that only mechanical energy at E3
significantly predicted success (p < .05). CONCLUSIONS Mechanical energy at take-
off (E3) is a key predictor of successful hurdle step execution. Quantitative analysis
of WCoM variables may support technical planning and performance evaluation,
informing strategies to reduce baulks and improve consistency in springboard diving.

& Gibson, 2000; Sanders & Wilson, 1988: Walker et al.,

2014).

Al
7k, 28, 494, 1891 +3 34 5 SYHU AY 248 94
SHH(McCormick et al., 1982; Ministry of Culture, Sports and
Tourism & Korea Institute of Sport Science[MCST & KISSI,
2021). ©old A7]= EHF tho|H1} AXPEE oo R LR
4, o] F AnYHE tho]2 B 7 HEQ ghEEE o]§
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Internationale de Natation [FINA], 2022; O'Brien, 2003; Sanders
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AnYRE tho|ofA o2 FF 49 A 7w LS
A3 4] dAo|cHKang & Nam, 2010: Kim et al., 2019;
Kong, 2005; Oh & Lee, 1995; Park & Yoon, 2017). o] 3}50]
ol shro & Fojzl HEo] A S| & a&80= &-§
ot Ao] FastthMiller et al., 1998; Sanders & Gibson, 2000;
Sinclair et al., 2012). sFA|9F HAH g0 A= ©<es] HEO]
TF2A WhlERto g HIEA = Gttt Ay A4 229, KE
AE AR, BEY AE, £& 9 oY 5 ohget 8471 s
Zoke gl v]|24 avdo g g8E 4= Qltk(Lee, 2006; Lee, 2008;
O’Brien, 2003; Sinclair et al., 2012). W&tA] 7|& 4940 € Q3
AFAN T ZF253FE GRS eias, AnYREo| AE o
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(hurdle step)o]t}(Barris et al., 2014; Huber, 2015; Slobounov
et al., 1997).

SlEAHL HEO vHY Oﬂﬂzli gt &8ol7] At £l &
Ao g A4 7]. HT Zog HIsh Oc};-"]' 32 E}E]E Ao 2

295, W& tej 2 AngHE T 3 Adsto] et AR
Lo g3ttt o] B&E o|F AZE= o FFEE9 AF
olBg A3 E 94l 2o tHFINA, 2022; Miller et a1 1998;
Huber, 2015). o]&§t 522 EE52= AZYREC 3F te=
AP ORS H]67] wiize] Hold S5 +3 74, ’%}‘5}7\] 4
= & B0 BIHRl FAFE AFdfof otz T TFT 84
7h BEGA o7 Agots Adolk VR BUtEY, A BT
A B2 Aol 3534 7kt 54 £30 o T2
AAS = Aoz BIEI QtiHuber, 2015; O’Brien, 2003;
Slobounov et al., 1997).

SlEAH £ ojHR o= s AA A7|A= slEL
#+3o] §5317\17']‘4' Efo]go] 9x] gro} 5& f3-g FHo=
$7F @A¥ok=T] olg ®EA(baulk)gt otof 7S WA HTHFINA,
2022). £3] Eﬂ% EH Aol A mi$- RIHSHA ‘?—-_}"HO}‘:'# AR F
o THdAH o & Yeht 7l& Aufel S30 AHAQ S vxt
(Barris, Farrow, et al., 2013; Huber, 2015). o]& 13} A4 & %
EAEL EAHY 93 gHe B oS 93 A9 Ee
A& A&Ho2 A7|6] gokMiller et al., 2002; Sinclair et al.,
2012). Ao E+-otal APAFELS ToF =719 B4 AFH
o] o, told TAAEA o= BA 9 WA HUllo] sEAHY
Aol W3}, shA|et AA] HEEY wE FH PSR As) vE
wrkar Agskal K MCST & KISS, 2021: Huber, 2015).

