
The impact techniques of baseball batting

in collegiate players and its implications

to performance improvement
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1

1.

Kirkpatrick (1963)

13

26

(Watts and Bahill 1990)

( )

( ) (

)

(Smith

2001, Cross and Nathan 2006)



2

(Watts and Baroni 1989, Sawicki et al. 2003, Nichols et al. 2006)

( )

McIntyre and Pfautsch (1982)

3

3
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22.

2.1

OPS (On-base plus slugging)

3

4

1 1
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2

( 1-1)

After collision

Before collision

After collisionBefore collision
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22.2

m

F = kx (Bayman 1976, Cross 1999b) k

x

( 1-2) F = kx =

����� ����

(x)

x(t) = �	
� sin(�� + �) (1)

x	
�
t (��) 0

compression

displacement
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(x) (v)

x(t) = �	
� sin(��) (2)

v(t) =
dx

dt
(t) = �	
�� cos(��) (3)

(��) �� = ��	
�
(v)

v(t) = �� cos(��) (4)

(�) (k) � � �� ��
(��)
�� = �	
���� (5)

(�	
�)
�	
� = ����� (6)

(�	
�) (7)

�	
� = ��	
� = ����� (7)

(T) 2 1

(Cross 1999c)

� � ���� (8)

(�	
�) (��) (k) (m)

(T) (m)

(k)
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0.6~2.2ms (Handee et al. 1998, Cross 1999b, Nathan 2000, Adair 2001, Nicholls

et al. 2005b, Nicholls et al. 2006, Smith et al. 2010, Burbank and Smith 2012)

(8)

2

(F) (mg) 100-1000 (Cross 1999b, Cross 1999c)

(Garwin 1969)

(k) (m) (T)

10

(Kirkpatrick 1963, Handee et al. 1998,

Cross 1999b, Nicholls et al. 2005b) (stress

relaxation )

(Cross 2011)

(Handee et

al. 1998, Smith et al. 2010) 2

2

1-3

1-3

(F/x) F

(quasi-static stiffness)
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(�� ��� ) (dynamic

stiffness) (Handee et al. 1998, Cross 1999a, Cross

1999b, Nathan 2000, Smith et al. 2010, Nathan et al. 2012a)

(Hendee et al. 1998, Cross 1999a, Cross

1999b, Cross 2008, Smith 2010, Cross 2011)

(Smith and Duris 2009, Burbank and Smith

2012)
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(Carre et al. 2004)

(k)

(F) (x)

(Barnes 1958a, Leroy 1985, Nathan 2000, Smith et al.

2010)

F(x) = ���� F(x) = ���� (9)

(Cross 1999b, Cross 2011) (9) F

(x	
�)

���� = ����

� = ����� 
��!� (10)

(U"#	�.)
(U$%&'.)

(Handee et al. 1998, Adair

2002, Cross 2011) (U"#	�.)

("#	�. = ) �������*+,
�

("#	�. = �� - ��.�/ + 10�
�*+,
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("#	�. = �� �	
��.�/ + 1 (11)

(U$%&'.)
($%&'. = ) �������*+,

�
($%&'. = �� �	
��.�1 + 1 (12)

(E2/3#&&)

42/3#&& = 5�� �	
��.�/ + 1 � �� �	
��.�1 + 1 6 �� �	
��.�/ + 17
42/3#&& � 8 � ���� 9 / + 11+ 1 9 �	
��.��	
��.�
42/3#&& � 8 � ���� 9 / + 11+ 1 9 �	
��!�

(10) x	
�

42/3#&& � 8 � ���� 9 / + 11+ 1 9 :����
��!�;

�!�

42/3#&& � 8 � / + 11+ 1 (13)

h� h�

42/3#&& = �<=� ��<=��<=� � 8 � =�=� � 8 � >� (14)

e (13)(14)

e� = n + 1

p + 1
(15)
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(Cross

1999a) n = 1 n > 1.2

( 1-4) n = 1

n > 1 p

(Nathan 2000)

p =
1 + />� � 8 (16)

1-3,4

0 Nathan (2000)

(contact time) (collision time)

67m/s 1.1ms 0.6ms
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1600 2

2

1

2 2 1

2

1 2

(Cross 2009)

300N

20~40kN

(Nathan 2000, Nicholls et al. 2005a, Nicholls et al. 2005b, Nicholls et al.

