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Abstract : In the present study, we aimed to (1) clarify the relationship between stiffness and take-off
leg motion during bounding and (2) append the information gathered from the study to a hierarchical
training model (Kariyama and Zushi 2013, 2015). Seventeen male track and field athletes (sprinters,
jumpers, and decathletes) performed bounding. Jumping motions in the sagittal plane (300 Hz) and
ground reaction force data (1,000 Hz) were recorded. Stiffness was calculated using the spring-mass
model, and the kinematic and Kinetic variables of both the take-off leg and swing leg were calculated.
We found correlations between stiffness and the following parameters: vertical ground reaction force
impulse during the late phase (r= —0.488), distance between the center of gravity of the body (CG)
and the toe at touch down (r= —0.760), hip-toe distance at touch down and at toe off (r= —0.568 and
—0.472, respectively), range of flexion at the hip joint angle (r=—0.517), range of extension at the
knee joint angle (r= —0.484), negative joint work and relative work at the hip joint (r= —0.462 and
—0.511, respectively), positive joint work and relative work at the knee joint (r= —0.619 and —0.534,
respectively), swing-leg angle at touch down (r= —0.755), and swing-leg vertical impulse during the
late phase (r= —0.535). The results we obtained suggest that take-off motion in bounding is affected by
stiffness characteristics, although jump distance is not affected by stiffness (Kariyama and Zushi 2013,
2015). Previous studies (Kariyama and Zushi 2013, 2015) indicated that stiffness in bounding is affect-
ed by stiffness in rebound jumping. On the basis of our results and those of previous studies, take-off
motion correlated with stiffness in bounding could be affected by rebound jump stiffness. Therefore, an
understanding of the characteristics of stiffness in rebound jumping is important for training that
changes the above-mentioned take-off motion in bounding.

Key words : plyometric training, jump, swing leg
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-Touch down- -Toe off-
M 82 §<—>6 @ : Center of gravity of whole body (CG)
6;27 """""" ® (2) i @ : Center of gravity of swing leg
® : Great trochanter of take-off leg
O : Great trochanter of swing leg

Swing-leg angle

(1) CG-toe distance, (2) Hip—toe distance

Fig. 1 Definition of the angle and distance variables.
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Fig. 2 Definition of the swing-leg vertical force varia-
bles. CG: center of gravity of whole body.
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Fig. 3 Relationships between stiffness and impulses in bounding.
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Fig. 4 Relationships between stiffness and touch down distance and toe off distance in bounding.
Table 1 Relationships between stiffness and joint kinematic variables in bounding.
Joint kinematics Corre};ﬁsq[?fﬁl%iﬁdent
Touch down 135.07 +6.47 —-0.077
Minimum 111.27+8.79 0.289
Angle
(deg.) Toeoff 156.17+6.36 0.296
eg.
Ankle g Dorsiflexion 23.68 +6.42 ~0.511*
Plantarflexion 44.90+8.23 —0.080
Angular velocity Minimum —375.75+71.27 0.204
(deg./s) Maximum 838.52+184.71 0.059
Touch down 159.59+4.15 0.084
Minimum 132.23+4.95 0.596*
Angle
(deg.) Toeoff 171.15+5.14 0.099
eg.
Knee & Flexion 27.36+6.70 ~0.388
Extension 38.92+5.04 —0.484*
Angular velocity Minimum —493.26 +74.56 0.022
(deg./s) Maximum 626.73+76.21 —0.340
Touch down 151.19+3.83 0.112
Minimum 143.32+6.57 0.368
Angle
(deg.) Toeoff 188.74+6.87 —0.034
eg.
Hip g Flexion 7.28+5.45 ~0.517*
Extension 45.42+8.07 —0.329
Angular velocity Minimum —194.72+107.08 0.222
(deg./s) Maximum 585.77+97.76 —-0.276

