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Metabolic Adaptations to Swimming Training under
Simulated-High Altitude in Rats

Sadayoshi TAGUCHI*, Hiroshi OKAMOTO **,
Shigehiko OGOH*** and Sakiya YAMASAKI****
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Abstract

Training group at simulated altitude of 2200 meters (2HS) had remarkably much higher SDH activities
in the soleus and extensor digitorum longus muscles. However, in higher altitude group equivalent to
4000 meters (4HS) it was substantially decreased. The longest endurance swimming time on average was
found in the 2HS group. These findings suggest that altitude training at 2200 meters induces better

improvement in biochemical characteristics and endurance capacity.

Key words; Simulated-Altitude, Hypoxia, Succinate Dehydrogenase Activity, Swimming Training,
Endurance Time.
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Endurance exercise training has been demonstrated  previous report *, it was confirmed that high altitude-
to increase succinate dehydrogenase activity, as well born rats have higher levels of the oxidative enzyme in
as increasing the area of slow-twitch fibers in the  the skeletal muscle than that found in sea level-born
skeletal muscle. Similar metabolic adaptations have  rats. Itoh et al.® showed that the increased percentage
been observed as a result of altitude exposure. In our of fast-twitch, oxidative fibers was found in the
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developing rat under hypoxic conditions. We ¥ also
reported that hypoxia-acclimatized rats have a relatively
high percentage of FOG fibers and a lower percentage
of SO fibers than age-matched control rats. In
comparison with descriptions of cardio-respiratory
adaptation'® 1, only a few report exist concerning the
systematic study of changes in metabolic profiles of the
skeletal muscle as a result a combination of altitude
exposure and endurance exercise training & 7 9 1214,
Despite the paucity of data there remains as acceptance
as fact that endurance exercise training carried out at
altitude will result in marked metabolic adaptations
within the skeletal muscle which enables a greater
exercise performance. Therefore, the purpose of this
study was to determine whether or not high altitude
endurance training was more effective than the
equivalent sea level training in improving muscular
endurance capacity and whether it provided a more
marked biochemical adaptation of the skeletal muscle.

METHODS

Twenty male Sprauge-Dawley rats at five weeks of
age were assigned to three groups and designated as :
SS, swim trained rats at sea level ; 2HS, swim trained
rats at simulated altitude of 2200 meters ; 4HS, swim
trained rats at simulated altitude of 4000 meters. The
rats assigned to the altitude training were maintained
in hypobaric environment throughout their training
regime. All trained rats were using a swimming training
program of 30 minutes, 6 days per week for a period of
5 weeks. At the termination of the training period, the
rats performed swimming performance time test in
which rats were forced to swim to exhaustion and,”or
to time of 3 hours. Twenty four hours following the end
of training each rat was anesthetized with pentobarbital
sodium, 50mg, kg body weight. Samples of the skeletal
muscle were removed from left hind limb, and stored
at -80°C for later analysis. The muscle samples were
soleus (SOL) and extensor digitorum longus (EDL). At
the time of analysis, frozen tissue samples were weighed

#£18% FH1445A8

and divided into sections for individual chemical
determinations. Tissue glycogen content was
determined calorimetrically by the Anthrone method
according to Van Handel'”. Succinate dehydrogenase
(SDH) activity at 37 ‘C was assayed using a modified
spectrofluorometric method described by Shepherd et
al.’». One hundred 1 aliqouts of 1:100 (wt. : vol.)
homogenates prepared in 0.17M PO4-0.05% BSA buffer
(pH 7.4) were incubated for 5 minutes at 37 C.
Fumarate formed during the reaction was determined
fluorometrically by placing 60 .1 of PCA extract in 3.0
ml of medium containing 100mM hydrazine (pH 9.2)
and 0.36mM NAD. The initial fluorescence was read
and the reaction initiated by adding 30 .1 of a solution
containing 0.25 mg / ml fumarase and 5 mg /" ml
malate dehydrogenase. The change in fluorescence was
determined after 2.5 h incubation at room temperature
(ca. 24C).

RESULTS

There were no significant differences between the
groups in body weight and glycogen content of the SOL
and EDL muscles (Table 1). Figure 1 summarizes mean
SDH activity of the three groups. The 2HS group had
markedly higher activity level of SDH in the SOL muscle
compared to the other two groups, while the SDH of
4HS group was reduced. A similar trend of SDH activity
was observed in the EDL muscle. The mean swimming
time to exhaustion for 4HS rats was found to be 86 + 38
min, 170 x+ 5 min for the 2HS and 94 + 10 min for the

Table 1. Muscle glycogen content in three groups.

Group SOL EDL
SS 443+28 708+38*
2HS 393+51 671+33*
4HS 407+20 710+ 25%

Values are means=*S.E.

EDL, extensor digitorum longus muscle; SOL, soleus muscle.
Glycogen contents are given in mg/ 100g wet tissue.
*significant different from SOL muscle (P<0.05).
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Fig 1. Succinate dehydrogenase activities of the soleus (SOL)
and extensor digitroum longus (EDL) muscles in three
groups. Values are means + S.E. *significantly different
from the 4HS (P<0.05), and + from the SS (P<0.05).
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Fig 2. Performance time. Values are means £ S.E. *significantly
different from the 4HS (P<0.05), and + from the SS (P<0.05).

SS (Figure 2). The longest performance time was found
in 2HS group. The difference in performance time
between 2HS and SS was statistically significant (P<
0.05), while there was no difference between 2HS and
4HS.

DISCUSSION

The data of the present study suggests that endurance
exercise training interacts with an altitude exposure of
2000 m to enhance metabolic adaptations within the
muscle, while the 4000 m exposure reduces the
metabolic adaptations. Subsequently parallel

alterations in performance were observed. These being

that animals exercise trained at 2000 m had the largest
improvement in endurance performance. These findings
were in agreement with changes reported for
endurance exercise training alone?: » and altitude
exposure alone ¥. However, the detrimental effect of
exercise training at the higher altitudes has been
thought to be a reduction in training workloads
producing a reduced stimulus for adaptation ?. In this
connection, the present data suggests that exercise
training with severe hypoxia (4000m) reduces mean
adaptive response of the oxidative enzymes as well as
swimming performance. Young et al.!® had previously
reported that following 18 days of high altitude residence
(4300m) the muscle glycogen content of the human was
not different from sea level residents, suggesting a
glycogen sparing effect. This glycogen sparing was
thought to be a result of chronic altitude exposure
stimulating an increase in free fatty acid mobilization
and utilization during exercise. Timiras et al.!%,
however, concluded that diet and duration of altitude
exposure affected carbohydrate metabolism. The data
of present study confirms the suspected glycogen
sparing effect in that there were no signincant
differences in glycogen content observed in either the
SOL and EDL muscles of the exercise trained rats

regardless of altitude exposure.
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Relation of muscle strength in the latter half of the stroke to
swimming performance in the front crawl

Hiroshi OKADA, Mitsuyo TERADA

Abstract

The purpose of this study was to evaluate the relationship between the muscle strength in the latter
half of the stroke and swimming speed in front crawl swimming in 20 boys participating in a senior high
school swimming club. The subjects performed isokinetic strength tests of shoulder extension exercises,
and a time trial for a 100-meter front crawl swim.

Muscle strength was measured using the MYORET-machine. The swimming test was utilized to evaluate
the swimming velocity (SV), stroke rate per minute (SR), and length of stroke (m). The muscle strength
test consisted of 3 tests: 1) The ROM150-test required movement of the arm across 150° (165° to 15°, see
fig.1) at two velocities; 60° /sec and 300° /sec. 2) The ROM75-test required movement of the arm across 75°
(90° to 15°) at the above-mentioned velocities. 3) The 50-repetition test that required movement of the
arm across 150° and at a velocity of 180° /sec.

There was a higher correlation (r=0.796) between the SV and the peak work for the ROM75-test at the
velocity of 60° /s than between the SV and the peak work for the ROM150-test(r=0.577). This result
suggests that the swimming velocity may relate to isokinetic muscle strength of the latter half of the
stroke rather than that of the average full stroke.
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Fig. 1 The schematic(upper) and photographic(lower) views
showing the ROM150- and ROM75-tests
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Table 1. Physical characteristics of subjects and their race records

of 100m free style
A Heloh s Areaof  Areaof /1
98 eight Mass pan paim footprint 00
cm Kg cm cm? cm? sec

Mean | 16.20 169.68 61.62 175.15 135.16 168.03 60.20
SD 1.01 3.86 7.75 5.44 9.41 14.39 4.49
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Eh/z (r=-0.595p<0.01),
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B 15Im TH Y. £EDOFHSVIidEH 1.63m ThH-
720 A MO =7 BHICB VT, BEKDSR & SLIzZ
NZN5E3.70,/5 L 1.9TmTH Y | #EHKDSR & SL

75.0

g

£ 70 |

eg- y = -42.938x + 130.28

S 650 r =-0.978( p<0.001)

S !

8

g 600

E 550 |

£

F3

? 500 . v v v + r
1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00
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Fig. 2 The relationship between the time required for maximum
swimming performance with free style and free swimming
velocity simultaneously obtained at average stroke phase

Table 2. Swimming velocity, stroke rate and stroke length at the race (mean == SD)

Velocity Stroke rate Stroke length
m/sec strokes/min my/stroke
The first stage 1.751+0.09 53.71+4.17 1.97+0.14
The second stage 1.51+0.13 * 47.68+4.82 * 1.914+0.15
Average(SV) 1.63+0.10 50.70+3.95 1.941+0.13

*  Significant at the level of (p<0.001) as compared with the first stage
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Table 3. Muscle strength in isokinetic shoulder extension
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—%. 300°F A MZDOWTHAB L, ROM75 &
ROM150 D7 R MZBWT, PTB LU PWIXSV E
DOFICEEOHBEBRI RS, PTES X U'PWEL
b12.60° 7 R F DFE L FEHKIC. IO DOBENF B
DDIISVHIKTHAZ LHhROLNT (Fig33B&
F34), LA»L. 300°F A M2BIF 5, ROMT5 & SV
& OB, 7:. ROM150 D SV & OHBIEEUC
S\WC, HBERKOZENRE (tRE) 2iTo7ck
A.PTBIUPWICEIL T, &b ICHBBRBOKE &
WCEBELRZIRDON L o7z, FERRIC, 50ET R +

