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Abstract

Characteristics of vertical stiffness and leg stiffness in 110m hurdles
Junya Wada

The shortest ground contact time is said to play an important role in the
improvement of 110m hurdles. 1t was reported thaf leg spring stiffness can be
catculated by the ground contact time and the flight time. The previous studies dealt
with only 100m and 400m on the basis of a spring-mass model, but not with 110m
hurdles. '

The purpose of the present study was to prove the characteristics of vertical
stiffness (Kuwer) and leg stiffness (Kieg} in 110m hurdles by utilizing the simple
spring-mass model. The whole race can be divided into three phases such as running
between hurdles, takeoffs and landings,

Thirty-eight well-trained 110m male hurdlers (age: 21.5+ 3.5 yrs, height: 1.79+
0.04 m, body mass: 68.914.0 kg, personal best time: 14.64+0.74 sec, mean+S1))
performed 1 the official race. The movements in each race were recorded with digital
video cameras at 300 frames per second, panning from start to finish. The leg spring
stiffness of each step wé.s caleulated using each subject’s height, body mass, ground
contact éime and flight time with the method suggested by Morin et al.(2005) and
Morin et al.(2006). Ken was caleulated from the ratio between the maximum of the
vertical ground reaction force and the vertical displacement of the center of mass, Kieg
was calculated from the ratio between the maximum vertical ground reaction force and
the displacement of the leg spring. This study analyzed the interdependence between
Kyer and parameters such as running velocity, step frequency, step length and each
step’s ground contact time and flight time. It also analyzed the interdependence
between Kie and the same parameters as mentioned above,

The results are summarized as follows: K increased with an increase in the
running velocity in every phase. Kvat significantly decreased, especially in takeoffs and

landings during the intervals between the 3* and the 10t hurdle as the running
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velocity is decreasing. On the other hand, K., didn’t increase with an increase in the
running velocity. The ground contact time had the greatest influenee on Kot in every
phase. The displacement of the leg spring had the greatest influence on Kig both in
running between hurdles and in landing. Fm.x had the greatest influence on Keer in
takeoff. Kvert had a significant positive interdependence with the running velecity and
step frequency. Kie¢ had a significant positive interdependence with step frequency
but not with the running velocity.

This study proved that in the 110m hurdles, the shortest ground contact time
greatly influenced the increase of Ksert and the higher Kiwen inercased the running

velacity:,
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g8 B B

1]

Vertical Stiffness (kN/m)
(=]

30 A

] N
(=] W

[

Leg Stiffness (KN/m)
&

[
o

S-1stvs 1st-2nd ***
2nd-3rd  ***
3rd-4th ***
4th-5th  ***
Sth-6th ***
6th-7th *#**
7th-8th ***
8th-9th *
9th-10th **

10th_6 ok ok
G PR TP Pt P S
M oas o W g o A ; g
& ,»ob' o & & .\é"' & q@ﬁ Ky 8th-9th vs | 10th-G  **

Intervals 9th-10th vs | 10th-G  ***

***.p<0.001, **;p<0.01, *;p<0.05

X 4-1. TERITHITDMERT 4 7R ADA » Z—NVEOEAL

S-1stwvs I1st-2nd ***
2nd-3rd  ***
3rd-4th ***
q 4th-5th  *k*
S5th-6th  ***
6th-7th ***
7th-8th ***
8th-9th *%*
9th-10th ***
10th-G  ***

. 1st-2nd vs 10th-G  ***

2nd-3rd vs | 10th-G  *#*#*

3rd-4th vs 10th-G  ***

AR R T I G Sth-6thvs | 10th-G *#

Intervals 6th-7th vs 10th-G = ***

7th-8th vs 10th-G  *#**
8th-9th vs 10th-G = ***
9th-10th vs | 10th-G = ***

**¥ p<0.001

X 4-2. TERCBITIDIHAT 4 7RXADA B —RNABOEAL,
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g & 8

Ground contact time (ms)
[
S

S-1st vs 1st-2nd ***
2nd-3rd ***
3rd-4th ***
4th-5th  ***
S5th-6th ***
6th-7th ***
7th-8th  ***
2 8th-9th ***
9th-10th ***
r 10th-G = *#**

2nd-3rd vs | 8th-9th *
4 9th-10th **

B P N ‘bﬁ"\ & & & & &S & 3rd-athvs | 8th-9th *
A A L 9th-10th ***

Intervals 4th-5th vs | 9th-10th **

***.p<0.001. **;p<0.01, *;p<0.05

X 4-3. FERHZIIT S BEHFF DA & — L BOEL
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Flighttime (ms)

S-1stvs Ist-2nd  ***
2nd-3rd ***
3rd-4th ***
4th-5th ***
S5th-6th **#*
6th-7th  ***
Tth-8th  ***
8th-9th ***
9th-10th ***
10th-G  ***

150 -

130 -~

110

1st-2nd vs | 6th-7th **
90 - 7th-8th ***
8th-9th *%*
70 4 9th-10th ***
10th-G = ***

