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Table 4 1 Characteristics of subjects. 
Subject Age (yrs) Career (yrs) Height (cm) Weight (kg) Personal best (m)

A 18 4 176.0 75.0 52.11 
B 21 6 185.0 101.0 62.67 
C 22 6 171.0 90.0 57.40 
D 21 6 180.1 114.0 58.44 
E 20 5 191.0 95.0 60.74 
F 22 8 185.3 109.6 60.43 
G 23 8 184.0 126.0 66.00 
H 30 14 176.0 120.0 71.51 
I 21 5 180.0 90.0 55.83 
J 21 5 175.0 96.0 58.11 
K 21 6 180.0 126.0 56.64 
L 22 5 173.5 99.6 61.03 
M 22 10 180.0 97.0 56.33 
N 21 6 173.0 100.0 54.34 
O 23 7 179.0 100.0 64.71 
P 28 12 175.0 110.0 67.61 

Mean 22.25 7.06 178.99 103.08 60.24
SD 2.82 2.68 5.18 13.38 5.04
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  Fig. 4 1 Definition of turn phases.  
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Fig. 4 2 Maximum centrifugal force during turn phases.  
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Fig. 4 3 Average centrifugal force during turn phases.  
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Table 4 2 Radius of curvature and hammer head velocity in each event. 
Radius of curvature (m) Hammer head velocity (m/s)

Competition Heavier Difference Competition Heavier Difference
R-1off 1.79 ± 0.12 1.74 ± 0.09 * 12.46 ± 0.82 11.80 ± 0.74 ***
R-1on 1.73 ± 0.10 1.71 ± 0.07 12.95 ± 1.01 12.12 ± 1.00 ***
R-2off 1.78 ± 0.07 1.76 ± 0.06 16.04 ± 0.92 15.10 ± 0.78 ***
R-2on 1.70 ± 0.07 1.68 ± 0.07 15.91 ± 1.07 14.86 ± 1.07 ***
R-3off 1.77 ± 0.07 1.73 ± 0.06 ** 18.72 ± 0.86 17.84 ± 0.79 ***
R-3on 1.64 ± 0.05 1.62 ± 0.06 18.16 ± 0.98 17.02 ± 1.04 ***
R-4off 1.74 ± 0.07 1.70 ± 0.07 ** 20.64 ± 0.83 19.66 ± 0.93 ***
R-4on 1.64 ± 0.06 1.60 ± 0.05 ** 19.37 ± 1.18 18.33 ± 1.09 ***

Release 1.93 ± 0.11 1.96 ± 0.09 23.64 ± 0.87 22.64 ± 0.94 ***
*: p<0.05, **: p<0.01, ***: p<0.001
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Fig. 4 4 Averaged patterns for sixteen subjects of the centrifugal force and vertical 
displacement of the hammer’s head from R 1off through to release. 
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Table 4 3 Maximum centrifugal force and increment of centrifugal force.  
Subject A B C D E F G H I J K L M N O P

Maximum centrifugal force of the 
competition hammer�N� 2070.0 2258.9 2171.8 2201.4 2488.8 2259.0 2274.9 2567.6 2062.4 2399.6 2096.2 2199.5 2346.1 2175.1 2422.1 2599.5

Maximum centrifugal force of the 
heavier hammer�N� 2127.3 2300.2 2110.6 2191.3 2494.9 2315.2 2308.9 2654.4 2097.3 2538.2 2105.1 2424.2 2421.5 2168.9 2489.5 2690.2

Increment of the centrifugal force�N� 57.2 41.3 -61.1 -10.1 6.1 56.2 34.0 86.8 34.9 138.6 8.9 224.7 75.4 -6.2 67.4 90.7

Increment of the centrifugal force = Maximum centrifugal force of the heavier hammer − Maximum centrifugal force of the competition hammer
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Fig. 4 5 The relationship between personal best and increment of centrifugal force.  
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Fig. 5 1 Definition of circle angle and azimuthal angle.  
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Fig. 5 2 Reference frame on upper/lower torso and angle definitions.  
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Table5 1 Release parameters and throwing record. 
Competition hammer Heavier hammer

Release velocity (m/s) 23.64 ± 0.87 22.64 ± 0.94***

Release height (m) 1.40 ± 0.21 1.32 ± 0.19

Release angle (deg.) 38.40 ± 2.03 37.40 ± 2.14*

Throwing record (m) 53.80 ± 3.69 49.56 ± 4.01***

*: p<0.05, ***: p<0.001
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Table 5 2 Duration time and time ratio of turn. 
Competition hammer Heavier hammer 