(mean+SD)
60" /sec 300" /sec 180" /sec
PT PW PT PW TW
Nm J Nm J J
ROM150 88.45+17.13 172.88+27.06 59.40+12.27 120.01+21.68 56411+967.69
ROM7 5 94.08+15.70 *  96.36+17.65 53.80+9.72 **  64.40+9.56 3023.3+447.31
Ratio of
ROM75 to ROM150 1.075+0.118 0.558+0.066 0.916+0.096 0.54120.047 0.540+0.053
* Significant at the level of (p<0.05) as compared with the ROM150
* %  Significant at the level of (p<0.001) as compared with the ROM150
Table 4. Correlation coefficient between isokinetic strength and stroke performance
ROM150 ROM?75
60" /sec 300 /sec 180" /sec 60" /sec 300" /sec 180°/sec
PT PW PT PW ™ PT PW PT PW ™
SR of the first stage -0.018  -0.075 0.150 0.143 -0.111 0.147  0.175 0.092 0.034 0.063
SR of the second stage 0.395  0.348 0.645** 0639** 0.353 0482 * 0535 * 0573** 0535 * 0.342
SL of the first stage 0.336  0.438 0.218 0.268 0.413 0.334  0.370 0.283 0.357 0.241
SL of the second stage 0.002 0.164 -0.207 -0.153 0.179 0.106 0.141 -0.077 -0.005 0.148
Significant level as for i * : p<0.05, ** : p<o0.01
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Fig.3-3 The relationship between free swimming velocity
simultaneously obtained at average stroke phase and
peak torque at velocity of 300° /s
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Fig.3-4 The relationship between free swimming velocity

simultaneously obtained at average stroke phase and
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Fig.3-5 The relationship between free swimming velocity
simultaneously obtained at average stroke phase and
totel work at velocity of 180° /s
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The relationships between lifestyle, body shape and hypertension in
residents of Miyako island (Okinawa)

Sakiya YAMASAKI, Sadayoshi TAGUCHI

Abstract

Epidemiological researches on the longevity for men who have lived in Okinawa suggest that their
lifestyle alter cardiovascular health and longevity. This study examined the association between lifestyle
and the prevalence rates of hypertension in islanders at Miyako, Okinawa. We studied 53 male residents
(mean age, 49 years) in Miyako island and 45 male residents (mean age, 52 years) in Kyoto as a control.
A striking finding from this study was with differences in body mass index (BMI) in relation to hypertensives
: The hypertensives showed 27.5 + 1.9 kg/m? in BMI, but 24.8 £+ 2.7 kg/m? for normotensives at 40 years of
age in Miyako island (p < 0.05). However, no difference was observed in BMI between hypertensives and
normotensives at 25 years of age (22.5 + 1.6 kg/m? v.s. 22.4 + 2.7 kg/m?). The habitual alcohol-drinking
was significantly higher rate in the hypertensives than of the normotensives in Miyako island.
Furthermore, those who engaged physically active work were less in the hypertensives compared with
the normotensives at Miyako. Whereas, there were no differences in habitual alcohol drinking, physical
activity and body shape between the hypertensives and normotensives in Kyoto residents. These results
suggest that habitual alcohol drinking and daily low physical activity resulted in a high weight gain from
25 to 40 years of age and consequently progressed the risk factors associated with hypertension in male

residents at Miyako, but showed a different prevalence in hypertensive responce in Kyoto residents.

- W, BT, BEHERRDBVZEFE (disable free
rate) &, 16.0% Tdh 1. HHREEEDOFEHE 16.9%

HREREOHRAB L TWAEADAOFIOLAIST LHBELTLIERI LD, BEHBIZITEEREN,HH
LTI852ATHY ., EMNOBHA (1264 N). £=  330km B ICHNR TS (bi&24°, FEE125°) A%
MOBR (1127 N) ICHRT, FLLBEBWEEZRLT  MEENICBT 2 HBERED O, ThFE Tt
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* E Rt KZE AR SEAEEEES | Faculty of Social Welfare and Human Services, Daiichi Welfare University, 3-10-10
Gojoh, Dazaifu, Fukuoka 818-0194
*k IR AFRFBREAR - BIE¥ %Al | Graduate School of Human and Environmenal Studies, Kyoto University,
Nihonmatsu-cho, Yoshida, Sakyo-ku, Kyoto 606-8501.
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Snatch Technique and Power Output in Elite Female Weightlifters

Tadao ISAKA, Ryosei MITSUSHIMA and Kazuo FUNATO

Abstract

The purpose of this study is to describe the kinematic characteristics of the snatch technique and power output in
elite female weightlifters. At the 12th Asian Games in 1994 in Hiroshima, Japan, elite female weightlifters were
filmed using the two video cameras (60 frames per second) which were placed obliquely to the frontal plane of movement.
Five female gold medal winners (FGW) in five categories from 46 kg to 64 kg were selected for analysis. The chosen
lifts for analysis were the heaviest successful snatch of each subject that occurred on the third attempt. The recorded
videotapes were digitized with video digitizer. The direct linear transformation method was used for three dimensional
space re-construction from two dimensional images. Relative power outputs exerted during the second pull phase in
FGW were significantly higher (p<0.05) than those of previous elite female lifters (Garhammer, J. 1991) and similar to
'84 Olympic data from male lifters lifters (Garhammer, J. 1985). A double knee bend technique in FGW, involving the
rebending of the knee, was found to be similar to that technique used by elite male lifters (Enoka, R.M. 1988). On the
extension angular velocities of lower extremity, higher peak values and shorter peak appearance time in FGW were
observed in hip, knee and ankle in order. To produce effective lifting, FGW accelerate firstly extension of the hip joint
including the larger mass, followed by knee and ankle joints are extended strongly during utilizing preceding vertical
inertia. From full extension on lower extremity, FGW begin to move their bodies under the barbell to catch and
support. Flexion velocities in FGW were significantly higher (p<0.05) than extension velocities about each joint. The
present data suggest that FGW have acquired the higher neuromuscular performance, which are required the control
among the recruited muscles with regard to the tension and the timing of the co-activation and the contraction-relaxation.

Key words: elite female weightlifter, snatch technique, power output, kinematic analysis
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Class Lifter | weight (kg) | Snatch (kg) | Jerk (kg) | Total (kg)
46 kg GH 45.20 80.0* 102.5 wr 182.5 wr
50 kg IX 49.24 87.5 wr 110.5 wr 197.5 wr
S4 kg 1) 53.74 92.5 R 110.0 202.5 wr
59 kg X 58.86 98.0 wR 122.5 wr 220.0 wr
64 kg LL 63.68 103.5 wr 122.5 225.0
WR : tt R #iEcsk
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#h 13 ORI AT % EREE(ankle), RERIEI(knee),
RERAEh(hip) i DW TR L 2. £/, ERDEICEIW:
HWISESUICDKB (47 - =— « RY K) TRE
h7-2845 12, RBARY —REME L 2%, Bl (BE
BETIREERLTVS (XNER).

extension —» -

average angular velocity (deg/sec)

-<—— flexion
+
E

750

% movement time

4 #5ERBY»SF vy FETORBBMARENT 5 7.
5 ADEFOHIMETRLTH 3. BREBORKRE
5 U IR ORSREMBIRIE TR TOEFIC OV
THBL TV

EDiEE (%movement ime) &, 5 EIfBAAE O,
X vy FE100%E LABBETRENATWVWS. #i
#13 FHHORAEN A EEE % B RIEN(ankle), RERSHi(knee),
&R (hip) b= DV TR U 7= IEDEIZ {8 (extension),
BOEIEE (flexion) 2% 7.

#£18% TR 1445H

L7-. BBEEdfes LIFRGA» oReicELIZE
B, TVEWEDHEN O RRKWEM T TRHMHREY
RU7:ME, BEAMANKECEMLLF v v FOREBIC
ELTW . BRAMEIL, 1992+ 50F Tho7x.

RERAEN I IARBAE D AEM L IZR L ) 2IEEOE L%
RL7: B ETRE»SMEL, 7VEEOTE (&
h v F7VEE) TEHRELRD, »5REDEMH
ARENIBITRKMBER (15645 +3.0%) FTHE
HRLTW:, ZORIIKEMEE L RMER/I Y- T
Hol:. Tibb, BESIME-EH—BHEOH
e LTHBY, HEDSEMET Tiddouble knee
bend(DKB)¢ ki s, ZOFEICOWTIE, (3D
Hrh LR TRL.

72, RRIE S BRI OELITIE L7: 2 Bt % R
L7225, AEMOBEIINE CERR D LRE{LRRL.

p<0.05
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5 27y FEEPOBRARE (extension)iRE & RAER
(flexion) BEE DS, LEXIS, RETARAE, TEXIZHED
AREERY.
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C TH3IMEDAREEL

43R - fE - R OARERLONNY - &4
PIRFDOTFEMETR L7z, BB ORKMERE
Bz 22 L, WThOETF DI RREOIEIC
bobbh Tz F7:, BKPREEZO AR HEED
BB, B—B-—BRESOIETH 7. K513 &
ROYITEORKMRE, RAEMEERHEL.
BAMRERE, HATEMEE L b ICE<B<EBEEsD
MEICKREWERZR L. RRKBEEELATADLL,
JERAER T 159 + 44 deg/s, BERIEST 352 + 52 degfs, IE
RIENT 533 + 29deg/s Th o7z, Tz, BASBHIHRE
13, ERIETT 219 + 22 degfs, FEBIETT 494 + 28 deg/
s, BXBAETT 608 + 82 deg/s Td o 7=. KRIEIEREDH
BEBHMARBE L L X, WIFN L REEEI T

1000

5004

extension

flexion

500 1

hip angular velocity (deg/sec)

@ lift-off to max angle ext.

O max angle ext. to catch

1000

750 0 750
<—— flexion extension ——

knee angular velocity (deg/sec)

B6 CX:EF (59kgiR) it RFFECEREHIL L /-84 (98,
Okg) FDRERBET(knee) & A&RAER(hip)IC & 2 AXKE
(angular velocity) DRI{FR

BRISR L - 4 KEIDORRRIC & 13 5 BRI & & URRRE
BOREIROL S ChE > T3,

FIRR (DAL RKBIEVERER REERE
FIRR (RAL) RUEEEE ARBIEMRE
BIREE (MAT) RBIEEE ARBIEG/Ee
FEVRER (RNAT) RBEEGE IREIEN/EE

%7, HPOBFR, UTOREERL T3,

1: 77— rTEE FF5LFRED S/ =X
PEEL)

2:tvAHLRTIVBE US—NILDPBELED S/IN—A
DRAREHER)

31Xy yFRE (N—NIORKEEHEERD S
XrvFET)

1 2ODFEIH, 2 F@NEEESH. 3 IBONWH EKRT.