50 - 2nd-3rd vs 7th-8th *

-3 ’ -
c,?é N P “& & &‘b 9th-10th
RN P S R &N 10th-G  ***

Intervals 3rd-4th vs | 7th-8th *
9th-10th #***
10th-G  ***

4th-5th vs | 9th-10th *
lmh_G ¥k

5th-6th vs 10th-G = ***

6th-7th vs 10th-G = ***

7th-8th vs 10th-G ~ ***

8th-9th vs 10th-G = ***

9th-10th vs | 10th-G = ***

***.p<0.001, **;p<0.01, *;:p<0.05

X 4-4. FERFZIBT HMZEREE DA > 7 — )V BOZEAL
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Vertical Displacement(m)

Vertical Peak Force (kN)

2.5

™
o

=
n

1.0

& & & 5
'» h"" 3 &
& o & é" 4“" & %-sf
Intervals

d‘°

e

S-1stvs 1st-2nd ***
2nd-3rd  ***
3rd-4th  ***
4th-5th  ***
S5th-6th ***
6th-7th  ***
7th-8th ***
8th-Sth ***
Oth-10th ***
10th-G  ***

1st-2nd vs 10th-G  ***
2nd-3rd vs 10th-G  **
3rd-4th vs 10th-G  **
4th-5th vs 10th-G  *
5th-6th vs 10th-G  **
6th-7th vs 10th-G  *
7th-8th vs 10th-G  *
8th-9th vs | 10th-G **
9th-10th vs 10th-G  *
*¥* . p<0.001, **;p<0.01, *;:p<0.05

4 4-5. FAERHZI T DM IRER DT AREDA > Z — VgD EAL

0.04 -

0.03 -

0.02 4

0.01 -

e

F & S
4 AT &
R4 ‘»}f ﬁ*‘b & A

Intervals

&
Y
& &

NS
<

S-1stvs

1st-2nd
2nd-3rd
3rd-4th
4th-5th
5th-6th
6th-7th
7th-8th
8th-9th
Sth-10th
10th-G

&k ok

*kk

kK

kK

*kk

ok

*okk

*kok

*kok

*k ik

2nd-3rd vs

9th-10th

Lt

3rd-4th vs

8th-9th
9th-10th

*ok ok

sekok

4th-5th vs

9th-10th

kkk

***.p<0.001

X 4-6. HERIZISIT DHEELEMNDA 7 — IVEBOEL
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Leg Spring Displacement(m)

Step frequency (Hz)

S-1stvs 1st-2nd ***
2nd-3rd  ***
2207 3rd-ath  *+*
4th-5th  ***
0.16 - Sth-6th  ***
6th-Tth **=*
Tth-8th ***
0.12 -
8th-9th ***
9th-10th ***
0.08 - 10th-G = ***
1st-2nd vs 10th-G  *#**
0.04 - 2nd-3rd vs 10th-G = ***
1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 3rd-4thvs | 10th-G ***
Hurdles 4th-5th vs 10th-G = ***
S5th-6th vs 10th-G = ***
6th-7th vs 10th-G = ***
7th-8th vs 10th-G  ***
8th-9th vs 10th-G  ***
9th-10th vs | 10th-G  ***
***.p<0.001
B 4-7. TERICET SHEZILEDA ¥ — 1 VEOEL
S-1stvs 9th-10th **
10th-G = ***
1st-2nd vs 6th-7th *
7th-8th ***
8th-9th **=*
9th-10th ***
10th-G  *#**
25 2nd-3rd vs | 7th-8th **
8th-9th ***
5.0 - 9th-10th ***
10th-G  *#**
4.5 A 3rd-4th vs | 7th-8th ***
8th-9th ***
4.0 4 9th-10th *#**
10th-G  ***
3.5 ' . . , i . . _ ‘ . ‘ 4th-5th vs | 8th-9th *
3 o 9th-10th ***
N &:\,o"m & ﬁ@,.-? o c#‘b& @5@ "&g,\"“ %&q@g&@‘ P & oG e
S5th-6th vs | 9th-10th **
Intervals
10th-G  ***
6th-7th vs 10th-G  ***
7th-8th vs 10th-G  ***
8th-9th vs 10th-G = ***
9th-10th vs | 10th-G  ***

***: p<0.001, **;p<0.01, *;p<0.05

4-8. HEFRIZBIT D FDOA 22— )ViBOELL,
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Step length (m)

Running velocity (m/sec)

S-1stwvs 1st-2nd  ***
2nd-3rd  *=*#
3rd-4th  #**
2.2 4th-5th  #*x*
S5th-6th  **x
19 - f il E i i i i H 6th-7th  #**=*
7th-8th  *#x
16 8th-Oth 4+
9th-10th *x»
10th-G  ##*x*
1st-2nd vs | Bth-9th =

25 -

13 A

1-0 L] L] T T T T T T L] T 1
> 9th-10th #*

B T I
R ,\'cy PSS T S & q'F' A 10th-G  #*=
2nd-3rd vs 10th-G =
3rd-4th vs | 9th-10th =
10th-G  #*=*

***.p<0.001, **;p<0.01, *;p<0.05

X 4-9. HERFIZHBITHA FTA FOA v Z—1NBOELL

Intervals

S-1stwvs 1st-2nd ***
2nd-3rd  ***
3rd-4th ***
4th-5th  ***
S5th-6th  ***
6th-7th  ***
7th-8th  ***
10.0 - 8th-Oth ***
Sth-10th ***