EOBOBFRMEIC O W TR, &, B, IRBIE
DI, ADOBEEITEIE—-1.06+0.35, —1.43+
0.36, —0.31+0.30 J/kg, [EDOBIiIHHEI1.63+
0.34, 0.64+0.29, 0.51+0.25]/kg, #&DEBE
1338.26 +9.54, 50.85+9.88, 10.89+8.90%, IF
O E Bk 1358.85 + 9.12, 22.65 + 7.56, 18.50 +
8.60% Td - 7-. Stiffness & ORICIE, KEIHID

EDftE (r=-0.619, P<0.01), KEEFiOAED
HFEIC Lk AEBE (r=-0.511, P<0.05), J&Bd
MOEDMLFIC L DEME (r=-0534, P<
0.05) & DN HE /R A OHBBRATED b,
Fig. 6 iZ{3, Stiffness & #RAMAE & DfE DB
FRMEIC D WTIR L 72, Stiffness & B )42 B
JRAMMAE & ORI O AFE 7 A& O BB RB T
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0
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Fig. 5 Relationships between stiffness and joint work, and relative work in bounding.
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Fig. 6 Relationships between stiffness and swing-leg angles in bounding.

BHHN (r=-0.755, P<0.01).
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Fig. 7 Relationships between stiffness and swing-leg variables in bounding.
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Nizwb oo, EEUIRHE & O/, S BICEYIRRHE
& BRFR IR B R 3 A KO & ORIICEE
BEGRAPROLN TS Gl - KT, 2013,
2015). COZEEAMEICETLRDOLNT
WAIZDIT, NI VT 4 71T\ T Stiffness

DEnC E BRI AN B T 5 LD Tk
WA, FEUIREE AL S LW KRR ISR IR 3 5
JCODOBERTHAT EHAMETES. TNz
T, BAREREEEI AR /20 Tl <SREEREIC &
STHRESINDLZ EEHEET D &, EHOICORR
FEAN ORI B x Stiffness ME» 5 72 & L T
b, EWVEREEEIC L o CHHER A #EE L Tu»
LEEEAD L. CHICDOWTARBIRE T
Stiffness & 711 & ORI OB R HHE L /2
(Fig. 3). ZO#E%, Stiffness & # R O E
N EOMICIZEERAOHBEBERLRD b
7o Fio, BRPEREOHE IR E, ZORRER
THHNOKEE LAERARE & OBIREIC DWW T
BRI L7cE 2 A, (EREHE (BYIRH) IcoiaE
B HEBEERIPRED LN (r=0.881, P<
0.01). TNHDOT &5, Stiffness B VEIT
KEEE MKW (r=0.511, P<0.05) & DD,
BEUIRFEI AR\ O & TR E i I R iEEE)
T fELS L, Stiffness 28\ & AR O Bk IR
B S TV AT EPBRTE S, KPFIETIE
EHIS, ZOXD mEEEROMEICHES LI
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YIEIEIC OWT, BYIHE JOIRAMZh 2 h e
LR 5.

2. Stiffness MM O R T-BUIHIC I (T2 E)
fED1E:E

Stiffness & B HE ks X O BEH IR & OO
BAGRMEIC DWW BRI L 72 & 2/, BatifEREiC s
THELAOHBEBEGRIRD b/ (Fig. 4).
F 7 RBAAT & O F RO 35\ Th kOB
et (r=-0.491, P<0.05) @D LN/T &
5, Stiffness 28KV FH T &S UIEEHIFFIC &L O
B ROFT THIIZI 2 ThA T EHHRTE 5.

KIS, BYIBIIEIC OV T RS OAEZ S LU
AEE, S5ICAL - KT (2015) THESh
7o -BAEIEE ) DR L 7o, BEEiEE 2 v
7oBEE, b4 % BAST A O JE th R IC 3
W C Stiffness & ORNICH B HBIBERAED S
Nz &b, TNOEHRER L3 5BHiTH
WA Z & T, Stiffness B IC X A HEY X
DHFEICCTE 5 EE 272D TH 5.