CEEICEVME (p<0.05) Thol:. EFHOEEY
Rz L, TH, Kb, BHEEIFEICE ]
(p<0.05), &2 136 R B I\ ME (p<0.05) TH o
7.

D FRBAETAREE & iR E AR

613 C XEFH HEFECEF (98kg) %MV L 73K
HORERAET AR L IR AEEOBRE RS T T
THb. [M6IIRL:4 XBEORRBICBIT A EREB
S UBEBET DORREIZRD & H 12 o T3,

FIZR (NEL) KEEEHE RBEEHE

FIRMR (KAL) EREE  IREEME

FORME (MAT) KRREEHESR  IRBEEH

BENVLR (UEAT) MREEHE  ARBIEE

CXEF, #¥b LAY O RBE*HE S,
MBI & R T —ERE CHEIE LML T77—A b
TVEIToTBY, F0H, N—~UAREEET S
AT, BEHLTEED L IRRElm IS
RERAES % (B &, /N— VAR @l L7181, B
BeRAET % SURITHE L TWA, TEEHRAMRAL
\EL 1%, BOBMAXTLTEZY, 20%, K-
IR AR BUTEl L TN -V EZ T IED TV,

E RXRFovF TN -N7J—
BRENTVEMERICRE LD -2 T I
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& 2000 4
3
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B 1500
=
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e
S 5007
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46 kg 50 kg S4kg 59 kg 64 kg
weight category

X7 BERAICHEERBFOIFy FEMEPD/INT—HA.
BFEKR (46kg ~ 64kg) DHARE IR 1ITRL L.

B:/x7—1 #5EUREI»SEHCRTLETD
IS —HAH
W:/XT7—2 th>EKTIfOIT-HAH
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R, TVEEEEDOF T — TS T H 87— 1
12, GH (46kg#k) D 1365watt 7*5DC X (59kg k)
D1616watt DEFTdH o 72, hEH 72 ) DT —HH
13, L L (64kg#k) M 24.8watt/kg 5 GH (46kg#k)
30.2watt/kg I CO#FHATH - 7-.
N=_RUDEER BB LI ZADLEEF D/ N—
NVEEPRKIGET S I TORETREINN
7—21%, L X (50kg#k) »2091watt#*5 L L (64kg
#) D 2195watt  TOFHATH o 7. hEH7/- ) TiX
L X (50kg#k) M42.5 watt/kg?>5H Z ] (54kg) D47.6
wattkg ¥ TOHHFHATH o 7.

anp
B

N. &

YIA M) TT 4TS, B4 OBIEIERD T
ARREIATONS 1 OBRRER 2T —REFERS L
BEVWZAED W1 ZTHET, KFDIIAL )7
5 — D7 — %R 72RFEIE, £ 1 BOLFHR
BFEASTERREREN, V7714 v 78I
R4E L7237 — 77 #Garhammer, J. O 5k L Tw
BDHTHD. WKL T —EDORIHEIIBED
FEBER), 7, 19934 1 A2 LBERX 5 OBEN
FEIN/7-0, BHREBEITELW, 22T, &
EH) OB/ —THBELTHRL L, B1
[ 0> 57 FHE B B D FIMEIZ /8T — 1 T22.5watt/
kg, /37— 2 T40.1wattkg THh o7z, 4ESH Ot

B present data

O '87 WC-Women

power output/ BW (watt/kg)

78 WC-Men

B 84 OL-Men

Power 1

Power 2

H8 AHEMRRLETARMRE DM/ ST —HADE
.

IN7—1 HbsETRBIPSEH KTVETONN
7—HAh

IND—2 ®HhP KTdhD7—-HAhH

S Lo HRFY TLNUVOEE (WTh b hEE
F) X, IRTIhLDEZ ERI->THY, #Hatiic
bAEELRE (p<0.05) PREOONA (M8). T/, it
FEFHEOETEFLOLETIX, XT7—1Ti, 78
EHFRFHE, 8444 Y ¥y 7 TOBFEEI W
BICEBEICBVE (p<0.05) 2/RL72AS, 87 —2T
X, 4FEF) VY Y BFEFLOMICEELRZIR
DoNLhot. TOZEF, $1EOKFOMFE
FHELRE, £F) 75 —0fN7 —HHEIED LR
TETHY, AU 7714 v 7EHomEICLY,
V774 v THRICRESNE NN —HAPEERICE
FolLMBETEL. ZFLT, ZOTLEHFERELT,
TFIIA M) 7T 14 v 7 OB (RIS »F
BEIIEIoTELEVRE,

V754 v TEERONT —REICE LT, THO
SEHIEELRBE R oTWE, R My LN
DERFEFVEREZ EORICEP LTV EDEAT
Ab L, BREEIZ) 75 1 v T BRED> S —EOHRE)
%47 o T /e, —HT, BREZR O ORISR I
BBl —-BHROBELHVTWA (K3). Hick
BAEiIC A b5 2 EMEEMEIX double knee bend
(DKB) &FpEN3, wx A M) 754 ¥ 7RSS
DFEMELTEBFIIAL M) 75 —1lonTHESh
TWA3.9.0.2.20  Z DL, N—~IV % &
BLAE, €AY FTVORETY ) —E/N—~)VI
IEER5 2 570, HELTWaARBE % 2% B
SHTREIDIT 24TV, ZOHBIBIHBEEZEL D
Thab. ZOBIILNHOMRRSIMELESh, F
TROBEL AN F—HFIATE D L) X8 B7202D),
BRI —DIREENSD,

COFOERET IV X —OFIFIL, FIERERE
B SIREAG) ) Brb o 7o & X IR S h B HE)
ARE L, MREIGERE (BATEM S T\ 5 FiH)
TORNIKE L, B#lD S FFRA DRI AN G
ThHHIILLVAEIITLAS. DKBHOBMENA
T EBERRMZ O ICB LEEN LA T, HROL
FroF)75—RBBEFOLy ) 75— LEK
12, ThOOEET AV F—FIBEGZHZT LI
V754 Y 7HMEBRLTWSEEZLNS.

[ 3 127~ L7 DKB Ril#& DR RAES & xRAET ORItR %
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ATHLE, Fb LITRED S BREE A —R H DM E
¥—24%Uh2bdh TR, BESOAEMITN
S, MBI REVAEIN L 2o TWn5,
CoEEX, BEEFEOEL LITBEREk-7-
Burgess-Limerick, R. 59 57— % LU LTEY, %
LIRZDY 7714 YRR ICBR N B %, HE
M7 —% EHREA,LLRD LI IFH LTS, R
EifRARE , RBIEHRRAVAE WD, NAX b
VY TR (KRR OfREBIERT L
AR SR, HEEORE LTERT A
BICH D70, IR HRAEENRIE L 25k D2k
EfPRE— AV MCEMT A2 L#BRL TS, ZHH
BHCHENLAN) T AN—EDRNZFHFL L5,
REDPEDLLLZVEBOWED L S IZBVTWBIEES, B
RREYEIC L > TIRMBMBS G -5 8hb L) 1ok
. TONLRA N YT ADRIERFEL, BEES
BEDRAE LIRAVIRBIEBET— 2~ MCEBRT 2
729\, BT 2 MAHEE D [FBINAE (co-contraction)
PUEERL, EHE (HERERLANV) 0BT 7
§ — L MLEICDOVTRF v FENER DO ER % Ho#k
L7-Bf%© ¢, E&EIZ 77— b 7 uh, R
REH T 2 NALBHOERZER & & b ([ RBEEHR
FBETH 5 AR ZFAM % & NS KR DK X 2 FEBR
BOBE S, HO»LERBEORBMEIREN
TWh, —F4, MLEDY 75—, REAEHICXE
REBHENRONS b OO, KBTS IIGHEH
Rond, BT 2 HEEORBREIC X 5 R HE
E—RA Y MOBERIEDO SN L H o7, SEOHE
ERoRF Y FLNLVOEFIX, BFOL YT
75— LR BHIERIS R STt EZ LN B,
REH TR L7-%%, BEMETZREIIET Y FV
twbh, CORERICEEEOMBEEIIRAL 2
5. BAMEERERX, WIMOBRFE D B <BE<IERE
DINKEL Y, TOHRIIB—B—-EBEHOIET
ol DL LTHREHOAEE Y —id, K
BEELHCIEERLEAKTH Y, TERD
T—5 00 bREEEL ) 75 14 ¥ FEEOELMED
MRENTVED, KFEDERSS, T 3O
B TRAEE 2 BET 2RI KE R
FENIEENRBZ EICE ), KEVWEESHFE LD

L) EMOGEHHFRESFMMEER, ThH0D
SEREEERFE L 22O, REEOMRIINE
KiTbhbd L), HEMCEEMLEHOB I
EEETWIZ Edbhos. F7-, BkEEERR-
TR I & B &, SEALA & R DRI~ D& kel 72
FRIIBEEEICE > TEETH S LERIC, BV
EHUT 5 BIBAEIA & 2 BAEAF OB IGEASED Hh b
&&, X0 EAROBRAEREARIE L 23T —H3 2 B8
BBl TL )V ERMOBESNEB Ehb L EE LN
TWa., Tbb, KREEHERTH L KBRGIRIE
L7 — A KBRIER) % 18 U CREBIE R/ 7 — 2]
BRL, MRBAESREARBECTH 5 RBRNEEIC X WAL 7
N — DB % U CRIEE/ ST —ICEBRT A2 &
EERTS.
FHESRAKBRMZ A b, TITOLSEE L
57O BENIEM AN . COBICALNAR
REHEE, B<B<BRBEHOMEIAELRY, £
O HEBNES R AR EERE L 1338 R~ BB DIE
Tholz. BADEKFEFOT—5% LEET 2L,
HR by FLVOREREFE, B BESORAE
HEECHABF L A& C LAY, BESORIHEE
PFERNTH O BRBEHORIEEITNL T TORRIAH
I E»PV. TVEHEF DR/ —RIEDS K E WA
T, RIFESBE LD T TIIHEFRIET RS
ANDfH/T —RIESKEVEFHTE S,
THEEHOBEZ 2T 2BEBLTATY, 2+ v FH)
YETI3MED THRFM (1 B81H%) (CRBIET DT E
RLBHAITONG. BEMTO L VRN LHHE
Eo012, BEHTRDKBAAVWLATVWS, B
HMAODNT —BENBERENL -0, BB SNh A58
DSEFE) B & TERW R IFBHIRD LN 5 LRI,
EPUBE O UUE —5tbAR, FIERIURE 2 &0 7= HOFlH,
O WIERT 2MEHHRBRD S 4 I v 7 OfliEss
ERZRECEL D LHBENL. AL TELN:
NWAFTRAAZAN LT —=IHORT, H#HFEFY FLA
WVICHDHHELTFY 757 —DAF v FHAMILERFH
CEELKEICHD LFHETE, ) 774 ¥ Ve
DT —RBIZBVWTOBOTHVAEEZE LTV
'ARY &
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V.E #