9.0 -
10th-G = ***

8.0 - 1st-2nd vs | 9th-10th *
10th-G  ***

2nd-3rd vs | 8th-9th *
6.0 - 9th-10th **

i | 10th-G  ***

3rd-4th vs | 8th-9th *

4.0 T T T T T T T T T T ] Oth-10th **
R

o
¥, ‘}f\s\ @,} & &b& ‘&ﬁ& ‘?,'\‘ 6?'& @9@’ :\9& 'u\f’ 10th-G  ***
v o B P P ¢ N §F 4th-5thvs | 9th-10th **

Intervals 10th-G  ***

5th-6th vs | 9th-10th *
10th-G =~ ***

6th-7th vs 10th-G = ***

7th-8th vs 10th-G = **+

8th-9th vs 10th-G ~ ***

9th-10th vs | 10th-G  ***

***.p<0.001, **;p<0.01, *;p<0.05

] 4-10. ZAERHIZBIT DREEEDA & —/SVEOE(L
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E 270 |
=
=
“
8 240
g 3th vs 10th *
T 210 4th vs 10th  *
£
] *.p<0.05
= 180
150

1st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th
Hurdles

B 5-1. /~—F U > ZREGIRHZISIT DERELAR T 4 7 R AD/N— FAEDEAL

70 -
- 60 -
-5... 1st vs 2nd s
x 50 - 3rd ¥
E L ath  ww
7 FEE
:ﬁ 5th
i sth *EE
a 30 -
-l 7th %k
20 | 8th * Ak
9th *kk
10 - 10th *okk
1st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th - p< 0.001

Hurdles

5-2. /N— R TRKEIRHZ BT B AT 4 7 X ADN— RAEOELL,
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Ground contact time (ms)

180

8

C

S

8

1st  2nd

K 5-3. /N— KU > 7BEGIRHZ 61T 5 BEHIRE R DO ~— RO 2L

Flight time (ms)

X 5-4.

3rd 4th 5th 6th 7th 8th 9th

Hurdles

600 -
500
400
300 -+
1st 2nd 3rd 4th Sth
Hurdles

=R TR IS 1T B 2R RE D ~N— RO ZEA L

56

6th

10th

7th

2nd vs 10th  *
3rd vs 10th  *
4th vs 9th "
10th ~ **
5th vs 10th *

8th

**.p<0.01, *;p<0.05

9th

10th




6.0

5.0 4

4.0 -

Vertical Peak Force (kN)

3.0 -

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Hurdles

B 5-5. /~— RV v ZBEGIRHC 61T 5 iR WS E RS B KD ~— RO L,

Vertical Displacement(m)

0.030 -
0.025 -
2nd vs 10th *
0.020 - 3rd ws 9th habd
10th e d
4th vs 9th *
0.015 5th vs 10th *

i1st 2nd 3rd 4th S5th 6th 7th 8th 9th 10th
Hurdles

***:. p<0.001, **;p<0.01, *;:p<0.05

5-6. /~— NV » ZBEGIRRIC BT 5 BHEEOEM D/ N— FAEDZEAL
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0.25

0.20

0.15

0.10

Leg Spring Displacement(m)

0.05

X 5-7. /~— RV v 7RG 2R B O N— FAEOTLL

= — - [
= & 3 8

Vertical Stiffness (kN/m)
2]
o

1stvs

2nd

*xk

3rd

4th

ok ok

5th

ok

6th

*EE

7th

*kk

8th

&k ok

Sth

wEk

10th

EE S

st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th
Hurdles

**%. 5 <0.001

2nd vs 10th b
3rd vs 9th %
10th ek
4th vs 9th ¥
10th *
5th vs 10th b

1st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th k. p< 0.001, **: p< 0.01, *: p<0.05

Hurdles

6-1. N—RY U TEHRFTIBITHMERT £ 7R AD/— KDL
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w
o

- 1st vs 10th *xk
g 2nd vs 10th  **
g 3rd vs oth  *
= 20 4 10th kE
U
£ 4th vs 10th  **+
a 15 5th vs 10th  **x
-1
k) 6th vs 10th  ***
10 7th vs 10th ~ **x
8th vs 10th  ***
i 9th vs 10th  ***
st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th *** p<0.001, *;p<0.05
Hurdles
X 6-2. »—FU U TEHRFCBTDIMAT 4 7R AD/N— FLBOEL
150
=
£
£ 3rd vs Sth e
=1
s 10th  **
.E 110 4th vs Sth *
& 10th  *
§ 5th vs o9th *
= 90
] 10th  *
**.p<0.01, *;p<0.05
70

1st 2nd  3rd 4th Sth 6th 7th 8th 9th  10th
Hurdles

X 6-3. /~— RV 7 EMEHZIS T DR O ~N— FAEOELL,

59




100 -+

Flight time (ms)