2006)

(Cross 1998a) 2

(Briggs 1945, Cross 1999a, Gugan 2000, Cross 2000, Smith 2001, Hubbard

and Stronge 2001, Adair 2002, Smith and Duris 2009)

2 10
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(Smith et al. 2010, Handee et al. 1998) Sawicki et al. (2003) Handee et al.

(1998)

> � ?@AB? � ��$%3 � CD@E
400

 
�$%3 (m/s)

1-5 ( )

(Stronge 2000, Goldsmith 2001, Carre 2004, Sutton and

Sherwood 2010, Cross 2011)

2 ( COR)

(elasticity) e Tait and

Steel (1865) coefficient of restituion

Briggs (1945)

Barnes (1958a, 1958b) Briggs

(Adair 2002, Drane and Sherwood 2004, Simth and Faber 2011)

Viscous
damping Stiffness

mball
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(Kagan 1990, Kagan and

Atkinson 2004, Bahill and Baldwin 2008, Smith 2013)

0~1 e = 1 (elastic impact)

e < 1 (inelastic impact)

e = 0 (plastic impact)

(Cross 1999b) (E2/3#&&)
(14)

E2/3#&& � 8 � F� 0.5

75% (Nathan 2003)

e

e� eG (Nathan 2000,

Smith 2001, Nathan 2003, Nathan 2004)

Bat

Performance Factor (BPF) (Smith 2001, Nathan 2003)

HIJ K >>� (17)

BPF = 1

BPF > 1

2
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( 1-6) m v

M V 1 2

ML� ���� = ML� +��� (18)

( ) 2

(P)

���� +)M�� = �N (19)

(u)

(R)

After collisionBefore collision Maximum deformation

V1 v1 V2 v2u

Deformation impulse Restitution impulse
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mu +)O�� = ��� (20)

(e)

e =
PO��PM �� (21)

(19)(20) (21)

e =
��� ��N�N +��� = �� � NN + �� (22)

e =
�PO���PM�� = QN �QL�QL� �QN = N � L�L� � N (23)

e =
(�� � N) + (N � L�)
(N + ��) + (L� � N) = �� � L��� + L� (24)

(v�) (18)(24)

�� = �>Q +QQ +�  L� + �>Q ��Q +�  �� = : 1 + >
1 +

�Q;L� + :> ��Q
1 +

�Q;�� (25)

(25)

(��) 2 bounce factor ( q Cross

2011) ACOR (Apparent COR Cross 1999a) eA (collision
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efficiency Nathan 2003)

> ��Q
1 +

�Q = R = STUV = >W (26)

q eX (25) (L�)
1

1 + >
1 +

�Q = 1 + R (27)

m M q e (26)(27) (25)

�� = (1 + R)L� + R�� (28)

(28) q

(Nathan 2003)

q =
�� � L��� + L� (29)

q (v�) (v�)

q =
���� (30)

Hester and Koenig (1993) Bounce factor Collision efficiency

(28) q

2 1 q V�

(Crisco et al. 2002, Greenwald et

al. 2001)
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q 2

q

1-6

0 (Cross

2000)

0 1-7

MVY � �ZY = 0 MV[ � �Z[ = 0

1-6

3 4

e =
�[ + L[�Y + LY = L[LY = �[�Y (31)

After collisionBefore collision

V3 v3 V4 v4
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L[ = LY> (32)

(E�$%)
E�$% = 1

2
QLY� + 12��Y� (33)

vY = MVY m� (33)