AMETRHR Y TLRXVOLFITA FY 7
Y—%RRE LT, KL IFEETITo 2R F
FENEZ 2BDEFAH A5 AVWTEREL, Ei
BRI L7z, FRICRA Ty FEifEh D87 —
BACOWTHRET L. E12E7V7AE (LB)
\CH L 72 46kg 0> 5 64kg #k F TD SRR O BEREE
PR e LCRIN. T2, 4 & -3,
FHREVAT v F TR L REEEDAKTH Y,
WINOHRES SEEORFETH - 72, LFEI:
Xt T —TR3ETF TV A F— 1Tk o THEELE
., DLT (direct linear transformation) £ & - T=
RICERER SN

th v R VEWEROMRE T — i, DL
HBESNZAMR DY TLNVOLTFREFL ) DAEIC
E< (p<0.05), 1984 4EF 1) ¥ ¥y 7 BFRFIEHL
L7fETH 7. THIMEHDBI X4 BERTHL, B
FOIA M) 75— 200 THE ER TV S EEED
double knee bend ({HE—/EMI—FHE) % LFoit
Fry 775 —=3FHL TV, ZEHORAME
HE BB RHEONEICHR, ZOMEIZE<E<
MBS DOMEIC A E { 2o 7=, RENEER IV 2 EEBk
CEBL7-AEE Y- H), KEVEESHED
DEEVRNEES LRI NS Z L TEENE
FALLYS, B, REHOMENERITHOIS L
V) NFERICEEN BHOB e % L8 T,
FHEEPRRERLIDL, FITOLEER LD
BIEIZR B A TNEY . T DB A S B BRASE i
BRE<BE<EMEEHOMIIKE L, B—B—BREgso
ME\C BB AMEN D S b7z, KB BT 5 i A
3, HEREEL D LERICH (p<0.05), 2D Lid
by TVXNVEHEEF, KF) 75— 1R b D
THot-.

Ry TLRVIHEFELF) 75—, Bt
HONRT —REIITE B & B2 B LT,
HREYBHRLAZMNL -0 7% E2 5 LT, 4ERE
NEMRETFRBFEDORF v F - T - "7 =13, 41
D= ZIZMT 7 B BiEE L 5 UNCERK
HERRTRTA2LDTHHEVL S,
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Longitudinal study on the relation between BMI and 3000 m running
performance in senior high school women’s Ekiden runners

Shinichiro ONO, Mitsuyo TERADA and Yoko KAJIWARA

Abstract

The body mass index (BMI, a ratio of the person's weight to the height squared) has been used to
categorize people regarding their degree of obesity. It is necessary to show athletes the proper BMI level
for execution of weight control. However, there is no standard BMI matched for long distance runners.
Our previous cross-sectional study hypothesized that best BMI level to improve 3000 meter race
performance for women’s Ekiden runners is 17.0. The purpose of this study was to ascertain this hypothesis
from longitudinal observation. Subjects were 720 women who participated twice in succession ( 1st and
the next graders, or 2nd and the next graders) in the All Japan Annual Senior High School Women's
Ekiden Race. Their height, weight, and 3000 meter-run record were examined. The main results were
summarized as follows: 1) The runners whose BMI lower than 17.0 (L group) improved their performances
with increasing their BMI. 2) The runners whose BMI higher than 19.3 (H group) improved their
performances with decreasing their BMI. 3) These findings may support our previous cross-sectional
study that the best BMI for the women’s Ekiden runners is 17.0.

In the BMI for women’s Ekiden runners, there may be a point of critical importance that affects probability

of producing a lot of excellent runners.
Key words : long-distance runner,3000 m race, BMI, Mahalanobis distance
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BN, BELOMELZERIE S L O ©.9.9. 0.
W.1.15.18 3 ) 4H, BinkEHLIFIERI T
MREL B CRA | BAAY) —S y EELBART
HPEIZEETLNTNS,

HFEEWBFONT + —< V AORED O 275K
B BMI % RETHEDO—D2L LT, E&559 Ik
TFeEEFFERFUEHEE RSO HIFHETF, E<200054
FIZDWTBMI & 3000 A — bV L — AEE5% & DRI
YIEL, SHREANE AW TESLESFTH T4
R, BMIAT1700RICR DBV EHEL. L
7235 TBMILT.OKRMDEFIC L o T, KREL B/
EEBEDTIEERL, BLABMI #1703 TLR &Y
B5ELVEEGPHEIERIEE L L ERBE L.

T REMETF CIMEEIVN VI EHRBE S
(B0 2 LI BERPHRE SN TVEY, BHROE
EEROAX EPLEFOBMIZRE L L) LT 558
RIIINTITICRY-S5%2\VE ) Thb. BMLIZEE
ERE LTH V==Y ZFRG TR »ORIERD
BVWHDOTHY, BMIOERS L OHEIICBITS—
BOERIBEENDHLIDEEZ LN,

EEO 2L 5 EROFEATRIE® IBMTHWERETH
D, BEEAZHRMICATZODTR R 072, FC
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Fig. 1 Longitudinal changes in BMI and 3000 m race time (Junior
group)
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Fig. 2 Longitudinal changes in BMI and 3000 m race time (Senior
group)
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Table 1 Each group physical characteristics and 3000 m race

time (Junior group)

Group 1st grader = 2nd grader

L n =82
Height (cm) 1584 £ 500 1589 + 502 *
Weight (g) 410 £ 308 426 £ 351"
BMI 1633 £ 055 1686 £ 080 **
3000mR.T (sec) 602.75 * 24.16 59313 + 2440 **

M n =185
Height (cm) 1583 = 476 1587 £ 412 %
Weight (ke) 455 = 3 459 + 315 *
BMI 1814 £ 060 1820 £ 0.74 NS
3000mR.T (sec) 61069 + 2211 59801 £ 2153 **

H n=35
Height (cm) 1573 £ 381 1581 £ 317 %
Weight (ke) 493 + 263 480 £ 3.6 *
BMI , 1992 £ 056 1909 £ 105 **
3000mR.T (sec) 623.75 + 25.14 60437 + 2338 **

Total n=302
Height (cm) 1582 + 474 1587 £ 471 *
Weight (g) 447 + 398 452 + 369 **
BMI 1785 £ 123 1795 £ 109 *

3000mR.T (sec) 61005 + 2383 59742 + 2280 **
+:p<0.05 *%:p<0.01 when compared with the 1st grader value

T, 2, i, BEXx, vE (2 DL E
KOFEE, EERECEELLET, ridx, v
DR E LT

x—x
sx

Y=Y (2)

2z, =
Sy

2y

¥/, D2OfEIZ, BHE2Dx29MIHE) 2 &t
Hoh, —EDOERPINT Ax2ER KD, Fhilxd
T Bz 2yDEEERD, 9% SR,

om # %

Table 1 {2 Junior :EZF-?, Table 2 |Z Senior EFD,
INFNRFEICBILHR, hE, BMIBL UL —
AFRERICDOWT, BMIBRIC T L EERELX T LD
7z. Junior-LEICBWTIIERB I URESFEICH
mL (£3$12p<0.01), BMIOEAB LT —RE
SFonEAEEICED SN (p<0.01). Junior-MB
KBWTREEBIUHKRENFEICHEML (p<
0.01), BMIOEELZLIZZ D N oL —R
DA E LA LAED SNz (p<0.01). Junior-H
BBvwlkRaRoFEL2EMFRDOLN (p<
0.01), AES X UBMIFAEEICHE/N (& $12p<0.01)
L,L—ARG0FELELEFROLN (p<0.01).
Senior-LEETIZFEDELIIRD b e o 7225, &

Table 2 Each group physical characteristics and 3000 m race

time (Senior group)
Group 2nd grader e 3rd grader
L n =68
Height (cm) 1592 £ 466 1595 £ 447 NS
Weight (kg) 414 £ 270 430 £ 351 %
BMI 1632 £ 050 1686 = 080 *

3000mR.T (sec) 58860 * 2205 583.11 + 2263 **

M n =301
Height (cm) 1587 £ 457 159.1 £ 462 **
Weight (kg) 458 = 299 460 £ 334 **
BMI 1816 £ 063 1822 £ 082 NS

3000mR.T (sec)
H n =49

60218 £ 23.21 59530 + 2258 **

Height (cm) 1569 + 444 1574 £ 430 **
Weight (e) 492 + 3.0 486 + 338 *
BMI 1997 £ 062 1960 £ 076 **
3000mR.T (sec) 61560 + 17.16 60578 + 17713 **
Total n=418
Height (cm) 1586 = 461 1589 + 460 **
Weight (ke) 455 = 363 459 = 370 %
BMI 1807 £ 1.4 186 £ 108 **

3000mR.T (sec) 60154 + 2350 59455 + 2288 **
*:p<0.05 **:p<0.01 when compared with the 2nd grader value
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The Hecht Vault . Pre-flight and On-horse
Techniques on “Physical Amplitude” of Post-flight
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Abstract

In general, on-board and pre-flight mechanical variables have an important “causal influence” on the
subsequent on-horse and post-flight performances of the vault. However, this notion is yet to be tested for
the Hecht vault. Furthermore, the coaching community holds popular but untested beliefs that “physical
amplitude of post-flight” is crucial in achieving success of the Hecht vault. Therefore, the purpose of the
study was to investigate (a) the common coaching belief on the physical amplitude of post-flight and (b)
the relationship of the mechanical variables of the earlier phases of the Hecht vault with those of the
post-flight phase that govern physical amplitude and successful performance. Subjects were 122 male
gymnasts from 30 countries performing the vault at the 1995 World Gymnastics Championships. The
vaults were filmed using a 16-mm motion picture camera operating at 100 Hz. Approximately 80 frames
were digitized for each vault analyzed. The method of Hay and Reid (1988) was used to develop a theoretical
model to identify the mechanical and physical variables that determine the physical amplitude of post-
flight. Correlational analysis was used to establish the strength of relationship between (a) the mechanical
variables that determine the physical amplitude of post-flight and the judges’ score as well as (b) the
mechanical variables of the earlier phases of the Hecht vault and those of the post-flight phase. Significant
correlation (P < 0.001) indicated that physical amplitude of post-flight (as seen in great height, long time,
large horizontal distance, and large angular distance of flight) was important in achieving success of the
vault. The results also identified the following as important variables of causal influence in achieving
success of the post-flight performance of the Hecht vault: (1) the large vertical velocity at takeoff from the
board; (2) the large normalized average vertical force exerted while on the horse, (3) the large horizontal
and vertical velocities at takeoff from the horse, and (4) the large normalized backward somersaulting
angular momentum at takeoff from the horse.
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Introduction