£, HHE R A Z 1RO S BEYORERIC S
WTHEd 5 &, Stiffness AR WFEIZ S, KB
oD JE fhi PR 2 K & < IRBISiO ADEBE 28K &
WC ERFEDH BN/ (Table 1 and Fig. 5). f%Bd
B ORE, KERNERIETHT LICEF
I fREF RS BT 5 (KTIEA, 1998) 75,
ZO—T7 TIRBAE & R 3 % H R ALIT B & H
PEE—AVEDPREVTZDIC, NTVT 4 VT
BWTRBIEIC X 2 BDHFHESLEMENAE X
- 72BRICIE, P OBBANTANZE < 2 &2
wEIN TS Cal - M7, 2014). S vT
4/ 713\ T Stiffness & BB O R BIET B
W7 REDOINT — L ORICHE E BB R /R &
nTwsbp e Gl - MF, 2015) #&5bHET
* %2 % L, Stiffness PME\FH T B Tl 7x <
BRI oW THANC K E e ftHE L2+ 52 & C
HEMERE A ZT LD TND T L, ZODICHY)
REfEl 23 % <, Stiffness MEWC SRR IN 5.

JEBIATIC I\ Tid, Stiffness & ORI, 5E
HiFRICHABIRI R ED B s b DD, EOBFT
B 2N kB EBEICHBIRIfRITERD b s

-7z (Table 1 and Fig. 5). Efr#f2e GAilL - X
¥, 2015) IZHB\W\T, BEUIHTHEIC IS S R BT
DA/ — L ORNCH BB RARD BN
Il wEZLE, NUVT /T ICB T
Stiffness 28\ C S ITIE, fEEOKRKET I Tk
<, TNk ENZTROCERTET L0 EERE
THNT—DORKESPEBEICES EEZEZ2OLNS.

—75, TR OMRRIC X D TR ) S
N 5B OB T, Stiffness DR \NFH T &
JEBIOMBERIE A K ENC &, 35IC, EOK
B LT NIC X AEBRENAKEWT &7
N7z (Table 1 and Fig. 5). XV E\WEEHE
BEOEENPRE LA ATV FETI, M
IC 351 B IEBIET O MR BN F L S (A E.LOERE H 1A
NOBEE LT 2DIC, BLSES T ISR LERY
HrRIETZERREINR TS (FEEIZD,
1998). 7=, Stiffness DIK\NFIT E LD
HOEIESARE 722 ¢ (Fig. 3) 1i3,
JEEBEER D HRFAVIC A IIIC K E et R
LTWAZ ERHEINA.