E�$% = 1

2
QLY� + 12��QLY�  �

E�$% = 1

2
QLY� �1 +Q� (34)

(E�#&')
E�#&' = 1

2
QL[� + 12��[�

E�#&' = 1

2
QL[� + 12��QL[�  �

E�#&' = 1

2
QL[� �1 +Q� (35)

(32) (35)

E�#&' = 1

2
QLY�>� �1 +Q� (36)

(42/3#&&)
42/3#&& = 4�$% � 4�#&'4�$%

42/3#&& = 1
2
QLY� \1 +Q�] � 1

2
QLY�>� \1 +Q�]

1
2
QLY� \1 +Q�]

42/3#&& � 8 � >� (37)

(14)

e = 1 0 e = 0
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2

1-8

(eccentric

impact) (direct central impact)

1-6

2

�1

Rotation
axis

R

V1

Vcm1

v1

b

�2

V2

Vcm2

v2

b

After collisionBefore collision
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1-8 ��
V� (cm) V"	�

R

V"	� = R�� R + b

V� = (R + b)�� = V"	� + b�� (38)

V� = V"	� + b�� (39)

�)��� = Q(L"	��L"	�)

L"	� � L"	� � �P���Q (40)

�J^ � _"	 �� ��� (41)

(41)

�`)��� = a"	(�� � ��)

(�� � ��) � �` P���a"	 (42)

�)��� = Q%(L��L�) (43)

Q% (43)

(38)(39)

�)��� = Q%(L"	� + `�� � L"	� + `��)
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�)��� = Q%{(L"	� � L"	�) + `(�� � ��)} (44)

(40)(42)

�)��� = Q% b�P���Q + ` 5�` P���a"	 6c (45)

(45) (Cross 2000, Nathan

2003, Cross 2004, Cross 2005a)

Q% = Q
1 +

Q`�a"	
1Q% =

1Q +
`�a"	 (46)

(18) M M%
M% m

Cross (2011) (46) 31oz (879g) 30oz (850g)

(M%)
( 1-9) 33in. (84cm)

10.9in. (27.7cm)

12.3in. (31.2cm 3.55cm )

2460 oz in.� (0.045kgm�)
3060 oz in.� (0.056kgm�)

( 1-9 (a))
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( 1-9 (b))

collision efficiency (eA)

>W = > � d
1 + d (47)

r recoil factor (Nathan 2003)

recoil factor

r =
�Q% (48)

Nathan (2003)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2 0.3

M
e
(k
g)

(cm)

Louisville Slugger R161
Wood 31oz (879g)

Easton BK7 Aluminum
30oz (850g)

(a)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-0.3 -0.2 -0.1 0
M

e
(k
g)

(cm)

Louisville Slugger R161
Wood 31oz (879g)

Easton BK7 Aluminum
30oz (850g)

(b)
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34in. (84cm) 31oz (879g)

45rad/s >� = 0.5 90mph

14.0cm

(4.5in.) ( 1-10)

>� = 0.5 1 2

(1 17.3cm 2 13.2cm)

recoil

factor (r) collision efficiency (eX)
1in. (2.5 cm)

(ve) (27) eX vfgh

eX

0 �2 = eX��i'"j%k
eX

eX (

Cross 1997, Kotze et al. 2000)
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26

F l ?@A m l ?@CA
(47) eW l ?@C (28)

(Nathan 2003)

�� = 1.2L� + 0.2�� (49)

(L�) (��) 6 1
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22.3

2.3.1

(Brody 1986, Noble and Walker 1994, Cross 1998a)

(Nathan 2000)

(Nathan 2000, Watts and Bahill 2000) 2

1-11 (a)

0 (node)

(anti-node)

1 ( )

(Van Zandt 1992, Adair 2001, Adair
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2002, Cross 2004) 2 1

(Nathan 2000) 1 2

(Cross 1998a, Cross 2001, Nathan 2000, Cross 2001)