Duration time of SSP�sum (sec) 1.17 ± 0.10 1.18 ± 0.09
Duration time of SSP�1st (sec) 0.33 ± 0.03 0.32 ± 0.02
Duration time of SSP�2nd (sec) 0.30 ± 0.03 0.31 ± 0.03
Duration time of SSP�3rd (sec) 0.28 ± 0.03 0.27 ± 0.03
Duration time of SSP�4th (sec) 0.27 ± 0.03 0.27 ± 0.03

Duration time of DSP�sum (sec) 1.33 ± 0.12 1.40 ± 0.13***
Duration time of DSP�1st (sec) 0.44 ± 0.05 0.47 ± 0.05**
Duration time of DSP�2nd (sec) 0.33 ± 0.03 0.35 ± 0.04
Duration time of DSP�3rd (sec) 0.26 ± 0.04 0.29 ± 0.03***
Duration time of DSP�4th (sec 0.29 ± 0.03 0.29 ± 0.04

Duration time of turn�sum (sec) 2.50 ± 0.13 2.57 ± 0.14**
Duration time  of turn�1st (sec) 0.77 ± 0.07 0.79 ± 0.06*
Duration time  of turn�2nd (sec) 0.63 ± 0.03 0.65 ± 0.05*
Duration time  of turn�3rd (sec) 0.54 ± 0.03 0.56 ± 0.03**
Duration time  of turn�4th (sec) 0.56 ± 0.03 0.56 ± 0.04

Ratio of SSP time�sum (%) 46.85 ± 3.33 45.74 ± 3.25*
Ratio of SSP time�1st (%) 42.51 ± 3.30 41.03 ± 2.81*
Ratio of SSP time�2nd (%) 47.44 ± 3.84 47.12 ± 4.33
Ratio of SSP time�3rd (%) 51.30 ± 5.64 48.71 ± 4.40**
Ratio of SSP time�4th (%) 47.88 ± 4.51 47.96 ± 4.81

Ratio of DSP time�sum (%) 53.15 ± 3.33 54.26 ± 3.25*
Ratio of DSP time�1st (%) 57.49 ± 3.30 58.97 ± 2.81*
Ratio of DSP time�2nd (%) 52.56 ± 3.84 52.88 ± 4.33
Ratio of DSP time�3rd (%) 48.70 ± 5.64 51.29 ± 4.40**
Ratio of DSP time�4th (%) 52.12 ± 4.51 52.04 ± 4.81

*: p<0.05�**: p<0.01�***: p<0.001
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Fig. 5 3 Hammer head velocity and vertical displacement  
of the hammer head from R 1off through to release. 
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Fig. 5 4 Start angles of acceleration, deceleration and duration of acceleration. 
*: p<0.05, **: p<0.01, ***: p<0.01
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 Fig. 5 5 Azimuthal angles of hammer head in each event. 
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Fig. 5 6 Displacement of the Y coordinate of CG during DSP.   
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Table 5 3 Joint motions in each event.  

 

 

 

 

 

 

 

 

  

   

 

 

 

 

R-1off R-1on R-2off R-2on R-3off R-3on R-4off R-4on Release

Angle of 
dragging

(deg.)

Competition 63.4±5.8 62.5±5.6 65.1±5.7 63.5±5.9 66.9±4.1 65.6±6.4 67.6±4.9 66.5±5.6 71.5±7.0

Heavier 66.0±7.1 62.7±6.2 63.7±4.9 64.5±5.1 67.1±4.1 67.4±3.8 65.9±3.8 64.9±7.1 71.4±8.7

Trunk 
forward/backw
ard tilt angle 

(deg.)

Competition 13.0±4.7 15.9±4.2 4.3±6.2 14.3±3.4 -6.1±5.0 8.8±3.5 -11.1±5.5 4.8±5.1 -21.6±4.1

Heavier 12.2±4.0 14.9±3.4 4.7±5.3 12.9±3.7* -4.9±6.1 8.7±3.9 -10.1±5.2 4.1±5.5 -22.5±4.5

Trunk lateral
flexion angle

(deg.)

Competition -6.3 ± 2.3 8.1 ± 5.6 -2.3 ± 4.1 0.8 ± 5.8 -1.8 ± 3.2 -6.5 ± 3.5 1.5 ± 2.7 -8.5 ± 4.6 -0.3 ± 6.0

Heavier -6.3 ± 2.3 6.6 ± 5.0* -3.5 ± 3.3 -0.6 ± 3.9 -1.5 ± 4.9 -7.2 ± 4.1 -0.3 ± 4.2* -8.5 ± 3.9 -3.1 ± 6.5*

Hip joint angle
(deg.)

Competition 117.6±8.2 135.7±10.9 126.7±9.4 141.5±8.9 137.1±7.0 145.5±8.3 149.5±6.2 146.7±8.7 169.1±4.9

Heavier 117.5±6.1 137.4±7.4 123.2±8.0 143.1±9.1 135.7±7.4 145.8±8.6 145.2±7.3* 146.3±9.5 167.7±6.5

Knee joint 
angle (deg.)