4349 sl5AgT B 7] 584 ZolE H|wFt Barris,
Farrow, et al.(2013)2 &5 tho|d] tjEAS thAl HS tiate =z

AE AFPsteh. I1EY AtolM= 4341 slEiad HAazt
9 StA|TAE 9] 2H Q] sfElof A HEet ol 7} YEhtR] ¢h9l7] wiw
o slgAde] Edsitty daETgts 5RO kofo g o
Aol = ARSI 5, Huber(2015)= E39] YUl w3
HE T A9 BX Bishy ”‘3}1] THo A3 £ Wstel 2
=42 F2A49] ZARE Attt

3].1]1:1]- o]a—]ﬁ]- /ﬂzgqi__,u:_ 5].;(] Jq.zq_/] 1&1_?,]1,} 71-5 = ;-/\;Qo]
=40 B4 =3tE]o] Qlo], B39] EAQ] A1l AA HA9
w3 FURAT} o]y BX3E st olle A7 Al AA 5

S48 Y A A2 AA A9 4 e frAlske o

[r o
oY, ofN

U=
%32 2(0'Brien, 2003; Slobounov et al., 1997), =4 %49
AU dol AA AAY A=F F4IQ1 A4AFEAZ A (Whole Body

Center of Mass, WCoM)9] 23| 4S £43F 4 g7} Qlrt.

71& APAFEC] S1EAH SRS SFATEY 42 &5
14 EA;O ZATOE H/Ho]- 1:1] =3 H B ca:rui WCoM<& 7]3}0;
Ang R Eo] A4 S A7E EoF 3RO R HolE = 414 d
A9 YA A BE&HZ EAIU olF 9l slead 39
A& Aot 253 X EE AAotA gt

A 2 Ao B2 ATYHE thold] 51EAY Aufo] wE
—v*EE";i'] 2tolE WCoM 7|¥te & 1Hstal, slEAH 3ol 7]

= 58 820 E&ot= o Uk
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5 /1oy AnRE B4 9N A83tE, A7 alolA
e X3 e 45 ARsit 1% A7 Bx

o] ool w2 S5k xfolg L4sb] 98] 2 A
270 W S1EAWI BAE BE 18] o4 S HSES A2
sgom, HEH0R 1099 445 A7 A Ayt
A7t SR8 F AR ASEY GG dolHY A48 FE
% 7t 550 ARA 54 2T AT RS 4
HQl 542 (Table 193} 2t
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ADYHE thold] SEAH o] 2 534 42 fldf vd
Q7 2HHXR-M2000, Sony, Japan) 6‘3}1% Ao 14sto] ok
O]H‘ £ FHog dAsielon, 94 e 1080p, AEATE
= 1000 f/s, 7H|et MEHE-2 60 Hz 2 27gstoict. Eetk 3 214
%"Zl’f“}ii AkEst7] 98 2o] 1m, & 1m, ¥&°l 6m 2719 A
E(control object)E AZHHE FEAF 0] $FPE|= 7t AX]

e 5 7he} ] B o] A(calibration)& A A8

A7 A%
1 2z 44
2 g9 A2A 83| tholw B717h AWEE SAolA A
stgom, i3 A thaeddm Aget 21, 5ol A7
23} 47} 5 Agslel ATRH] FAY Bl T F 4
51 A8 A A JURIE Sl Gl lﬁmﬂﬂﬂﬂ}% A7t
ool st} 24 okt B A o] Hhx s on, A

Ao 502 559} 2HE 4A3 5 st Ae]Hao ] %
AlBtGiTt 3] 5 29 34 F AELTWS A 3.0 o9 o
ol& 7]& & AwHSs 7,57 o]AS HEL 7]&0] FEAE =S
AT RO E BHoto] E40) ARgstl o, slEAY] I & A%
oA HE FE HIFEo R BFsto] Baof A&yt z+
Fhl 2kt Al7He B Z(synchronization)= A4=9] dlo] HEo] ¥
Sl A o2 HAsHA