In the continuous rotation vaults such as the
handspring, the direction of body rotation about the
somersaulting axis in the second flight phase (post-
flight) is the same as that in the first (pre-flight). In
counter-rotation vaults, the direction of body rotation
in post-flight is in the opposite direction from that in
the pre-flight, as in the Hecht vault. In the Hecht vault,
the gymnast leaves the takeoff board with forward
somersaulting rotation and continues to rotate forward
during the pre-flight and early on-horse phases to attain
the required body angle of 20° above the horizontal
(FIG,1997) . [Note: The original rules of compulsory
exercises (FIG, 1993) 3] required this body angle to be
at least 30°. Subsequently, this angle was reduced to
20° to promote more “dynamic performances” (Fink and
Zschoke)? . During the latter part of the horse contact,
the gymnast reverses the direction of body rotation by
pushing off the horse with the upper limb and shoulder

muscles and flexing the trunk and hips slightly while
on the horse. However, many gymnasts find it difficult
to execute this “on-horse reversal” of direction with good
form and technique, as seen in the lower sequence in
Figure 1. Risk of injury is great when the gymnast fails
to reverse the direction of body rotation, which may
result in disastrous consequences such as landing upside
down (Kaneko)'?. Furthermore, the ggmnast must fulfil
the post-flight height and distance requirements (must
demonstrate a “distinct rise of the body after push off
from the Horse” and land 2.5 m beyond the far-end of
the horse (FIG,1997) .

In the past, a bonus point was awarded for “virtuosity”
when the post-flight of a vault was performed with
“maximum amplitude” as demonstrated by great
height, large horizontal distance, and long duration of
post-flight (FIG, 1989) 2. In recent years, it was further
stated that bonus points can only be awarded for
extremely high execution of the vault, landing beyond
a horizontal distance of 3.5 m measured from the far-
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end of the horse (FIG, 1997) . Therefore, the coaching
community holds the popular but “untested” beliefs that
great amplitude of post-flight is crucial in achieving
success of the Hecht vault. Takei 2V ihvestigated the
claim on the amplitude of post-flight for the handspring
with full turn vaults, one of the continuous rotation
category vaults. The results not only supported the
importance of amplitude of post-flight in achieving
success of the vault but also identified the mechanical
variables that were significantly correlated with the
judges’ scores. However, the claim on the amplitude of
post-flight is yet to be tested for the counter-rotation

category vaults. Therefore, the present study was

On- On- !
Approach ! Board Pre-fiight | Horse Post-flight
Phase Phase | Phase Phase Phase
Board TO Horse TO
Board TD Horse TD MatTD

Figure 1 The five phases of the Hecht vault consist of: Approach
phase (run-up approach followed by a hurdie step onto
the takeoff board), On-board phase (foot contact on
board to departure from the board), Pre-flight phase
(the first flight phase in which the gymnast travels forward
and upward over the horse as the body rotates forward)
, On-horse phase (hand contact on horse to departure
from the horse), and Post-flight phase (the second flight
phase in which the gymnast displays a fully extended
body position while continuing to travel forward and
upward as the body slowly rotates backward, and lands
on the mat in a standing position). The vaults shown
here are the highest-scoring (upper, 9.65 points) Hecht
and lowest-scoring (lower, 7.975 points) Hecht from the
1995 World Gymnastics Championships. TD:
touchdown; TO: takeoff.

designed to identify the mechanical variables, which
are related to physical amplitude of post-flight that
govern success of the Hecht vault.

Furthermore, according to Hay and Reid ?, errors or
faults in performance revealed during the latter phase
of a skill is likely to be caused by the performance of the
earlier phases. This means that the outcome of post-
flight performance or the “effects” observed during the
post-flight phase is largely influenced by what took place
in the preceding on-horse phase. The outcome of the
on-horse performance is, in turn, dependent upon the
performance of the pre-flight phase. The pre-flight
performance is, in turn, similarly governed by what took
place during the preceding on-board phase. Therefore,
on-board, pre-flight, and on-horse mechanical variables
are likely to have an important “causal influence” on
the subsequent post-flight performance and overall
outcome of the vault. In this regard, Yeadon et al.?2
studied the relationship of the pre-flight characteristics
to the post-flight performance using 27 gymnasts
performing the Hecht vault at the 1993 Canadian
National Championships. They found that the
maximum height of post-flight was positively correlated
with the vertical velocity and the body angle at horse
contact. The 1995 World Gymnastics Championships
included a large number of participating countries and
gymnasts, exhibiting a relatively wide range of skill
levels. Therefore, the championships provided an
opportunity to further investigate (a) the common
coaching belief on the physical amplitude of post-flight
and (b) the relationship of the mechanical variables of
the earlier phases of the Hecht vault with those of the
post-flight phase on an expanded sample size and great
variety of skill levels.

The following hypotheses were formulated:
Hypotheses 1: Some of the mechanical variable
identified in the deterministic model are significantly
correlated with the scores awarded by the judges.
Hypotheses 2: Some of the mechanical variables of the
earlier phases of the Hecht vault are significantly
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correlated with those of the post-flight phase that govern
physical amplitude of post-flight.

Methods

Deterministic model

A deterministic model was developed to identify the
mechanical variables that are related to amplitude of
post-flight, and to systematically guide the analysis
between the variables identified in the model and the
judges’ score (* Figure 2).

The structure of the model was composed of the result
and the factor that produce the result. In the
development of a model, first step consists of identifying
the result, and the second step consists of determining
whether the result may be divided readily into a series

of distinct, consecutive part, and the third and final step
is to determine those factors that produce the result or,
if the result has been divided, if the respective parts of
that result. ( Hay and Reid) ® The model (* Figure 2)
showing the relationship between the result and the
factors of this study. The mechanical variables that
placed upper level indicate the result and the
mechanical variables connected with the line and placed
below indicate the factors, respectively.

In developing a model to analyze the amplitude of post-
flight, one must consider the amplitude of (a) the linear
motion reflected in the path of the gymnast’s centre of
mass (CM) and (b) the angular motion reflected in the
angular distance through which the gymnast rotates

about the somersaulting axis. Therefore, the model

Points
b:ms (1st LEVEL)
(2nd LEVEL)
Horizontal
Displacement (3rd LEVEL)
(4th LEVEL)
g it (5th LEVEL)
from Horse
CM Height CM Helght at Change in Change In
Vertical
rstect, Touehnn Voocny . : (oth LEVEL)
on Horse on Horse on Horse
Vertical Horizontal
Impulse Mass of Impulse
on Horse Gymnast on Horse (7th LEVEL)
Average Average
Forcn, Supmon Horlontal (8th LEVEL)
‘orce Fe
on Horse on Horse on ::r.n

Figure 2 Deterministic model showing the mechanical variables that determine the physical amplitude of post-flight of the Hecht vault.
The dotted lines indicate possible (untested) relationship involving a nonquantifiable variable (physical amplitude of post-flight

and form).
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includes four factors (maximum height, time, horizontal
displacement, and angular displacement of post-flight),
which are identified in the third and fourth levels and
linked, from below, to the “physical amplitude of post-
flight” (2 level).

The maximum height of the gymnast’s centre of mass
in post-flight (37 level) is determined by the height of
the body CM at takeoff from the horse (6* level) and
the vertical velocity at takeoff from the horse, the air
resistance encountered during the flight, and
acceleration due to gravity (5% level). The vertical
velocity at takeoff is determined by the vertical velocity
at touchdown on horse and the change in the vertical
velocity that occurs while on the horse (6% level). The
change in the vertical velocity is determined by the
gymnast’s mass and the vertical impulse that the
gymnast exerts (and that the horse, in reaction, exerts
on the gymnast) (7 level). The vertical impulse exerted
on the gymnast is, in turn, determined by the average
vertical force exerted and the time during which the
force acts, i.e., the time of support on the horse (Hay
and Reid.) ¥ (8* level).

The time of post-flight is determined by the relative
height of takeoff, the vertical velocity at takeoff from
the horse, the air resistance, and acceleration due to
gravity, as seen in the 5% level of the model. The
horizontal displacement of CM in post-flight (37 level)
is determined by the time of post-flight and the
horizontal velocity at takeoff from the horse, (4* and 5*
levels). The horizontal velocity at takeoff is, in turn,
determined by the horizontal velocity at touchdown on
the horse and the change in the horizontal velocity that
occurs while on the horse (6% level). The change is
determined by the mass of the gymnast and the
horizontal impulse exerted on the gymnast while on
the horse (7t level). The horizontal impulse exerted is,
in turn, determined by the average horizontal force
exerted and the time of support on the horse (8% level).
The angular displacement of post-flight (3™ level) is
dependent on the time of post-flight, the average

moment of inertia of the gymnast in post-flight, and
the angular momentum of the gymnast at takeoff from
the horse, as described by Hay and Reid® (4* and 5%
levels of the model). The angular momentum at takeoff
is, in turn, determined by the angular momentum at
touchdown on the horse and the change in the angular
momentum that occurs while on the horse (6* level).
With these variables identified, the final form of the
model is as shown in Figure 2. With regard to form or
the aesthetic characteristic of performance, Hay and
Reid ®stated that while form is important in achieving
the overall success of the vault, the effort required to
identify all of its elements, define them mechanically,
and analyze them in meaningful manner is much
greater than any benefit that might be gained from
doing so. Concurring with their opinion, the authors
felt that the mechanical analysis of aesthetics or form
was beyond the scope of this study and, thus, the model
was not developed in this direction.

Data Collection

Male gymnasts (N=122) from 30 countries were filmed
using a Photosonics 16-mm motion picture camera
operating at 100 Hz as they performed the Hecht vault
at the 1995 World Gymnastics Championships and used
as subjects. The camera was positioned at 67.86 m from
the long axis of the horse with the optical axis 90° to
this horse axis to record the vault from the designated
filming area.

The measured dimensions of the official vault
apparatus included in each frame were used to establish
a linear scale and horizontal reference. Internal timing
lights pulsing at a frequency of 100 Hz were used to
mark the sides of the film to provide a basis for
determining appropriate temporal scales.