20 A

1st 2nd 3rd 4ath 5th 6th 7th 8th 9th 10th
Hurdles

X 6-4. ~— RV > 7 EHRFZRBT 5RO NN— FAHEOZELL

2.0 '|

e
o

Vertical Peak Force (kN)
= -
- [+

12 A
1st 2nd 3rd 4th 5S5th 6th 7th 8th 9th 10th

Hurdles

X 6-5. /N— KV > 7 EFHBFHZ 60T 5 ER DS ER S BB DO ~N— FAEDOE(L
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Vertical Displacement (m)

Leg Spring Displacement(m)

0.03 -~

0.02 -
3rd vs 9th e
10th ol
4th vs Sth *
0.01 - 10th *
5th vs 9th ¥
10th *
%o -4 **.p<0.01, *;:p<0.05

1st 2nd 3rd 4th S5th 6th 7th 8th 9th 10th
Hurdles

6-6. /N— FY U VEMEBHIIST D HEELEN D/ N— FEOEL

0.20 -
1st vs 10th *E¥
0.16 -
2nd vs 10th s
3rd vs 10th bt
0.12 - 4th vs 10th e
5th vs 10th et
6th vs 10th i
0.08 -
7th vs 10th ek
8th vs 10th *EE
0.04 - 9th vs 10th  ***
st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th #4%. 5 20.001

Hurdles

6-7. N— KU U TEHBFRITEIHELLED N N— FAHEOLELL,
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£1. #HREO KA

Time in
) ) Body Personal
Subjects  Age Height analyzed
mass best

n=38 fyrs) {m) (k) (sec) race
{sec)
A 22 1.85 70 13.88 13.96
B 25 1.83 71 13.86 14.74
C 25 1.85 80 13.90 14.56
(h] 21 1.82 65 13.92 14.18
E 21 1.78 (2] 13.94 13.99
F 22 1.83 70 14.01 14.85
G 15 181 72 14.03 14.55
H 21 1.77 73 14.17 14.63
I 20 1.83 76 14.20 14.40
] 23 1.80 69 14.23 14.60
K 18 1.81 69 14.24 14.31
L 19 173 60 14.25 14.83
M 12 1.74 65 14.27 14.77
N 18 171 ) 14.36 14.68
o 22 1.80 64 14.38 14.86
p 32 183 72 14.41 15.05
Q 21 178 65 14.42 15,79
R 20 1.77 71 14.48 14.75
5 19 175 70 14.48 14.92
T 20 1.75 64 14.56 14.87
u 22 1.78 70 14.63 15.12
1 21 1.77 75 14.64 14,83
W 19 1.77 65 14.65 15.08
X 20 181 63 14.67 15.32
Y 18 1.34 67 14.71 15.45
zZ 21 1.88 77 14.75 15,53
AA 18 180 68 1479 1521
AB 21 177 66 14.91 14.84
AC 19 176 58 14.96 16.14
AD 20 1.80 72 14.97 15.54
AE 26 1.84 b8 15.00 1556
AF 27 1.78 73 15.20 15.42
AG 31 1.78 63 15.44 15.45
AH 20 173 68 15.66 16.11
Al 20 172 69 15.66 16.96
Al 20 1.82 70 15.80 16.54
AK 29 1.83 65 16.01 15.76
AL 20 1.75 65 16.10 16.17
Mean 215 179 68.9 14.64 15.14

sD 3.5 0.04 4.0 074 0.73
Max 32.0 1.88 80.0 16.10 16.96
Min 13.0 171 60.0 13.84 13.86
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#72 L—ARROQOY S RarsFoisals
JREBREO[REH(1X-2:K)

RRAEIE AR IRERE ERREIE
BE | 2014fFs5H38 | 201455830
& Eh AL
S8 29.0°C 29.0°C
BE 48% 50%
Am [ifESTie] At
A= 0.6m/s 0.9m/s

JIREHBREDRREHR

RRAEIBAT JIXZPELEREEL
=F:c3 20134118 28
P =Y
Rim 17.0°C
praid 69%

J&. [] b E
BE 0.3m/s
IXFBRREDTREEN

RAFEIR PR JRERE ERREE
=] i3 2014*%E 68 78
&R 5]

R 18.0°C
A 78%
A m b
B 2.8m/s

F7ER A KB DRREL(TE-OP)
BRI A HERXAVRETP A

(RS ERES)
B 20145 7H 198
) [55]
Sim 25.0°C
TEAE 84%
il [a] EE
BilE 1.2m/s

%zﬂﬁlﬁxiﬁﬁmﬁ&%#{iﬁﬁ)
BRE IR TR HERXA L AEVTFT A

(HHERREACERES
8 20145 78 19H
Ea =Y
SR 25.0°C
R 84%
[l Lk
RLE 1.7m/s
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3, WEMILBITIFEROS v 5 — Lo