Table 1. Characteristics of the subjects (Mean+SD)
Variables male (n=10)
Age (yrs.) 20.82+2.75
Height (cm) 170.09+5.86
body mass (kg) 64.91+5.63
Career (yrs.) 11.64+2.46
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2. %7 AY

ADYHE thold] S|EAY o] 2 2584 E4E 9
PAAE JAARE Vegas pro 12.0 (Sony, Japan)Z&2 133 A}
&oto] SEAH 542 HASHA AA F S AFsel] Yl
11719] B2EE0] A& AZE0IUE 74 A| A8 (linked rigid body
system)2.2 Hdg sl¥on 7 BAS Adsk= 1471 #E9]
(& E5, FEA, o), T, dE, 5 JUTAE 0=
A eto] Y (digitizing)5FH 2™, Z} WA YA 25 24 ¥
Q1-& Kwon3D XP (Visol, Korea) =2 18-S AFESIITH IE HJAF
2 A7 1010] YT 7o B S5 "AEel sl o, tX|E
o|% FIY| AlI7HY LBAFS ERlsly] ol B A 2+ ol
E 7t diE B4 Zo|9] ¥E A coefficient of variation, CV)E
AFE5FtHDos Santos et al., 2017). ojdj A&H tjE] &4 Zo|
9} CVie 22 36.8+1.2cm, 3.3+ 1.6%& YESITE.

A HolHE HSot= I TSt HE ko|2E i
AlZ17] S8l HE YA 23 A9-5H A DD E (Butterworth 2nd
order low-pass filter)g AM&-otth 712 HADLE A &
A== phase lage AAst FE Q] F5& FIA717] fIote]
giEgro 2 3 Wl o e E AYPstgon, ojyf AdFuk(cut-
off frequency)= AFPALE Farste] 6 Hzz2 AAsIAH(Barris,
Davids, et al., 2013).

<

7}

AT RE tho]d] SIEAH o] i 2554 45171 ) 5]
EAF Ago] AnRYRE| P 71 (hurdle step contact, E1),
Bl 7B AA W37 ©7Hmaximum board depression, E2),
dlo] Hojx & &7k hurdle step take-off, E3)0 & LR3I O,
E19A E2 Afo]lE &&=F7Hdepression phase, P1), E29} E3&
HH527Hrecoil phase, P2), 183l E10]4 E39] AA| F7Htotal
hurdle step phase, P3)2 & 4o} 2415} th(Fig. 1).

Fig. 1. Analysis event while performing hurdle step
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AOPRE to|d] SIEAY Ao UE 538 A4S A
WCoM 9&(WCoM position), WCoM £=(WCoM velocity),
WCoM 71&7] Zt=(WCoM tilt angle), WCoM =92 %= (WCoM
takeoff angle)& AF&st3 o™, 984 ofJX(mechanical
energy), 9524 A(mechanical work), B+ £Z 3 (impact

force)& At O]'%x“:]'-

1. WCoM 94

WCoM 9IA+&= Tylkowski et al.(1982)9] JUAREX]4>(Body
Segment Parameters)S Z1st¥om, 1171 Al B4 Ad] &
T U & o dgo] JAE SOl AZYHE AP 7|0 R 3
2+ WCoM YA & Attt

2. WCoM &&=

WCoM =& Azt w2 AHzE WCoMe] %] Heke-S 7|4t
o= &P oy, ZUAEH(central difference method)2 &
3 33+Y WCoM £ 55 &39It

3. WCoM 71&7] Zt=
WCoM 7|&7] Ztete ARYPHEE X5t FEA WCoM
Fo) WE 7} 243 01 L A4 E ou|giy, 0° o 7MeSE o
e%m AA Y] D A2 Qulgitt. AH 7127 Wk A4
7|1ZE0R T V)87 l—t— FH), A 71€71= SO waFelH,
IR B QEX V&S Y IR, AF VS &
)9 WaFo g MAstnt

d

4. WCoM EFe

WCoM EFZIE 30419 WCoM A& Ee} A3 £20)
o= AEd FYHES 712718 gudtt. o] A=e A7 =
F Al ol WFOR EOFSIGEAE HEiE, ATt B
FOA RS 7IE0R WATES FHE, AATES =
L= 445l