Data Reduction

For each vault analyzed, approximately 80 frames of
the film were digitized. They included every frame from
4 frames prior to takeoff from the board through 4
frames after takeoff from the horse, then, every third
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frame through touchdown on the mat and 4 additional
consecutive frames. M-16C Vanguard projection head
and HIPAD Plus 9200 digitizer linked on-line to a

microcomputer were used for digitizing. The horizontal .

and vertical coordinates of 21 points defining a 14-
segment model of the human body described by Clauser
et al. V' were recorded for each frame analyzed. With
the use of cubic spline technique for data smoothing, a
minimum of three additional data points are required
as padding at the beginning and end of the sample to
ensure that there is no distortion of the data to be
analyzed. Therefore, digitization of the 4 consecutive
frames prior to takeoff from the board and those after
touchdown on the mat was done for this purpose. These
data were then used as input to a computer program
designed to display the curves of the digitized body
points (Hay and Nohara)”’. Any gross outliers identified
were aligned manually to the curves or redigitized after
which the cubic spline smoothing (Hutchinson)!? was
applied to these position data. Subsequently, the
location of the CM in each digitized frame was computed
using the segmental mass proportion and segmental
CM location data of Clauser et al. and basic
segmental procedure described by Hay ®. The time of
contact was defined as the time from the first frame
when the gymnast contacted the horse to the first frame
when he lost contact with the horse. The time of flight
was defined as the time from the first frame when the
gymnast lost contact with the horse to the first frame
when he contacted the landing mat (Takei) 1+ 2V, The
frames depicting the instants of touchdown on and
takeoff from the board and the horse as well as
touchdown on the mat were identified. From these
critical instants, the on-board, pre-flight, on-horse, and
post-flight phases were defined (Figure 1).

The horizontal velocity at takeoff from the board was
determined by dividing (a) the horizontal displacement
of the centre of mass from the first frame showing the
subject off the takeoff board to the last frame showing
the subject in the air prior to contact with the horse,

approximately 20 frames later, by (b) the elapsed time
between these two instants. The vertical velocity at
takeoff from the board(Uvro) was computed using the
vertical displacement of centre of mass(ay) from the first
frame showing the subject off the board to the last frame
prior to contact with the horse, and the elapsed time(at)
between these two frames (Hay and Nohara ?; Takei 2V):
Uvro= [ay + 4.905(at)V/at

The vertical velocity at touchdown on the horse(VvTD)
was computed using the following equation of uniformly
accelerated motion:

Uvtp = Uvro- 9.81(st)

The velocities at takeoff from the horse and touchdown
on the landing mat were similarly computed.

Seventy-nine of 122 subjects required height and mass
to be estimated as these data were unavailable. The
missing heights were estimated using a method similar
to that used by Hay and Nohar?, which was based on
the segment lengths obtained from digitized data. The
missing masses were estimated using the following
regression equation derived from the known mass and
height values of the 67 male gymnasts competing in
the 1992 Olympic Games (Takei) 2:

Mass = Height(86.73) - 82.45, (r = 0.86, r2 = 0.73)
The angular displacement ( 6 ) of the gymnast during
the flight phase was defined as:

0 =HI "t
where H= the somersaulting angular momentum, I =
the average moment of inertia of the gymnast about
the same axis, and t = time (Takei 1”; Takei and Dunn ).
The angular momentum of the gymnast about the
transverse axis through the CM during the flight phases
were calculated using the method described by Hay et
al?, and the segment moment of inertia data of Whitsett
2, They were the arithmetic mean of approximately 20
and 45 angular momentum values from all the frames
analyzed for the pre-flight and post-flight phases,
respectively. To facilitate comparisons among subjects,
the angular momenta and moments of inertia of the

whole body about the somersaulting axis were
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normalized using the method described by Hinrichs!®:
Normalized value = (Absolute value)[(mass)X height?)]
The error estimates of nermalized angular momentum
values for the pre-flight and post-flight phases in the
122 subjects were .017 £ .0055 and .013 + .0027,
respectively. Body angles were determined by a
horizontal reference line extending backward through
the gymnast’s lateral malleolus, and a line connecting
the lateral malleolus and the base of midneck (midpoint
between the manubrium and the seventh cervical
vertebra). They were measured from the horizontal
reference line in a clockwise direction (Figure 3).

The impulses and average forces exerted during the
on-horse phase were determined by the impulse-
momentum relationship (Hay and Reid #’; Takei 2).
For example:

(Fv-W) t = m (Uvro - Uvip)
where Fv = average vertical force exerted, W = body
weight, t = time of horse support, m = body mass,Uvro =
vertical velocity at takeoff from the horse, and Uvmo =

vertical velocity at touchdown on the horse. This

Horse TO

Vvz

\GH

Horse TD

Figure 3 The body angle ( 8 B), velocities, and angular momentum
at touchdown (TD) and takeoff (TO) from the horse.
During the course of blocking and pushing off the horse,
vertical reaction force (F) tends to increase the gymnast
1s vertical velocity (Vv) and simultaneously increase
backward angular momentum (H2), making a reversal
of direction of body rotation possible while on the horse.
On the other hand, the horizontal reaction force (F+)
tends to decrease horizontal velocity (Vx) and
simultaneously increase forward angular momentum
(H1) and a chance of accidental "body turnover" while
on the horse.

equation, when rearranged, yields an expression for Fv
for each gymnast:
Fv= [m (Uvro - Uvo)t] + W

Data Analysis

To test the first hypothesis, Pearson product - moment
correlations were computed between (a) each variable
in the third level of the model and the judges’ score and
(b) the judges’ score and the variables in the next lower
(4th) level that were linked to the significant variable
immediately above. Step “b” was then repeated to
advance the analysis to progressively lower levels of the
model. (Note: Correlational analysis was chosen to
establish the strength of relationship between the
known causal mechanical variables, identified in the
model, and the score awarded by the judges.)

To test the second hypothesis, Pearson product -
moment correlations were also computed between the
mechanical variables of the earlier phases of the Hecht
vault with those of the post-flight phase that govern
physical amplitude and successful performance. The
0.05 level was chosen to indicate statistical significance.
To maintain this nominal Type 1 error level in
conducting multiple tests, the use of the Bonferroni
procedure (Wilkinson) % indicated that an alpha of 0.001
(P< 0.05/50 = 0.001) was required to achieve statistical
significance. To evaluate practical significance, the
coefficient of determination was computed for each
variable found to be significantly correlated with the

judges’ score.
Results

[Hypothesis one]
The Mechanical Model and Judges’ Score
Significant correlations between mechanical variables
of the model and judges’ score are presented in this
section (Figure 4). The analysis begin with the variables
in the second level of the model and advance to those in
the lower levels, one phase or branch at a time.
The “physical amplitude of post-flight” was identified
in the second level of the model (Figure 2). However,
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this variable was not quantified because it was
impossible to describe the variable with a single number
for the purpose of the analysis. The maximum height
(r = 0.36), the time (r = 0.37) , the horizontal
displacement (r = 0.44), and the angular displacement
(r = -0.52) of post-flight, which together determine the
physical amplitude of post-flight yielded a significant
correlation coefficient with the judges’ score in all four
cases (3" and 4% levels, Figure4).

The four variables that determine the maximum
height of post-flight were identified in the 5* and 6%
levels of the model. Similarly, the four variables that

#18% FHI144E5H

determine the time of post-flight were identified in the
5t Jevel of the model. Of these, only the vertical velocity
at takeoff from the horse (r = 0.38) yielded a significant
correlation coefficient with the judges’ score. Subsequent
analysis of the vertical velocity at touchdown on the
horse (r = -0.02) and the change in the vertical velocity
on the horse (r = 0.46), identified in the 6* level of the
model, yielded a significant correlation coefficient with
the judges’ score only for the latter variable. Finally,
the time of horse support (r = -0.44) and the normalized
average vertical force on the horse (r = 0.51) (8" level of
the model in Figure 4), which together determine the

(1st LEVEL)

(2nd LEVEL)

(3rd LEVEL)

(4th LEVEL)

(Sth LEVEL)

(6th LEVEL)

(7th LEVEL)

Force Support
on Horse

Force (8th LEVEL)
on Horse

Figure 4 Deterministic model showing the mechanical variables that determine the physical amplitude of post-flight of the Hecht vault,
and zero-order correlations with the judges’ score (*and the thick lines linking the variables denotes significance). The dotted
lines indicate possible (untested) relationship involving a nonquantifiable variable (physical amplitude of post-flight and form).
Note: correlation coefficient shown at the top of each box enclosing the quantifiable variable in the 3 through 8" levels
indicates its relationship with the judges’ score, rather than the relationship with the variable linked immediately above.
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vertical impulse on the horse (Hay and Reid)?, yielded
a significant correlation coefficient in each case with
the judges’ score.

The horizontal displacement of post-flight was
significantly correlated with the judges’ score as reported
earlier. Subsequent analysis of the time of post-flight (-
=0.37) and the horizontal velocity at takeoff from the
horse (r = 0.28), identified in the 4® and 5% levels of the
model, yielded a significant correlation coefficient in both
cases. Of the two variables that determine the horizontal
velocity at takeoff from the horse, neither the horizontal
velocity at touchdown on the horse (r = 0.25, P=0.005)
nor the change in horizontal velocity on the horse (r = -
.06) was correlated with the judges’ score.

The angular displacement of post-flight was
significantly correlated with the judges’ score, as
reported earlier. Subsequent analysis of the time of flight
(r=0.37), the average moment of inertia of the gymnast
in post-flight (~ = 0.36), and the gymnast’s angular
momentum at takeoff from the horse (r = -0.40),
identified in the 4** and 5* levels of the model, yielded a
significant correlation coefficient with the judges’ score
in all three cases. The analysis of the angular
momentum at touchdown on the horse (~ = 0.08) and

the change in angular momentum while on the horse

Table 1

Zero-order correlations of the vertical velocity (V) at takeoff from the board
with the latter phase variables of the Hecht vault

(r = -0.31) (6* level), which together determine the
angular momentum at takeoff from the horse, yielded
a significant correlation coefficient with the judges’ score
only for the latter variable.