Intervals 5-1st 1st-2nd | Znd-3rd |3rd-4th  |4th-5th |5th-6th eth-7th |7th-8th  |8th-S9th |9th-10th |10th-G
e {ms} 151 132 129 129 130 131 133 135 137 139 133
{10 9 )] {10} (9 {10} S]] {10 {11) (12) {1c)
tr{ms) 81 g4 97 97 100 130 102 105 104 107 118
(9) {10} (8} 7 {8 (10 {9 (10} {9 {12) (11
Fmax {kN] 1.65 182 186 1.87 1.87 1.87 138 1.83 1.87 1.88 2.01
(014)  [(0.16) |{017)  |{0.17)  HO.15)  |{D.aey ({018 [{0.15) (0.16)  [{0.16) |(8.17)
Avye(m) 0.029 0.022 0.021 0.020 0.021 0021  |0.022 0.023 0.023 0.024 0.022
(0.004) |(C.003) |(0.003) [{0.003} ({0003} |{0.003) |{0.003) |{0.004} [(0.004) [{0.004) [{0.003)
AL (m) 0.11 0.17 0.17 0.17 0.17 0.17 0.17 017 .17 0.18 022
(002) [(o02)  j(0.02)  [{0.02) {02}  [(002)  [{0.02)  [{o.o2) {002y |(og2)  |(0.03)
Kvert [kN/m} |67 a7 24 95 93 90 88 36 a4 32 89
(13) {18) (20} {21) {19] {18) {18) (17) {18} {18) (21}
Kieg (kN/m} (18 11 12 12 12 11 11 11 11 11 10
(3 {2} {2} {2) {2) {2 2} 2} {2} {2] {(2)
hean
{£50)

4, BEREBT 2 REEREVLE vy FERNBLITRA L7 FEL)OA v #— ULEOFEL

Intervals S-1st 1st-2nd |2nd-3rd [3rd-4th |ath-Sth |sth-6th |6th-7th [7th-8th |8th-Oth |oth-10th ;10th-G
V{m/sec) |4.93 7.79 7.83 7.83 7.78 774|767 7.56 7.52 7.42 8.74
{013) |(033) [(038 (937 {041 [(0.40) [(042} |i046)  |(046) |(048) |{0.55)
SF {Hz) 4.21 4.30 431 4,31 4.24 121|414  [4.08 4.05 3.98 4,66
{017} [(0.23)  [(0.21) 19y [(6.22)  lio24)  [{0.22) [{0.28] |{0.26) |(D.28) [(0.27)
5L {m) 117 1.81 1.82 1.82 1-34 1.84 185 L.86 1.86 1.87 1.87
{0.05}  |(0.074  |(0.08) [{0.06) |(0.05) 1008 (0.06) [{0.08) |{cosy |07 (oo
Mean
f+50)
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F5 A—FU L TRIOAFIBITA{EEO~— FABOEL

Hurdles 1st 2nd 3rd dth S5th Gth 7th ath 9th 10th
te {ms) 133 129 127 127 129 130 i3 133 135 136
(9) (&) (8 (8 (8} (9} {9 (S} (9} {9)
t¢{ms) 418 415 M2 413 413 415 415 420 420 423
{36) {35} {36) {37} (40) {37) (41) {42) {43} (42)
Frrax (KIN) 4.42 4.48 4,51 4.51 4.47 4.46 4.44 4.42 4.38 437
(041} {043} [(042)  [{0.43) |{(0.44) {(0.41) [(042) [(0.41) |[{0.41) |(03®)
Avyc{m) 0022|0021 (0020 (0020|0021 ooz |00zl (0022 |o022 oo
{0.003) |{0.003) |(0.003) |{0.003) [{o.003) |(0.003) [(c.003) [{0.003) |{0.003) |(0.003)
AL{m) 0.08 0.16 0.16 0.16 0.16 0.16 0.16 0.17 0.17 0.17
_if001)  Ho.02)  l0.02)  [{0.02y  |{(0.02)  [{0.02) [io.ozy  |f0.02)  |{0.02}  |(0.02)
Kvert (KN/m) |208 222 231 229 223 220 215 207 200 196
(43) {46) (44) {45} (44) {44] {42} {41) {40) {38)
Kieg (kN/m) |56 28 29 28 28 28 28 27 27 27
{11) (5 {5) i5) {5] {5 {5) (5) {5) {5
Mean
(£5D)
£6. N— FU U HEMBIEBT AREROANA— FAROEL
Hurdies 1st 2nd 3rd 4th 5th 6th 7th &th ath 10th
te {ms) 105 102 100 1 102 104 105 108 110 110
(11) {11) (10) {19) {10) 11 {10) {11} {11) {12}
tt {ms) 45 50 51 a9 a9 48 49 49 a5 44
{12) {12) {11) {13) (12) {11) {13) {11) {12) {13)
Frax (kN} 1.53 1.58 1.61 1.58 1.57 1.55 1.56 1.55 1.54 1.49
{017) |{017) [{0.17) {017  [{017)  |{(0.16)  }{0.18) |(0.16)  [{017)  |(0.18)
Avye (m) 0014 |0.013 [0.012 0013 [0.013 [0.013  looi4  [0o14  |oois  Jo.ois
{0.003) 1(0.003) [{0.003) |{0.003) {{0.003) |{0.003) |{0.003) |{0.003) [{0.003) [{0.003)
AL{m} 011 0.10 0.10 010 0.10 0.10 0.10 0.10 0.11 0.15
(0.02)  [(002) [(e.o1) {001} {001 [fo.on)  |{0.01) ({001} [{0.01) |{0.02)
Kvert (kN/m) |117 128 135 130 128 122 119 113 107 104
{31) (33) (35) {35) {33 {30) {28) {29) {28) (29)
Keg (kN/m) |15 16 17 17 16 16 16 15 15 11
(3) {4) (4 {3 (3) (3) (3 3) (3 {3
Mean
{£3D)