. dskd oy

fﬂﬂi NAE sE2d £3 &, AA7F EF3 A4
(potential energy)?t &l (kinetic energy)?] ¥O=, 574
AelA el odA] gelE AFH R Yetdie b E85tolth £
AFolA AH2E WCoMe] 4] A R $£AKES o85te] 2} A
HE Ay o |AE AbEstglon, A I HlaE %t 2235

sl AF oz vhrol ALtttk inclair et al., 2012).
1
= (981 WCoM, ) + (5 WCoM!)

Formula 1. Mechanical energy

B

6.9
ofoha e AA FHP3) SRt A5t ol A] Ml ojulst
W, A E 5 F v B 4 ALY ae4dE Brlete
o] 8519} 2 Aol A A& E E37} E19] 9ekA o] =] 9] z}o]

A d

_l_quL
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flt

Fatod o

L

A A2 AF=51AH(Sinclair et al., 2012).
W=E —E

Formula 2. Mechanical work

7.

AnPH o HE9 SRE o] Wojx]7] A7kA 9] F FIHPL,
2t 2 AgS WCoM2| &&= el 7oz 4t
om(Hay, 1992), A2 AF 22 o] 2E3F5I 3

 (WCoM,;— WCbM,)

Formula 3. Impact force

A Wy

FEE tho]y] FEAF o] 2 584 ¥l 7F AolE
S17] 918l -8 HE -A % (paired r-test)Z AR O, HS
o] Sl EAH 9] ol n|A] = FIFE EA5H7] floff o|F 2 AE
HA(binomial logistic regression analysis)= AA|SFCE 2
g AN HeRE -HANA RT AolE Yepd ¥
S EYdSE AYstal, A M (forward likelihood ratio,
LR)E A-85t3et. 2A LAY 3 HEA ] oA E%Eﬂ—? K= el
A9 7S AESIL olnf E BAY fo¢E e =052 A
Aot

oN |H

l>:£'

Z

Nofoh ol dy [

A1 Za
WCoM 93]

AZYRE vy FEAT Yuo] B WCoM 97 At
(Table 2)9} 2}, 2 747} EAH 02 §olat 2ol Lpeh}A]
ersket.

WCoM &%

S EA] Hufol] M2 WCoM &% A= (Table 3)3 2t} &
A7AT A5 B3 oA slead el foet Aolg HEd
ATHp<.05).

Table 2. WCoM position (Mean+SD)

Variables Event Successful Baulk t P

Mediolateral E1  0.01£0.07 0.00+£0.06 .67 .52

axis E2  0.02+0.06 0.01+0.07 .04 .97
(m) E3  0.02+0.05 0.02+0.07 -.14 .89
Anteroposterior  El 2.7240.03 2.77+0.09 -2.18 .06
axis E2  2.95+0.04 298+0.07 -1.46 .18
(m) E3  3.02+0.04 3.03+0.06 -.051 .62

E1  0.85+0.13 0.83+0.10 .53 .61
E2  0.32+£0.07 0.31+£0.08 .44 .67
E3  1.27+0.06 1.24+0.09 .87 41

Vertical axis

(m)

kjss.sports.re.kr

WCoM 71&7] &=

SlEAHS] Aufjof] T2 WCoM 71&7] 4k A= (Table )9 2
ok B A7AT A B3 oA SIS Ao oI5 Aol 1t
EHAIEHp<.05).

WCoM EFZt =

52309 4401 12 WooM =9t B34 (Table 591 23
£ A7AT ARolA SEAT Huke] folg Kol ehygl
oHp.03).

314 o

S5 o] whE HetA] o x| Z3= (Table 6)3 &, &
A2 E13 B30I sle2r Aguizte] f-213t Aol& et ot
(p<.05).