( 17 )

(Naruo and Sato 1998) (17) BPF 1

( 1-11(b), Handee et al. 1998 Nathan et al. 2004, Russell 2004,

Smith et al. 2010, Sutton and Sherwood 2010) 1

1250Hz (Sutton and Sherwood 2010)

(Cross

2011) (stiffness)
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(b)

Hard floor

Metal bar

Sweet spot
(vibration) zone

Node

1st. 2nd.
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(center of percussion)

( 1-12 (a))

( 1-12 (b))

(Cross 2011)

� = Q�L"	�� (49)

�` = a"	 ���� (50)

(50) (49)

Q�L"	�� =
a"	̀ ���� (51)

� L"	 = V�
�L"	�� = V ���� (52)

(52) (51)

b =
a"	VQ (53)
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Brody (1986)

Noble (1994)

80~85% (Bahill 2004) 15cm (Noble and Eck 1986,

Brody 1986, Noble and Walker 1994, Cross 1998a)

After
collision

Before
collision

CM

COP

CM

COP

After
collision

Before
collision

CM

COP

CM

COP

Center of
rotation

(a)

(b)

R

b
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Joy spot (Williams and Underwood

1986) (Nathan

2000, Shenoy et al. 2001, Crisco et al. 2002, Nathan 2003)

22.3.2

(Cross and Nathan 2009)

Bahill and Karnavas (1989) Bahill and Freitas (1995)

Fleisig et al. (2002)

Smith et al. (2003)

1.6 10%

(Nicholls et al. 2003,

Koenig et al. 2004, Cross and Bower 2006, Cross and Nathan 2009, Nathan et al. 2011)

swing weight

Cross and Nathan (2009) Greenwald et al. (2001)

(�) (I0)

� � 31.1 dn� o�a��.�p (54)
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Fleisig et al. (2002) swing weight

6 (15.24cm)

(Smith 2008) (I"	)
(a"	 = aW +Q��) IW swing

weight R

(Cross 2011, Cross

and Nathan 2009)

M% = aWV� (55)

Collision efficiency (eA) swing weight

( 1-13)

q (bounce factor)

”intrinsic or inbuilt power” (Cross and Nathan 2009,

Cross 2011) swing weight

swing weight swing weight

( 54 ) swing weight

(Cross 2011,

Smith and Kensrud 2013, Cross and Bower 2006) swing

weight 1-14 83.8cm

86.4cm

Swing weight
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2~3%

(Watts and Bahill 2000)
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22.3.3

1970

Bryant et al. 1977

1.8 m/s

Greenwald et al. (2001)
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( )

(Janda et al. 1992, Viano et al. 1993, Fleisig et al.

2002, Nicholls et al. 2004) Crisco et al. (1997) Handee et al. (1998)

Nicholls et al. (2005a) 0.4

Greenwald et al. (2001) Mcdowell and Ciocco (2006)

0.4

12%

(Mcdowell 2004) (NCAA)

0.50

2011

1981

2005

2001

900g

2003

Nathan et al. (2011b)
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Bounce factor

Nathan et al.

22.3.4

Weyrich et al. (1989)

Brody (1990)

Bounce factor 1-15

Bounce factor 2

bounce factor (q)

0.6ms

(Cross 1998a)

(Cross 1998a) bounce factor
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(Brody 1990)

(Cross 1999a, Nathan 2000)
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22.3.5

(Nathan 2000) Van Zandt (1992)

Van Zandt (1992)

Cross (1999a) Nathan (2000) Van Zandt
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22.4

2.4.1

1-16

2 Garwin (1969)

Brody (1984) Garwin

Brody Garwin

Brody

1-17

Cross (2003a, 2005b) (a)
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(b)

(c)

1-18 (Fq)
(Fr) ( ) (F) Fr

(Sawicki et al. 2005)

(Maw et al. 1976, Maw et al. 1981, Lewis and Rogers 1988, Smith 1991, Cross

2003a, Goodwill and Haake 2004, Arakawa et al. 2006)