#7. EERIZBTH2REAHEERXMOKvert & £ 28O R{E

The interdependence of Kvert

_:nm:_,m_m Kvert 1tc tF _u_jmx .D.{.n
(kN/m} (ms) {ms) {kN) {m}
tc tf Fmax Avye
3rd-4th 85+21 125+ 10 977 1.87+0.17 | 0.0204£0.003 | -0.932 **+* 0.445 ** 0.828 *** -(0,922 ***
*EX-p <0001, **;p <001 n=38
8. WERILBITI2BREERBOKey  FEKOBEE
The interdependence of Kieg
Intervals Kieg t tr Frax AL
(kN/m}) {ms} (ms) (kN) {m}
tc tf Frmax AL
3rd-4th 1222 129+ 10 977 1.87+£017 017002 | -0.815 & 0.630 *** 0.875 *** -0.932 ***
% p<0.001 r=38
=9 N—FJ o TREEIRICB T D ERAEER S OKvert b FEBROBERE
The interdependence of Kvert
Hurdles Kvert tc tr Frnax Aye
{kN/m) (ms) {ms}) (kN} (m)
tc tr Frmax Avye
Ath 229145 129£10 413+ 37 451043 | 0.020£0.003 | -0.892 *** (0,187 n.s. 0.833 *** -0.884 ***
**+ < 0.001 n=38
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F10. ~N— F U FEEEIZ ST 2B KA EH S OKleee & & F 8 O BE

The interdependence of Kieg

Hurdies Kleg tc if Finax Al
kN /o {ms) ms fkN) (m)
_“ ) (ms) tc tr Fmax AL
Ath 2815 129+ 10 4131 37 4.51+043 0.16+0.02 | -0.682 *** 0.494 ** 0.927 *** -0.918 s
Ak 20,001, **p<0.01 n=38
F1l. ~— R FTHEBRCBITAERNEERSOKr e E FEROBERK
The interdependence of Kvert
Hurdles Kvert tc tf Fmax Dy
{kN/m} {ms) (ms) (kN} {m)
te tr Fmax Aye
4th 130+ 35 101 +10 419+ 11 1.58+0.17 | 0.0131£0,003 | -0.853 *** 0.258 n.s. (Q.687 *** -0.880 e
et < 0.001 n=38
#12 N—FI IV EHHICBITBREEHE DKl FEK OB
The interdependence of Kieg
Hurdles Kleg te t Frnax AL
{kN/m) (ms) {ms) (kN) {m}
te tr Fmax AL
4th 17+3 129+ 10 413+ 37 4.511+0.43 0.10+0.01 |[-0.821 *** 0.309 n.s. 0,727 *** -(.853 ***
**Fp <0.001 n=38
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#13. EEFUBT ORXEEEAOKrenE LT0Kes b Vo, A 74 FBLCEAERE GBEE

The interdependence The interdependence The interdependence
Runni i i
Step frequency] Step length ::3..:@ of Step frequency of Step length of Running velacity

Intervals velacity

Hz) {m) (1r/sec) Kvert Kleg Kvert Kieg Kuert Kieg

(kN /m) (kN/m) {kN/m) (kN/m} {kNfm3 {kN/mJ
3rd-dth 4.21x0.15 1.82 +0.06 7.83:0.37 0.531 = 0.348 * 0.053 n.s. -0.075 n.s. 0.582 ** 0.270 n.s.
= p <0001 *p=<0.05

Fl4 EERIIBISRBXHERBOY vF, A +74 FBLUEEEFOHEAMR
The interdependence | The interdependence | The interdependence
ntereals Step frequency| Steplength ”“_:n“,__”w of Step length of Running velocity of Step frequency
(Hz} {rm) v Step freguency Step length Running velogity
(m/sec)
{Hz) tm} tm/sec)
3rd-4th 4,31 +0.19 1.82+0.06 7831037 -0.253 n.s. 0,435 ** 0.760 **
B0 <0001 **p <001