Table 3. WCoM velocity (Mean+SD)

Variables Event Successful Baulk t P

-0.03+0.08 -0.03+0.04 .05 .97
0.05+0.10  0.06+0.11 -.31 .76
-0.02+0.06 0.01+0.07 -1.31 .22

1.02£0.34  0.99+0.32 121 26
axis E2  0.55+0.07 0.50+0.13 1.49 .18
(m/s) E3  0.1240.05 -0.01£0.08 4.90 .00*

El1  -3.23+0.19 -3.27+0.20 1.52 .16
E2  0.66+0.27 0.57+0.28 1.01 .34
E3  4.08+0.14 4.12£0.20 -.68 .51

Mediolateral El
axis E2

(m/s) E3

Anteroposterior  El

Vertical axis
(m/s)

*: significant difference

Table 4. WCoM tilt angle (Mean*SD)
Variables  Event Successful Baulk t p
) El  29.44+4.63 27.90+5.40 2.11 .07
Sagm(il)plane E2 1057+1.90 9.89+1.55 1.09 .30
E3 6.56+1.56  7.74t1.44 -249 .03*
El 0.25+1.48 0.61£1.08 -.61 .56

Frontal plane

©) E2  -0.12+1.04 0.06+£0.74 -37 .72

E3  0.24+0.87 0.97+1.64 -1.05 .32

*: significant difference

Table 5. WCoM takeoff angle (Mean+SD)

Variables  Event Successful Baulk t P
Sagiﬁg})plane E3  88.34+0.67 90.12+1.12 -4.81 .00*
F“’m?j)plane E3  90.38+0.82 89.89+0.94 1.72 .12

*: significant difference
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Table 6. Mechanical energy (Mean+SD)

Variables ~ Event Successful Baulk t p
21.55+1.79 16.63+1.59 7.84 .00*

11.3840.67 10.99+0.77 1.05 .32
28.71+0.88 20.94+£3.09 7.79 .00*

Mechanical El
energy E2

Jkg) E3

*: significant difference

Table 7. Mechanical work (Mean+SD)

Variables Phase  Successful Baulk t P

Mechanical
Work P3

(V/kg)

*: significant difference

7.16+£1.39 4.31+2.10 4.85 .00*

Table 8. Impact force (Mean+SD)
Variables Phase Successful Baulk t p
Mediolateral axis P1  0.03£0.06 0.04+£0.05 -.70 .70
(N/BW) P2  -0.03£0.04 -0.02+0.05 -1.21 .26
Amerzpfssmi"r Pl -0.1940.14 -020£0.12 23 .82
X

(N/BW) P2  -0.16+0.03 -0.19+0.04 3.18 .01*
Vertical Axis P1 1.55+0.12 1.57+0.17 -40 .70
(N/BW) P2 1.26+0.11 1.32+0.20 -95 .37

*: significant difference

Table 9. Logistic regression analysis for factors affecting hurdle step

sSuccess
Variables Event B SE Wald »p Exp(B)
Mechanical gy 260 35 467 03¢ 2.14
energy

x’=19.45 (p<.05), Nagelkerke R*=.83,

*: significant difference

og5Hg o

S5 28 Aol TE €jsta Ao Ak (Table 73 2. &
A7} Aoba Lol AL Yo % ol S eyl
£Hp<.05)