FF

� � �

vx vx vx
FF FF

(a) vx ���� ����	x 
��� (c) vx ����

rr r

Slide SlideGrip
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1-19

v� �� v� ��
� � x

x y

1-19

V�� Vs�
y

>s = �s� � t�Ls�)�s� (56)

y (Ls�)
Ls� = >s�s� � �s� (57)

�

FF

FN F

Grip

Slip
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Fu = m��s ��� �Jv = m��� ���

)�u�� = ��s� � w���s�x (58)

�)�v�� = �(��� � ���) (59)

M%
�Ju = M% �Ls ��� Fv = M% �L� ���

vx1

vx2

�1

�2

v1

v2

vy1

vy2

�1

�2x

Vx2

Vy2

V2

FF
FN

D

2
R
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�)�u�� � �Q%Ls� (60)

)�v�� = Q%(L�� � Vy) (61)

(58) (60)

Ls� = �w�s� + �s�xQ%
(62)

(57) (62)

�w�s� + �s�xQ% = >s�s� � �s�
�s� �1 + �Q% = �s� �>s � �Q% 

�s��s� =
>s � �Q%
1 +

�Q%
(63)

Collision efficiency (eW) (30)

eW = �s� �s�� (63)

>W = >s � �Q%
1 +

�Q%
(64)

(x)

�v = z�u
Fv Fr

(e� ) (Cross 2002b, Cross 2005b,

Cross and Nathan 2006, Cross 2010b)

>� � ���� � d�� � (L�� � Vy)��� � d�� (65)

(30)

(>{)
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>{ � ���� � d����� � d�� (66)

(Cross 2003a)

1-19 D

d)�v�� � |)�u�� = a ���� (67)

a � }�m�
d)�v�� � |)�u�� = ~�d�(�� � ��) (68)

eW = �s� �s�� �s� = eW�s� (58)

)�u�� = ��s�(>W + 1) (69)

(69) (68)

d)�v�� � |��s�(>W + 1) = ~�d�(�� � ��) (70)

x (���� ����)

���� = ��� � d�� (71)

���� = ��� � d�� (72)

(�� ��)
�� = ��� � ����d (73)

�� = ��� � ����d (74)

(70) (73) (74)
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d)�v�� � |��s�(>W + 1) = ~�d� \��� � ����d � ��� � ����d ]
)�v�� � �|��s�(>W + 1)d + ~����� � ���� � w��� � ����x�

)�v�� � ~�(��� � ���) � �|��s�(>W + 1)d � ~�w���� � ����x (75)

(59)

)�v�� + ~)�v�� � �|��s�(>W + 1)d � ~�w���� � ����x
)�v�� (1 + ~) � �|��s�(>W + 1)d � ~�w���� � ����x

)�v�� � �|��s�(>W + 1)d(1 + ~) � ~�w���� � ����x
1 + ~ (76)

x (�%�) (Cross and Nathan

2006)

�%� = ~
1 + ~� (77)

�
1 + ~ = �%�~ (78)

(78) (76)

)�v�� � �|�%��s�(>W + 1)d~ ��%�w���� � ����x (79)

(61) L�� � Vy
(79)

)�v�� = Q%�L��� (80)

(81) (80)

Q%�L��� � �|�%��s�(>W + 1)d~ ��%�w���� � ����x (81)

(65) (66)

>� � ����� � L������� (82)
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>{ � ��������� (83)

(82) L���
L��� = >����� + ���� (84)

(83) (84)

L��� = >����� � >{����
L��� = ����(>� � >{) (85)

(85) (81)

Q%�����(>� � >{) � �|�%��s�(>W + 1)d~ ��%�w���� � ����x
Q%�>� �Q%�>{ � �|�%��s�(>W + 1)d~���� � �%��������� +�%�

(71) (83)