[Hypothesis two]
Relationships of Vertical Velocity at Board
takeoff with Latter Phase Variables

As seen in Table 1, the vertical velocity at takeoff from
the board yielded significant correlation coefficients with
the angular displacement of pre-flight (r = 0.47) and,
the horizontal (r = 0.36) and vertical (r = 0.74)
displacements of CM in pre-flight; the body angle at
touchdown on the horse (r = 0.49), the time of support
on the horse (r = -0.40), and the vertical velocity at
takeoff from the horse (r = 0.35); and the maximum
height (~ = 0.50), the horizontal displacement(r = 0.34),
and the time of post-flight (» = 0.46); and the judges’
score.
Relationships of Vertical Force on Horse with
Latter Phase Variables

As seen in Table 2, the normalized average vertical
force on horse yielded significant correlation coefficients
with the body angle at touchdown on the horse(r=0.39),
and the time of support(r = -0.52), the vertical impulse

Table 2

Z d ions of the ized average vertical force (F,) on horse
with the earlier and the later phase variables of the Hecht vault

Correlations
Variables Mean £ SD Vy Score
Vertical Velocity at Board TO (ms™) 328 £ 0.19 0.36%*
Pre-flight phase
Angular displacement (deg) 54.00 + 8.00 0.47** 0.28**
Horizontal displacement of CM (m) 130 + 0.22 0.36%* 0.37+*
Vertical displacement of CM (m) 047 = 0.77 0.74** 0.37°*
On-horse phase
Body angle at TD (deg) 178.00 = 9.00 0.49+* 0.32%¢
Time of support (s) 0.16 + 0.02 0.40%%  -044v*
Vertical velocity at TO (ms™) 220+ 035 0.35%* 0.38**
Post-flight phase
Maximum height of CM (m) 233 % 0.11 0.50%* 0.36**
Horizontal displacement of CM (m) 344 £ 0.42 0.34%+ 0.44**
Time of flight (s) 0.74 £ 0.05 0.46** 0.37**

#* P < 0.001. CM, centre of mass; TD, touchdown; TO, takeoft.

NOTE: The maximum height of CM of post-flight was calculated using the vertical velocity at takeoff
from the horse.

Correlations
Variables Mean £ SD F, Score
Normalized Average Vertical Force on Horse 1.57 + 0.22 0.51**
Pre-flight phase
Angular displacement (deg) 54.00 = 8.00 0.42¢+ 0.28**
Horizontal displacement of CM (m) 130 £ 022 0.49** 037+
Vertical displacement of CM (m) 0.47 £ 0.77 0.46** 0.37%*
On-horse phase
Body angle at TD (deg) 178.00 £ 9.00 039%* 0.32¢*
Time of support (s) 0.16 £ 0.02 -0.52¢* -0.44°*
Vertical impulse (Ns) 55.00 £ 19.00 0.92¢* 0.43%*
Change of vertical velocity (ms") 0.87 £ 030 0.96** 0.46°*
Vertical velocity at TO (ms™) 220 = 035 0.48%* 0.38%*
Normalized angular momentum at TO (s) -0.99 £ 0.02 -0.32**  -0.40**
Post-flight phase
Maxi height of CM (m) 233+ 0.11 0.50** 0.36**
Horizontal displacement of CM (m) 344 = 042 035°* 0.44°*
Time of flight (s) 0.74 = 0.05 0.48%* 0.37¢+
Angular displacement (deg) -67.00 £ 13.00 -047%*  -0.52%

*4P <0.001. CM, centre of mass; TD, touchdown; TO, takeofT.
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exerted(r = 0.92), and the change of vertical velocity on
the horse(r = 0.96); the vertical velocity(r = 0.48) and
the normalized angular momentum at takeoff from the
horse(r = -0.32); the maximum height(r = 0.50), the
horizontal displacement(r = 0.35), the duration of time(r
=0.48), and the angular displacement of post-flight(r =
-0.47); and the judges’ score.

Relationships of Velocities and Angular
Momentum at Horse takeoff with Latter Phase
Variables

The horizontal velocity at takeoff from the horse (4.65
ms! + 0.45) yielded a significant correlation coefficient
with the horizontal displacement of CM in post-flight
(r=0.82, P<0.001) and the judges’ score (r = 0.28, P<
0.001). These correlations indicated that the greater the
horizontal velocity at takeoff from the horse, the greater
the horizontal distance traveled by CM in post-flight
and the higher the score awarded by the judges.

As seen in Table 3, the vertical velocity at takeoff from
the horse yielded significant correlation coefficients with
the time of support(r = -0.51), the vertical force(r = 0.48)
and vertical impulse exerted(r = 0.39), and the changes
of vertical velocity(r = 0.40) and angular momentum(r
= -0.34) on the horse; the maximum height(r = 0.82),
the horizontal displacement(r = 0.64), and the time of
post-flight(r = 0.95); and the judges’ score.

As seen in Table 4, the normalized angular

Table 3

Zero-order correlations of the vertical velocity (Vy) at takeoff from the horse with the
earlier and the later phase variables of the Hecht vault

momentum at takeoff from the horse yielded significant
correlation coefficients with the normalized average
vertical force exerted on the horse(r = -0.32) and the
changes of the vertical velocity(r =-0.31) and the angular
momentum on the horse(r = 0.41); the angular
displacement(r = 0.92) and the average moment of
inertia of post-flight(r = -0.55); and the judges’ score.

Discussions

To clarify the successful techniques of continuous
vaults, the method of the deterministic model and
correlational analysis were used in previous
study 13 4. 15,16, 17.20_ T this study, same method was
used to confirm the successful techniques of the Hecht
vault (counter-rotation vault).

[Hypothesis one]

According to the results of the present study, the
correlations between 3™ and 4 level variables of the
model and judge’ score indicated that the higher the
score awarded by the judges, the greater the maximum
height of body CM in post-flight, the longer the time of
post-flight, the greater the horizontal distance traveled
by body CM in post-flight, and the greater the degree of
backward body rotation in post-flight.

The correlation between 5* and 6* level variables of
the model and judges’ score indicated that the greater
the vertical velocity at takeoff from the horse, the higher

Table 4

Zero-order correlations of the vertical velocity (Vy) at takeoff from the horse with the
earlier and the later phase variables of the Hecht vault

Correlations Correlations
Variables Mean + SD Vy Score Variables Mean = SD Vy Score
Vertical Velocity at Horse TO (ms™) 220+ 035 0.38%* Vertical Velocity at Horse TO (ms™') 220 + 035 0.38%*
On-board phase On-board phase
Vertical velocity at TO (ms*) 328 0.19 0.35** 0.36** Vertical velocity at TO (ms™) 328+ 0.19 0.35%* 0.36%¢
On-horse phase On-horse phase
Time of support (s) 0.16 = 0.02 -0.51%*  -0.44°* Time of support (s) 0.16 + 0.02 -0.51%*  -0.44**
Normalized average vertical force 1.57% 022 0.48** 0.51%¢ Normalized average vertical force 1.57 % 022 0.48¢+* 0.51¢*
Vertical impulse (Ns) §5.00 £ 19.00 0.39%  043%* Vertical impulse (Ns) 55.00 + 19.00 039%%  0.43%¢
Change of vertical velocity (ms™) 0.87 £ 0.30 0.40°* 0.46** Change of vertical velocity (ms™) 0.87 = 030 0.40** 0.46**
Change of normalized angular momentum (s") -043 + 0.03 -0.34%* 0.31%* Change of normalized angular momentum (s™) -0.43 = 0.03 -0.34%* 031**
Post-flight phase Post-flight phase
Maximum height of CM (m) 233 % 011 0.82¢¢ 0.36** Maximum height of CM (m) 233z 011 0.82** 0.36**
Horizontal displacement of CM (m) 344 £ 0.42 0.64** 0.44%+ Horizontal displacement of CM (m) 344 + 042 0.64%* 0.44%+

Time of flight (s) 0.74 = 0.05 0.95¢¢ 0.37+*

Time of flight (s) 0.74 £ 0.05 0.95¢+ 0.37**

*4P < 0.001. TO, takeoff; CM, centre of mass.

**P <0.001. TO, takeoff, CM, centre of mass.
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the score awarded by the judges. Since the differences
in the gymnasts’ physiques may have been a
confounding factor in the analysis of the relative height
of takeoff, that is, the height of the centre of mass at
takeoff from the horse relative to its height at touchdown
on the landing mat, partial correlations were computed
with the effect of the subject’s standing height removed.
However, the results of the relative height of takeoff (~
=-0.01, P =0.97), the height of centre of mass at takeoff
from the horse (r = 0.22, P = 0.01), and the height of
centre of mass at touchdown on the mat (r = 0.20, P =
0.03) with the judges’ score were nearly identical to the
zero-order correlation, as seen in Figure 4. The
correlation between 6% level variables of the model and
judges’ score indicated that the greater the change in
the vertical velocity while on the horse, the higher the
score awarded by the judges. As for the variables that
determine the change in the vertical velocity on the
horse, the vertical impulse on the horse, identified in
the T level of the model in Figured4, yielded a significant
correlation coefficient (r = 0.43) with the judges’ score.
This correlation indicated that the greater the vertical
impulse exerted while on the horse, the higher the score
awarded by the judges. The correlations between 8%
level variables of the model and judges’ score indicated
that the higher the score awarded by the judges, the
shorter the time of hand support on the horse and the
greater the normalized average vertical force exerted
while on the horse.

The correlations between 4* and 5% level variables of
the model and judges’ score indicated that the higher
the score awarded by the judges, the larger the
horizontal velocity at takeoff from the horse and the
longer the time of post-flight. The correlations between
4" and 5% level variables of the model and judges’ score
indicated that the higher the score awarded by the
judges, the longer the time of post-flight, the greater
the average somersaulting moment of inertia in post-
flight, and the greater the backward somersaulting

angular momentum at takeoff from the horse. The

correlations between 6% level variables of the model and
judges’ score indicated that the greater the change in
the angular momentum while on the horse, the higher
the score awarded by the judges.

As concerns to hypotheses one, the correlation
coefficients between the mechanical variables of the
model and judges’ score, the higher judges’ scores were
negatively related to the time of support on the horse
and positively related to (a) the vertical impulse exerted
and the change in vertical velocity and angular
momentum while on the horse, (b) the horizontal and
vertical velocities and the angular momentum at takeoff
from the horse, and (c) maximum height of CM, the
horizontal displacement of CM, the angular
displacement of body rotation, the average moment of
inertia, and the duration of post-flight.