W 549

Sl EAFS] Jufo ‘1}~ TZt 8 B A9 Zik= (Table 8)7
2t 2 A7 AF3 P2 o4 SS4H At} Folat Holg
e A TH(p<.05).
SIS PEEEL TR
® Q75 AXYRE ol JEAH Aro] JFL v R
221 Felsly] 15 Aol AL R oI Aol Lehl
WCoM €&, WCoM 7]&7], WCoM E2Zt%, It oy x|, 3
Aol SYWsE ofg 2AAY HARAS AN 1
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A3}, T AZ(E3)9] G4 ovA|dte] slEAY A3 7ot
dl&3he MR UERETHp.05). B3 A1) gk o 2= Wald
W 4.67(p=.03)2 BAH 948 B2, Exp(B)= 2.142 &
A=At o= EoF A9 AT o A7t 1 J/kg $71E W ol
28] A4F 2ol oF 2,144 S71shE vt Az A8 4
T HE ARGl DY ST ZgE|9 o, oo wtet ok
F3449 EAl= EAYSHA] Foth 3 2 IAEP A2
Nagelkerke R? = .830.2 =2 =52 BN, B FFT FA] x?
=19.45(p<.05)E BAH R F-9otAtHTable 9).

rr

9|

ADYBE ool EARL WA O SPElofof S 7]
P

=0l Etoa, @2 AE0] PRIl =380 o] 2E 41 Q)
o, o]& Qlsf B (baulk) ¥} 7ol ¥IH 3] YERITtHHuber,

2015). IHo|= &5t sl o] = vAE &5
J‘i‘ﬂoﬂ et JFA TAE ok B3 AXoltk(Barris, Farrow, et
. 2013). °ol° & A7= AAFAZH(WCoM)E 7IHro = 2F 1

?l'é S B4t sleAY 9] UQlS g stAt oFgict

SlEAH A0 HEo| 2= EloA= WCoMY] 91X} 7]&7]°]
A BAHCE {ost X]'O] HERA] Qoo K(p).05), B39 4
S ol A A Y27} E @okow, 7Y E o AA U=
7ol AT ol FH Aol= ‘%l’JEl-\—]' WCoM9] 0”441l 2
A HEo| o|Fo]A|A] glo}, ATYH O] A|FS AIHOE AT
ok o oA 288 AR waHEn. AAR EloA9] It
A UAE AT SHED BI04 9F 22.8% B FoH(p<.05),
WCoM2| A&} &= 77 /fEH 2= {23t Zpol& HolA|
QAUARE, o]50] AgtE FHIQl A ofv A= i 7+ Folgt

ol AWl Fa% ¥R YERth o= &oF A AA7F 7t
Zl oA o] o]F ko 8447 YA dBHE BojErt
(Sinclair et al., 2012).

202 HEO| a7kl P2oA = HEQ] &

2] £ g 3= WA, ofA] A1HS B3t a7
K3 AFolth, & Ao A= FHAHQ wHEeE
Fout, WCoM9| &&= HslgE Bof 73t B 5
H(Lee, 2011; Yang & Eun, 2010). 7L A3}, 53
o 7+ Aol 7h JAAT, AT FA YL HA oA Fo5tA
W S AYE UEITHp05). o= HEY & HHYgo]
o8 ayHoF H3EA Kok, "]Xﬂ A5Y Wkl digt Al
oJu]gtth(King et al., 2023;

O_u
-0, mb
o oy
2L oo
o,
f

ox @

ol

i)

N
il

1
o)

g
o)

rU]o _Iﬁ
[
N
[o]
T 4o ox 3R o o

=
ofw g A

X glo
T
TUC)
Ny
N

offt
o
)

(braking impulse)2.&
Lees et al., 2004).

o|e} T2 AT WF9 Al T4 T7H= S1EAHY ko] &
AEl= A B39 2584 270l AHAA = vIAA =t
B3 AEYHETL 455t do] BEoA ojgsl= 7t0 &, o]
AlF o] Folls F7HR] 25 50| EVFsotRE 27| £k 24
o] 7% A&l 234 4T st Miller et al., 1998; Park &
Yoon, 2017). & A+ 23, ZF 5&A& B394 WCoM &7}
S et B, B3 &A= 3 SE7F YERE o (p<.05),
Al WCoM 7]-&7] £t BA0|A Bt 1.2° B ZA 7[&°A 3L
AUTHp<.05). WCoM = HA| B F2Atof|lA {2514 F7te}

(N ol

mﬁ
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