3. Stiffness 8N O A IRABICEH (T2 E)
EDHEE

Stiffness * A M AE & ORICIE, Stiffness
PMEANE T B UIHEHIIR I J50 2 A A B 23K
Wl e rahi (Fig. 6). MHELRERFC~
RSN TV WA, EEmk (BiLiE2, 2003)
RATV VA (BIEIE», 2015) IZBWT,
WY (G2E) WEMHEHC B AIEAMMAE DK X
SR AR ) DRI B S B W BRI DS R E
ENTWA. KBIRICIT B85V F ¢ V7T,
Stiffness MK WHIZ K SRBENELP K E L -7 2
26 (Fig. 3), Stiffness BAMEWEICA BN
TRIAMAE P K E W ERRE NEOESICE
LCWAABEMERD SH. CORGHREREET 5720
12, IRAMNC X ASRE A H L /2. Fig. 238
BIGIOPANC X B8R E N R L T A2, #Y)
JRENZ D7 > TIEOMETHR L T\ 5 & 05 ER
TX5%. 2H0NLE B TH-ERICH S 2
ICADENBAITT 5 C ERMERI N/, HFE)
DN —/FFFEETORFREZITB N THEL T
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Wiz, TODOZ & B, Stiffness HEICE D S
I, NTVUT o VI BRI SR TE i ]
NEeRKRELSTHILITKEL TWB T EREBET
&5, AU TIE, SHEREOEFICHET LK
FREICEBNT, EOEOSRE I RS TIE &
L CIRAMSRE A HE L. CoONERKE
W ER, TRABIEIC L AHEHE K I OEERIC
HELTWLEWVWORELE X, Stiffness Fik
DBAED HIRAM O FEEIZ OV THRET L /2.
Stiffness & OENCIE, IRAMSHE IREICBS W
THERADOHEBBRAED N7, RAHE
HCBWTIERO N -7z (Fig. 7a,b).
OFER &, ZfTorge Al - ¥, 2013, 2015)
BIUABEICE W TRD b/ Stiffness & B
YIKER] & ORI FE A AOMEARER A & bETH
% 5 L, Stiffness O EKIC & D IRAKEHE 1D
AMEICHEZ b DO, Stiffness 2K\
FE, FEHRRZREWC L, ThabbEOIRAR
SRIEIMER L T 2RISR W 72 OICHRIATHISA
BENIEPKEWT LREBETESL. CTNHDT &
» 5, Stiffness PR WEIZ E, BABIEICLD
EWHEEEZEEL TWH I EBRHEINS.
®IT, Stiffness MKW E & B VIR O R
AMAERKEL-7-C ¢ (Fig. 6) %, IEAM
PIRAL XA IV HRBN L2, ThICk
LB OWTHE L/ (Fig. 7c, d). ZOfE
R, BYIEROIRIAH A & A BIE R R &
DORICHEZIEOHBBMRARO BN, 61T,
A BVFE O RE R & PR0A ISR K & ORIICHE /e
IEOMBIBIRAAD Nz, TN B ORE R % 7
T5 &, RAHORE NI TEmE#RIC Y-
Mz ZDOBIKT T 5 (Fig. 2) DD, Stiff-
ness O (3B U1 RE I R A A S 28 K &
WC ETC, BUIREIC KT S IRAMEE DR
2 B3 2 RERI D MR IVICE < 72 0 (B VIR
RV CHELS %), Shic LD $REEE
ICREDE LR 5 5 RE.OR TR TOMHRE )
BRELMEFINIREBICH D, HENIBOER
ICEBL TWA T EPHEETE S, Dol th
5, Stiffness 2ME W 1T B VI BE I 510 SR
AHAERKE L, SO EMNHRENREOBERIC

HEL TWAH I EARB I,

4. BTFAOREE LUESEORE

AWFZE Tl Stiffness 2K WE A E D L D 1ITBk
BIEMZESL CWbp, ECI0BE»D
Stiffness & B VI EDBIGRIC DWW TRT Z &4
TE/. COBELHEOBH Y RTOLE
Stiffness * H I 5ETH Y, Znid, HEtiEH
L, BB LUK ORI (HE) &Rk X
U BRI O i 28/ X <, SRARAE VNS
WZ ET, BUWHCFHEEICHIN L, Stiffness A3
BN & RIREODRIRREZ S L T b 2 &
HRTx%.