Competition 135.5±11.5 98.0±10.5 142.5±10.3 99.0±8.3 137.5±9.1 93.1±6.6 141.0±8.5 88.6±7.4 156.2±7.2

Heavier 136.6±12.6 98.0±9.9 140.0±8.6** 99.0±9.2 138.9±8.4 90.1±7.9* 138.9±9.1 87.7±9.4 152.3±9.7

*: p<0.05, **: p<0.01
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Table 5 4 Wind angle and unwind angle of the trunk in the turns. 

Wind angle of the trunk (deg.) Unwind angle of the trunk (deg.)

Competition Heavier Competition Heavier

R-1off -10.5 ± 5.4 -5.8 ± 6.5*

R-1on 53.5 ± 13.5 53.3 ± 11.1
DSP1 49.9 ± 18.1 50.5 ± 13.0

R-2off 3.6 ± 11.0 2.80 ± 9.8

R-2on 48.8 ± 10.3 48.6 ± 12.4
DSP2 36.4 ± 11.6 36.8 ± 12.5

R-3off 12.4 ± 7.4 11.71 ± 11.0

R-3on 43.5 ± 11.2 49.0 ± 6.7**
DSP3 36.7 ± 7.7 41.9 ± 8.8*

R-4off 6.8 ± 8.7 7.07 ± 9.4

R-4on 40.8 ± 13.3 39.9 ± 10.5
DSP4 73.5 ± 7.0 67.5 ± 12.1

Release -32.6 ± 9.3 -27.6 ± 7.2*

*: p<0.05, **: p<0.01
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Table 6 1 Subject characteristics in each group.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

TR (n = 8) CT (n = 8) Difference

Personal Best (m) 61.16 ± 5.44 59.33 ± 4.41 n.s

Season Best (m) 60.49 ± 4.96 57.89 ± 3.60 n.s

Height (m) 181.05 ± 6.07 176.94 ± 2.90 n.s
Weight (kg) 103.83 ± 15.80 102.33 ± 10.36 n.s

Age (yrs) 22.13 ± 3.30 22.38 ± 2.23 n.s
Career (yrs) 6.88 ± 3.14 7.00 ± 2.45 n.s

n.s: non significant
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Table 6 2 Comparison of throwing distance, start velocity, 
 release parameters and total time of turn. 

Test TR CT

Throwing distance (m) 
Pre 53.79 ± 3.95 53.80 ± 3.41

Post 56.18 ± 4.25*** 53.39 ± 3.93

Start velocity (m/s)
Pre 12.46 ± 0.85 13.53 ± 0.81

Post 12.66 ± 1.19 13.24 ± 0.57

Release velocity (m/s)
Pre 23.74 ± 0.97 23.54 ± 0.75

Post 24.25 ± 0.84**† 23.22 ± 0.94

Release height (m)
Pre 1.35 ± 0.22 1.46 ± 0.19

Post 1.33 ± 0.22 1.19 ± 0.11**

Angle of release (deg.)
Pre 38.13 ± 2.05 38.68 ± 1.99

Post 37.66 ± 1.24 37.84 ± 2.28

Total time of turn (deg.)
Pre 2.61 ± 0.10† 2.42 ± 0.11

Post 2.53 ± 0.10* 2.43 ± 0.10

**: p < 0.01 significant within-subjects (Pre-Post)

***: p < 0.001 significant within-subjects (Pre-Post)

†: p < 0.05 significant between-subjects(Pre-Pre, Post-Post) 
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Fig. 6 1 Comparison of the velocity increment. 
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Fig. 6 2 Comparison of the duration of acceleration in each turn. 
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Table 6 3 Comparison of joint motions in the TR group. 
Test R-1off R-1on R-2off R-2on R-3off R-3on R-4off R-4on Release

Angle of dragging
(deg.)

Pre 66.9±5.1 59.8±5.6 66.7±5.7 63.9±6.3 67.2±4.6 62.7±5.2 66.6±6.1 64.4±4.5 72.5±8.5

Post 64.6±4.2 61.5±4.9 67.6±5.1 63.0±5.0 68.0±5.0 64.3±4.6 69.4±5.2 65.7±3.5 72.0±2.7

Trunk 
forward/backward tilt 

angle (deg.)

Pre 11.9±4.6 16.5±4.7 5.3±3.7 15.4±2.9 -5.1±2.6 9.6±3.0 -10.8±5.5 5.1±4.5 -23.7±3.2

Post 16.0±4.6* 14.3±2.3 8.5±2.8# 13.3±3.3# -3.0±3.4# 8.2±2.1 -7.9±4.3 7.0±3.1 -23.6±3.1

Trunk lateral flexion 
angle (deg.)