n=38

n=38
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#1561, KERICBIT 22/ F—r 7 A ER®
Kvertds X OB EH O (F )
Subject Height ::;dS: :al'l:z Kvert W SF te tf Ay Fmax
{m) kel (sed) (kN/m} im/sec) (Hz}  (ms} (ms) (m)  (ki}
1.85 70 1386 93 8.40 4,40 126 95 0.020 1.39
E 1.78 B9 13.99 139 8.33 4.70 109 98 0.015 2.01
#15-2. BKHEXM(3rd-4th) DRvenuds L AL
Subject  Kyen v SF tc tr Ave Friax
A 108 8.54 4.41 122 o8 0.018 1.94
E 150 836 4,76 105 98 0.014 2.04
#15-3, @B X I (Oth-10th) D Kvertds L IRF ¥
Subject  Kyert v SF te t Avye Frmax
A 91 8.16 4.26 130 a8 0.021 1.89
E 134 821 4.51 112 113 0.015 2.04
#15-4. BOHER B & BEOER X OKverds L REEHOE LR
Subject  Kuent V SF te t Avye Fraax
A 8449 9554 9645 9280 100.00 8541 9780
E 89.24 9791 9474 9742 9516 9634 9859
{%)
K16-1. »— PV TR BIT 24 ¥ —r N7V EHO
Kuerchs J 48 (7 835 7)
. Kvert te tf Avye Fiax
SR (N/m) (ms) (msh (m) (kN
A 173 134 341 0.022 3.82
E 280 117 415 0.017 4.85
F£16-2. FAHE KM Ath) O Kverids L UE A%
Subject  Keert tc tf A\fc Fmax
A 186 130 337 0.021 3.87
E 314 103 417 0.016 4.97
F16-3. WEGER X (L0th) D Kverids L UHE K
Subject  Kvert tc i Avyc Frmax
A i56 140 350 0.024  3.77
E 264 120 410 0018 469
E16-4. RAMERXMH L HEEBM KM OKverds L IREE RO L
Subject Kvert Te 1f A ye Fmax
A B4.08 9286 9619 8523 97.50
E 34.27 9444 10163 8923 9444
(%)
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R1T-1. N— FY L IRMBEFICRBITDHEA T — 1N T A KE O

Kvertj;s ct U’ﬁ‘gﬁ 7 ||E_£ﬁﬁﬁﬁj])

Kvert te ti Ay Fmax
{(kN/m) (ms} (ms} {m) (kN}

Subject

A 135 99 49 0012 161
E i85 a5 44 0008 162

F17-2. BFHEEXE(Ath) DKvertds L /R EH

Sub]ect Kvert tc tf AVC Frmax
A 158 a3 53 0.011 1.69
E 208 80 43 0008 1.64

il?'B Eﬁﬁﬁﬁﬂﬁ(lﬂthw)}(\mnﬁ&(ﬁ%?ﬁ
Subject Kvert tc tt Avye Frnax

A 127 103 57 0.013 1.67

E 160 87 33 .009 1.47

F17-4, J5r R A DEAD & o BE i i XK ] O Kvertids L RGO LR

Subject  Kvert tc i A Yo Fmax

A 8039 9032 5412 B1L58 9853

E 76.54 5231 130.00 8522 8581
(%)

#£18-1. HEBIrBIH LA v ¥ —20F Y EEO

Kvertds I Uﬁ@:ﬁmﬁ(ﬁﬁﬁ)
R

SUbjECt Height ?nc;dsz tl'::z Kvert v SF e tf ﬂlv'c Frmax
m kN/m} {m/sec Hz ms ms m kM
el seqy |N/MI (sec) (He)  (ms)  (ms)  {m)  (kN]
E 1.78 &9 13.99 139 233 4,70 109 93 0.01% 201
T 175 64 14.87 65 737 424 141 a8 0.022 160
AA 1.80 68 15.21 38 7.58 3.71 132 106 0.025 1588

ﬁlB'Z. ﬁ)’tiﬁﬁﬁﬁﬂ(Srd-‘ith)@K‘«erdﬁ i U“ﬁ-ﬁﬁt

Subject  Keert v SF tc 1 Aye  Fmax
E 150 836 4.76 105 98 g.014 204
T 68 1.79 4.35 138 85 D.024 1.60

A 56 7.79 4.23 127 103 0.020 189

F18-3. HHEEM X E(9th-10th) D Kvernt§3 L UG T

Subject  Keen W SF te tr Ay Frnax
E 134 8.21 4.51 112 113 0.015 204

T 63 7.83 4.23 143 a7 0.025 158
AR 75 7.31 3.87 142 110 0.025 1.86

184, B Kl AL KR & 38 S 6 3 X R 0 Kivertds L R A B o B (b

Subject  Kvert W SF tc t Ay Finax

E 89.74 9820 9474 9742 9516 9634 9959
T 9293 9805 9718 9121 9808 8802 99.04
AA 7864 0387 9161 0744 9394 8942 9861

(%)
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FI%-1. ~— FU BB TAES v F—An5 v Efle

Kveri}s L Ut% ﬁﬂ mjﬂgg‘%ﬁ)

B KR X ) & Bl ) D Kvent S L O B O E AL

Subject Kywrt ic ti Ay Frmax
{(kN/m) [ms} {ms) (m}  (kn)
E 250 117 415 0.017 4.85
T 164 140 419 0029 394
Af 232 126 416 0020 451
519-2‘ %ﬁﬁﬁlzt[gj(/ith)@:ﬁvertﬁJ:U%gf%[
Subject  Kuew te tf Aye  Fmex
15 314 103 417 0.016 497
T 177 137 427 0.023 A0
AA 257 120 403 0.018  4.57
£19-3. WHLEHCA(10th) D Krersds L MG E XK
Subject  Kuvert te ¥ Ay Fmax
E 284 120 410 0.018 489
T 146 147 430 0027 3.88
Al 215 130 427 0.021  4.49
F19-4,
Subject  Kvert tc t Aye  Fmax
E 8427 9444 10163 8923 w9444
T 8284 9318 94922 8685 9539
Al 8367 9231 8453 8522 3819
(%)