Ml - }F (2013, 2015) 1%, XU VT 4 v
7" Stiffness & U /N7 F ¥ w /O Stiffness
EOMICHEBRHEEEGRIRO LN/ L, WY
¥ v/ 7 3L Stiffness 73 B BIFIIC X A E A 2T
5T EE V=V T FROEINCE Y 4R %
AWT, Bic B MmNy v T v 7 o Stiff-
ness *WET H/2OICIT LV B NN VR
Y x V7D Stiffness #HFHCFHOTIH L T &R
Bah L%, WEBEHEREERLCNLV—ZV
TETFVHEREL TS, TORITHIEORE &
RO RE ALY TELH L, AR TRL
TeINTI VT 4/ I3\ T Stiffness & B R D
D ONIZBEYEEL, VNIV RV Vv TICE
\F % Stiffness DEEEZIFTH L, FVWH#EZ 5
LUNTVF Yy /7D Stiffness DERIC LD
DIRINICIREIN TV AARREL D H. £DI20D
IZ, ChHOBFOHFELX HiFL/2 LV —2v 7
AT OBRICIE, UV F Yy v O Stiffness
TEANCEL I TE 2 NE e b\ T ielt
BdbH. Eid, UNT VYT O Stff-
ness NEWVHDD, NI VT 4 VTILET B
YIENE B A 92 T/ L 72 Stiffness 23K\ 35 O 4%
BTh- 728G, COBE OEYIEIF Y UE T
% L CHER SR T AR b B S, KT
ZETIX, ThE TSI - KT (2013, 2015)
DIRLIe, UNRTVUEI /TN T /T 4
TICBBLEEHBEEDO N L —= v 7 ET I,
BB OBLE D DF A a2 5 LA T
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o, S, FBEO RV —Z VI L AR,
OWGLET 2B B 5, TORBRTFA /b
V=V AR EICOWTRE T B8, KBFge
DFERD BRI ARG & U THREEL, X DFEfl7
BEEDAFREIC B EE 2 bND. L TAT, Kif
7¢Cld Stiffness & WO EH A AT, iFhas L
TO%E D L HFEE O ZHAA TS, L
L7256, Stiffness (ZFEE—IXNRET VTS
LA & ZPUCPER L 72 R s S FREEC
B5HIZDIT, HEERTH HHMAGEBOIT R
EOREFHII¢+ 52 ENTETWDHDN, %,
FNICEONNT 3 —< VAR EOREFHHTET
WEHEDD, AFFETIEINHIC OV TR S
LR TE s, S8, COLDRBADLD
Stiffness I DWW THE 7 5 L 3LiC, Thicflb
HIFEOMAE L EELFETHHD.

V & & &

KpEge i, N vT 4 v I BT 5 Stiff
ness & BUIBE L OBRIC DWW THREF T 5 C
&, SHIEZEDRERNOVNTVEV 2 ThE
INTUT 4 VT NBER BB N —= 7
Fv A - ), 2013, 2015) ~FEYIEEdk
EDIOOBEEMZ S LA E L. BEL
B O, Mg JORKERAE ST 5
BHITHE RN VT 4 VT A Th4,
Stiffness, & HICEYIMY L OIRABIC 510 % %
EFE ATV ABLOFRT ¢ 7 ABER A HH
L, Stiffness & DRFREIC OV THF L. &
TAERIIL T OMEY TH 5.

1) Stiffness 22KV F 1T, K E KW b
DD, KILFENIE GHEEE) »#
B4 % & T, Stiffness A E 3 L EE
& DO BRRIEHEA S L T,

2) Stiffness MR F L, HEHEERESE <,
7o, BOUHICE T 5 e LUKEE O
o8 Hl R P 23 K & < M BE A oD e R i PR 5 K
TVEIFAZTL, KELHBEEEDE
BICEBRL TV AT LRI N

3) Stiffness K\ F L, BUHEHIRRIC i)

HIRAMAE P KE <, O ERBIRIA
I L AerE R HOEEZRL, K
SEHEEOERICEML TW5HZ &
DR INTc.

4) Stiffness A\ E L, BRI OBY)
BExiT-TWbH T &, TabbiEE
B, BB IUKEHiORES ()
P B L OB A O MR /NS <,
JRAMAE R/ NS WD T, EWVIKFEE
TR L TV B ER S,

Jefrprge Gl - ¥, 2013, 2015) iIC&k\

T, NIV TF 47O Stiffness (T ) /N7 v FY
¥ V7D Stiffness I L A BT 5 EHR
INTWD. ThEBETH L, KIFRICEWT
Stiffness & HHEABI RO B - 7B YIBIEIZ VU N
vV RV % v /I % Stiffness D E A Z I 5
ZEnDb, INLOBEOYELYHIEL/C N L —
VT RATOBRCEINT V F Y e T ICB T S
Stiffness O EEABLE T 5 Z & BLFEIT /5 A]
BRHAH. INLDOT L, TIAF AU
Ah NI b V=2 T BRSNS E 2 DR
OFREMAIC B EE2ONS.
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