Pre -5.6 ± 2.0 6.9 ± 5.4 -2.0 ± 4.4 2.8 ± 4.9 -1.1 ± 3.1 -5.3 ± 3.8 0.8 ± 2.1 -6.8 ± 3.9 -2.0 ± 3.9

Post -4.2 ± 3.3 6.8 ± 5.4 -2.2 ± 3.0 -1.0 ± 3.6 -2.7 ± 3.0 -7.8 ± 4.0 -1.4 ± 4.2 -7.6 ± 3.3 0.8 ± 6.6

Hip joint angle (deg.)
Pre 117.1±7.4 134.8±11.2 123.2±8.8 139.4±7.6 133.6±5.2 143.9±7.2 146.7±6.9 145.1±6.1 169.7±4.5

Post 112.3±4.2# 136.4±8.1 118.6±6.0# 139.5±5.2 130.6±5.5# 144.0±5.0 139.7±6.0* 140.5±5.6# 168.3±4.2

Knee joint angle
(deg.)

Pre 134.2±13.1 100.4±9.5 142.3±12.9 102.3±9.5 135.2±9.3 95.6±6.5 140.6±9.6 90.8±8.5 153.6±7.8

Post 132.8±14.4 99.4±9.1 138.9±11.4 98.2±8.1** 133.9±9.2 90.0±8.7* 131.0±7.7** 88.5±8.8 152.9±10.7

Twist angle of trunk
(deg.)

Pre -10.8±5.2 49.6±13.0 3.7±11.0 51.8±7.8 13.0±7.8 42.9±11.5 5.7±10.9 39.7±13.7 -30.6±9.5

Post -3.6±10.3 55.1±9.7 8.0±9.3 51.2±10.9 11.9±9.8 49.3±12.0 11.0±7.8 44.3±6.9 -31.0±9.0

Pre vs Post **: p<0.01, *: p<0.05, #: p<0.1
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Table 6 4 Comparison of joint motions in the CT group. 
Test R-1off R-1on R-2off R-2on R-3off R-3on R-4off R-4on Release

Angle of dragging
(deg.)

Pre 59.8±4.2 65.3±4.0 63.4±5.2 63.0±5.4 66.5±3.6 68.6±6.1 68.6±2.8 68.6±5.9 70.6±4.8

Post 61.3±5.0 58.0±4.4* 66.0±6.9 60.4±3.4 68.6±5.4 64.2±3.9# 68.9±4.4 63.8±3.4# 72.3±8.2

Trunk 
forward/backward tilt 

angle (deg.)

Pre 14.0±4.4 15.6±3.6 2.4±7.5 13.5±3.6 -7.9±6.3 8.2±3.4 -12.6±5.7 4.7±5.2 -19.5±3.8

Post 14.8±5.1 18.0±3.5 3.1±5.8 13.7±3.4 -6.7±6.4 7.8±4.1 -11.8±5.1 3.1±5.1 -21.2±4.1

Trunk lateral flexion 
angle (deg.)

Pre -6.9 ± 2.4 9.7 ± 5.2 -3.9 ± 3.3 -0.6 ± 5.9 -3.8 ± 2.9 -7.4 ± 2.5 0.9 ± 3.4 -10.0 ± 4.6 2.6 ± 6.8

Post -8.4 ± 1.8 8.0 ± 5.6 -4.0 ± 2.8 -2.5 ± 3.7 -1.4 ± 2.7 -9.1 ± 2.6 0.8 ± 4.1 -11.9 ± 4.8 2.8 ± 8.8

Hip joint angle (deg.)
Pre 113.5±9.0 137.3±11.5 126.6±10.3 140.6±10.2 138.5±7.1 144.3±9.3 149.6±5.7 144.8±10.6 172.5±4.2

Post 109.3±12.0 130.0±9.1 123.0±11.5 137.4±10.7 136.2±8.6 145.6±10.8 145.9±4.1 147.1±10.8 172.9±6.2

Knee joint angle
(deg.)

Pre 136.8±9.3 95.6±10.9 142.6±6.7 95.7±5.1 139.9±8.2 90.7±5.7 141.4±7.2 86.5±5.2 158.7±5.4

Post 130.7±9.3 93.6±11.6 137.2±11.3 92.1±5.0 137.5±7.9 89.9±7.2 135.6±7.9 87.7±5.2 153.9±8.9

Twist angle of trunk
(deg.)

Pre -10.3±5.6 57.3±12.8 3.4±11.0 45.8±11.5 11.8±6.9 44.2±10.8 7.9±5.4 41.9±12.5 -34.6±8.7

Post -10.7±6.1 42.3±5.5* 5.3±5.7 42.7±10.8 9.0±5.6 43.5±9.9 8.8±7.2 34.4±9.1 -33.5±12.8

Pre vs Post *: p<0.05, #: p<0.1
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  Fig. 6 4 Comparison of unwind angle in each group.  
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