[Hypothesis two]
Vertical Velocity at Board takeoff

According to the results of the present study, a large
vertical velocity at takeoff from the board is important
in achieving a large vertical velocity at takeoff from the
horse and subsequent great height, large horizontal
distance, and long duration of post-flight and, therefore,
great “amplitude of post-flight.” Furthermore, this
variable had significant positive correlations with the
horizontal and vertical displacements of body CM and
the angular displacement of pre-flight, as well as, the
body angle at touchdown on the horse. This indicated
that a large vertical velocity at takeoff from the board
is important in achieving large horizontal and vertical
distances traveled by body CM and large forward body
rotation in pre-flight and resulting high body angle at
touchdown on the horse and, therefore, large “amplitude
of pre-flight” for which bonus points are awarded only
for the vaults of counter-rotation category (FIG,1989) 2.
To summarize, large vertical velocity at takeoff from
the board is an important variable in achieving large
amplitude of pre- and post-flights, high body angle at
horse contact, and high judges’ scores.
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Vertical Force on Horse and Post-flight Performance

The normalized average vertical force on the horse
was, to our surprise, significantly correlated with the
variables that are related to “physical amplitude of pre-
flight” (horizontal, vertical, and angular displacements
of flight), as seen in Table 2. These results indicated
that the greater the upward vertical reaction force
exerted by the horse on the gymnast, the greater the
degree of forward body rotation in pre-flight and the
greater the horizontal and vertical distances traveled
by body CM in pre-flight. It is not clear whether a large
vertical reaction force exerted on the horse is a
consequence of these three pre-flight variables or due
to other factors that govern successful performance.
Furthermore, it is not certain whether the high body
angle at touchdown is the body position necessary to
enable the application of a large average vertical force
in a brief period of time to effect successful on-horse
performance. However, it is certain that when
contacting the horse with high body angle, the ggmnast
would have to exert a large vertical force in a brief
duration to prevent further rotation and subsequent
accidental body turnover, and quickly reverse the
direction of body rotation while on the horse.

It is worth noting that the body angle at touchdown

on the horse yielded significant correlation coefficients

(P<0.001 in all cases) with the horizontal (~ = 0.62) and
vertical ( = 0.81) displacements of CM, and the change
of body angle (r = 0.89) in pre-flight; the vertical impulse
(r=0.45) and the change of of vertical velocity (r = 0.47)
on the horse; and the maximum height of CM (r = 0.49)
and the change of body angle (r = -0.83) in post-flight;
and the judges’ score (r = 0.32). These correlations
indicated that the higher the body angle at touchdown
on the horse, (a) the greater the horizontal and vertical
distances traveled by CM, and the degree of forward
body rotation in pre-flight (and thus, the greater the
“amplitude of pre-flight”); (b) the greater the vertical
impulse exerted and the change of vertical velocity while

on the horse; (c) the greater the maximum height

attained by CM and the degree of backward body
rotation in post-flight; and (d) the higher the score
awarded by the judges. From these results, it is clear
that while the high body angle at touchdown on the
horse is a consequence of large amplitude of pre-flight,
it is important in achieving successful on-horse
performance and large amplitude of post-flight.

The normalized average vertical force on horse was
also significantly correlated with the on-horse variables
that play an important role in maximizing the
amplitude of post-flight, that is, large vertical impulse
and large change in the vertical velocity while on the
horse, as well as large vertical velocity and normalized
angular momentum at takeoff from the horse. Moreover,
this variable had significant correlations with the
maximum height, horizontal displacement, time, and
angular displacement of post-flight. These findings,
thus, indicated that a large normalized average vertical
force exerted on horse is important in achieving great
height, large horizontal distance traveled by CM, large
backward body rotation, and long duration of post-flight
and, therefore, great “amplitude of post-flight.”
Mechanically speaking, if all else is equal, the greater
the average vertical force exerted while on the horse,
the greater the vertical impulse exerted; the greater the
vertical impulse exerted while on the horse, the greater
the change in the vertical velocity on the horse and,
thus, the greater the vertical velocity at takeoff from
the horse; and the greater the vertical velocity at takeoff
from the horse, the greater the maximum height, the
horizontal distance, and the duration of post-flight and,
therefore, the easier it is to display “form” and
simultaneously prepare for landing on the mat.

With regard to the angular variables, the average
vertical force on horse was significantly correlated with
the normalized angular momentum at takeoff from the
horse, the angular displacement of post-flight, and the
judges’ score (Table 2). This result indicated that a large
normalized average vertical force exerted while on the

horse is important in achieving large normalized
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backward angular momentum at takeoff from the horse,
large angular distance of backward body rotation in
post-flight, and high scores awarded by the judges.

In this light, it is interesting to note that all subjects
in the present study kept their body CM posterior and
superior to the point of hand contact throughout the
on-horse phase (Figure 3). As discussed previously, the
large upward vertical reaction force exerted on the
subject by the horse caused a large increase in the
vertical velocity while on the horse. However, this
vertical reaction force simultaneously tends to reduce
the subject’s forward angular momentum whereas the
backward horizontal reaction force tends to increase this
quantity during the on-horse phase (Figure 3). In the
present sample, all subjects not only decreased the
forward angular momentum to zero by means of
“pblocking” but also generated “substantial” backward
angular momentum by pushing-off the horse to reverse
the direction of body rotation while on the horse. In fact,
the 25 highest-scoring vauits out of 122 Hecht analyzed
in the present sample had similar normalized forward
angular momentum at touchdown on the horse, greater
change of this quantity while on the horse (¢ = 3.58, P<
0.001) and greater normalized backward angular
momentum at takeoff from the horse (¢ = 3.04, P< 0.005),
compared to 25 lowest-scoring vaults.

Alarge gain of vertical velocity on the horse is always
achieved at the expense of large reduction of both the
horizontal velocity and angular momentum (Takei'?,
Takei et al. 1’). Therefore, in the continuous rotation
vaults such as the handspring and salto forward,
maximizing the vertical velocity at takeoff from the
horse tends to decrease the forward angular momentum
on the horse and forward somersaulting potential in
post-flight and thus increases the danger of
encountering insufficient forward body rotation prior
to landing on the mat. In the counter-rotation vaults
such as the Hecht, however, large gain of the vertical
velocity and simultaneous change in the forward

angular momentum, large enough to generate a

substantial backward angular momentum and
resulting “quick” reversal of body rotation on horse
brings about beneficial outcome to the post-flight
performance. It aids the gymnast not only to prevent
accidental body turnover and allow an impressive on-
horse reversal of rotation from the body angle in excess
of the required 20° above the horizontal, but also to
achieve large backward body rotation, great maximum
height of body CM, and long duration of post-flight for
which bonus points are awarded. In short, large
normalized average vertical force exerted while on the
horse is an important variable of “causal influence” in
achieving not only the great amplitude of post-flight but
also success and safety in the performance of the “risky”
on-horse reversal of body rotation to avoid a so-called
“head-first” landing and possible spinal injury.
Vertical Velocity and Angular Momentum at Horse
takeoff

As discussed earlier, the large vertical velocity at
takeoff from the horse was due to a large vertical
imi)ulse (characterized as high in force and brief in
duration) exerted and subsequent large change of the
vertical velocity while on the horse. Furthermore, the
result also showed that large vertical velocity at takeoff
from the horse is important in achieving great height,
large horizontal distance, and long duration of post-
flight. These results are in accord with the mechanical
relationship that, if all else is equal, the greater the
vertical impulse exerted on the horse, the greater the
change of vertical velocity on the horse (impulse-
momentum relationship); the greater the change of
vertical velocity on the horse, the greater the vertical
velocity at takeoff from the horse; and the greater the
vertical velocity at takeoff from the horse, the greater
the maximum height of post-flight, the longer the time
of post-flight, and the larger the horizontal distance of
post-flight, and thus, the better the overall outcome of
the vault. Although the vertical velocity at takeoff from
the horse is an “effect” or the outcome of performance
of the blocking and pushing off the horse prior to takeoff,



RHMAETFMRE $18% FRI4ESA

it plays an important role in achieving great amplitude
of post-flight and body control for display of “form” and
successful landing on the mat.

Although it was not reported in the results section,
the normalized angular momentum at takeoff from the
horse was, to our surprise, significantly correlated with
the variables that are associated with the amplitude of
pre-flight, as seen in Table 4. These results, thus, meant
that the greater the backward somersaulting angular
momentum at takeoff from the horse, the greater the
degree of forward body rotation in pre-flight and the
greater the horizontal and vertical distances traveled
by CM in pre-flight. It is not certain whether a large
backward somersaulting angular momentum at takeoff
from the horse is a consequence of these three pre-flight
mechanical variables or due to other factors that govern
successful on-horse performance. Nonetheless, the
result gave a clear notion that the gymnasts who
received high scores displayed large amplitude of pre-
flight, contacted the horse with high body angle, exerted
a large downward vertical force while blocking and
pushing off the harse, and departed from the horse with
large backward angular momentum to effect successful
performance.

The large backward somersaulting angular
momentum at takeoff from the horse was found to be
more of a consequence of large upward vertical reaction
force exerted on the gymnast by the horse (Figure 3)
and subsequent large change of the angular momentum
while on the horse. In addition, the result showed that
the large normalized angular momentum at takeoff
from the horse is important in achieving large angular
distance of backward body rotation and great body
extension in post-flight. These results are again in accord
with the mechanical relationship that, if all else is equal,
the greater the upward vertical reaction force and, thus,
the reaction torque exerted on the gymnast, the greater
the change of the angular momentum while on the horse
(angular impulse-angular momentum relationship); the
greater the change of the angular momentum on the

horse, the greater the backward angular momentum
at takeoff from the horse; and the greater the backward
angular momentum at takeoff, the greater the degree
of backward body rotation in post-flight or the greater
the degree of body extension the gymnast can afford to
display throughout the course of post-flight and thus,
the easier it is to control the delicate interplay between
(a) the degree of body extension required for maximum
display of “Hecht” or fully extended “fish-like” body
position for bonus points and (b) the degree of backward
body rotation necessary to effect successful landing on
the mat.

Conclusions

Based on the results of the present study, the following
conclusions were drawn.

As concerns to hypotheses one:

1. The maximum height of body CM, the horizontal
displacement of CM, the angular displacement of
backward body rotation, and the time of post-flight
which together determine the "physical amplitude"
of post-flight are important determinants of success
of the Hecht vault.

As concerns to hypotheses two:

2. The large vertical velocity at takeoff from the board
is an important variable in achieving successful post-
flight performance, but also crucial in achieving large
amplitude of pre-flight for which bonus points are
awarded for the Hecht vault.

3. The large normalized average vertical force exerted
while on the horse is an important variable in
achieving large changes in the vertical velocity and
angular momentum on horse, large vertical velocity
and large backward somersaulting angular
momentum at takeoff from the horse, and large
amplitude of post-flight.

4. The large horizontal and vertical velocities at takeoff
from the horse are important in achieving a large
horizontal distance of post-flight. In addition, the
large vertical velocity at takeoff is important in
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achieving great maximum height of CM and long
duration of post-flight.

. The large normalized backward somersaulting

angular momentum at takeoff from the horse is an
important variable in achieving large angular
displacement of backward body rotation and fully
extended "Hecht" or fish-like body position in post-
flight for display of "form" that the judges seek in
awarding bonus points.
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