#20-1. ~— KV o FEHIELETASA »F— AT KBO

K\rcrtins J: Uﬁ-ﬁg@fﬁ(ﬁ %E)
Subiect Koert ta tf AYG Fmax
By st me) ) (kW)
E 185 85 44 0.009 le2
T 101 102 30 0.013 128
AA 92 115 47 0.0l6 148
F20-2. FOAHE R (46h) O Kvertds J U H &%
Subject  Kyer tc tf A ¥c Fenax
E 208 0 43 0.008 164
T 119 97 37 0.011 1.36
Ad 06 113 50 0.016 1.51
F20-3. EEEM K HQ0th) O Kvort s L TR A %
Subject  Kvert e t f_\l\ﬂ: Frnax
E 10 87 33 0.009 1.47
T a0 103 20 0.013 1.18
Al 71 123 33 0.01% 1.32
T20-4. B X & 3 B K O Kvert L A E OB/ F
Subject  Keert e tf Avye Frax
E 7654 9231 13000 8522 E9.31
T 7574 9353 183.33 8753 8653
AA 7444 5189 15000 8446 &3.14
(%)
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#21-1. KL Aatf ¥ —ATrENe

Kvertds L W%ﬁ‘ﬁ@ H(EQE)
Bod Race
Subject eight mEIS: Gme Kvert v 5F tc tr Avye Frrax
{m) (kN/m) (mfsec) (Hz)  (ms} (ms} {m}  {kN}
(kg}  (seq)
A 1.35 70 13.86 93 8.40 4.40 126 85 0020 189
C 185 20 14.56 115 8.02 4.19 127 105 0020 225
z 1.23 77 15.53 96 7.51 3.90 136 114 0023 217
#21-2. BREE KB (3rd-4th) DKvercls IU%%&
Subject  Kvert v SF te tf LT
A 108 8.54 4.41 122 a8 0018 194
€ 119 an 4.35 123 100 0.015 223
Z o9 7.49 3.97 133 112 0022 218

#21-3. HEBEREEHOth-10th) O Kverts L R EER

Subject  Kverr v SF te tr Avye  Frax
A 51 8.16 426 130 93 00Xl 189
C S59 7.81 4.05 135 105 0022 218
i a0 7.16 3.66 142 125 0.0 223
izl"i %j{ﬁ&gfjﬁqkﬁgﬁﬁaﬁﬁ@l{vertﬁivﬁﬁﬁ@ﬁ{t$
Subject  Kyert b 5F tc 1t Avye Frnax
A 8449 9554 6545 9250 10.00 8541 S7.80
C 83.15 9516 93.24 9250 9524 g744 9857
2 2096 9556 Y9207 9959 8833 G778 10257
{%6)

#22-1. ~—FUrFEARICRTAES 7 — R AT KR

K\rertﬁ X U%Qfﬁ@1@(§ EEZ

Kvart tc tf A ¥ Fmax
Subject
B knm) (ms) (ms) (m) (kW)
A 173 134 341 0.022 3.82
C 2319 127 365 0.020 476
i 210 135 ERTS 0.022 4.68

£22-2. BREFEREKMALh)OKvertds Y IRGE I H

Subject  Kvert te tf Aye Fmax
A 186 130 337 0.021 3.37
C 259 123 363 0018 4386
Z 218 133 403 0022 477

£22-3. HEEMER(10th) D Kvertds L R EE X

Subject  Kven te i Aye Fmax
A 156 140 350 0024 377
C 211 133 367 0022 462
Z 193 140 410 0.024 466

FT22-4. BRKHEERE & HEEM RO Kvertds L UEEH O

Subjact  Kvert tc if Ay Friax
A 84.08 928 9619 38623 97.50

C 8133 9250 9909 8558 0503

z 88.54 9524 9837 9071 97.60
{%)
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#2831, "—F) I EMEFICBTAEAS P~ 5 RO

Kvertis L R EBROE(E S E)

Subject Kvart tc tr ﬁyc Fmax
(kN/m} (ms) [ms)  {m)}  {(kN)

A 135 9 48 012 18

c 126 168 50 0.014 180

z 121 109 53 Q015 176
i23-2. %j{ﬁgﬁﬁﬁ(d:th)@Kvertia;U%ﬁﬁ
Subject  Kuvert e tr Aye  Fmax

A 158 93 53 0.011 1.69

C 136 103 &7 0.013 1.79

Z 125 107 50 0.014 174
¥28-3. HAEEMMKEKM(10th) D Kvercds & RS ERK
Subject  Kvert te tf Avye Frax

A 127 103 57 Q013 1.67

C 107 117 53 0.017 1.80

z a7 120 53 0.018 1.71

#2344, BAXESEER L MEREMER OKrent L U4 £ o &3

Subject  Kyert tc tr A yc Finax
A 80.39 9032 9412 8158 9BS3
C 7875 BBL57  BYS0 7845 100.38
Z 7771  BB.BY 9375 79.015 8835
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