Q%�>� �Q%�>{ � �|�%��s�(>W + 1)d~(��� � d��) +�%�>{ +�%�
>{(�%� +Q%�) = Q%�>� � �%� + |�%��s�(>W + 1)d~(��� � d��)
>{ = Q%�>� � �%��%� +Q%� +

1�%� +Q%� 9 |�%��s�(>W + 1)d~(��� � d��)

>{ = >� � �%�Q%�
1 +

�%�Q%�
+

|d~ 9 �%�Q%�
1 +

�%�Q%�
9 �s�(>W + 1)��� � d��

(86)

x recoil factor d� = �%� Q%��
>{ = >� � d�

1 + d� + |d~ 9 d�
1 + d� 9 �s�(>W + 1)��� � d�� (87)

x (Q%�)
1Q%� =

1Q +
`�a� + V�a� (88)

recoil factor (d�)
d� = �%� 51Q +

`�a� + V�a� 6 (89)
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(78)

d� = ~
1 + ~�51Q +

`�a� + V�a� 6 (90)

~ = 2 5� Brody (2005)

~ = 0.378

(66) �� ���
�� = >{(��� � d��) + ���d (91)

��� = d�� � >{��� + >{d�� (92)

(Cross and Nathan 2006) D = 0

a�� +�d��� = a�� +�d��� (93)

a � }�m�
}�m��� +�d��� � }�m��� +�d���

}d�� + ��� � }m�� + ��� (94)

}d(�� � ��) = ��� � ��� (95)

b

x

P
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(91) (95)

}d b�� � >{(��� � d��) + ���d c = ��� � ���
}d�� � }>{��� � }>{d�� � }��� = ��� � ���

������ (1 + ~) � 8 � ~>{ + ~d����� (1 + >{)
������ = 8 � ~>{

1 + ~ +
~(1 + >{)
1 + ~ 9 d����� (96)

(92) (94)

}d�� + ��� � }m�� + d�� � >{��� + >{d��
���� (1 + ~) = ~ � >{ + ���d�� (1 + >{) 9

���� =
~ � >{
1 + ~ +

1 + >{
1 + ~ 9 ���d�� (97)

e� 0.1 0

e� = 0

(Cross 2013)

McIntyre and

Pfautsch (1982)

Cross and Nathan (2006)

(

=0 )
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( 1-21)

(Watts and Baroni 1989, McBeath et al.

2008)

�
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22.4.2

Watts

and Baroni (1989) 2

( 1-22)

(Cross and Nathan 2006)

�

�
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Sawicki et al. (2003) 42m/s

30m/s

(E) 2.65cm 9 ( 0.159 rad)

134.8m

( 1-23) 26.3

44.3m/s McBeath et al. (2008) = 0

E = 1.9cm

Sawicki et al.

7mm

1

Sawicki et al. (2003) ( ) ( )

Adair (2005) ( 35 )

Sawicki et al. Sawicki et al. (2005)

Adair Chase et al.

(2008) Sawicki et al. (2003)
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Nathan (2012) MLB 2007

(HITf/x)

4

30

( 1-24) 300ft (91m)

85mph (137km/h)

�

E
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Sawicki et al. (2003) (

B0) ( 1-25)

(Kirkpatrik 1963)

Sawicki et al. (2003)

1000 /s 0.55m

( 1-24) Sawiki et al. (2003)

�
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22.5

2

Watts and Baroni (1989) Sawicki

et al. (2003) 2

2000

(Smith 2001, Shenoy et al.

2001, Nicholls et al. 2005b, Smith and Duris 2009, Rezaei et al. 2011, Ravindra et al.

2011, Burbank and Smith 2012)

�B0
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2

1.

( ) ( )

( ) (Watts and Baroni 1989, Adair 2002)
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(center of percussion)

(Brody 1986, Cross 2004, Van Zandt 1992, Cross 1998, Vedula

and Sherwood 2004)

(

)

( )

(Sawicki et al. 2003)
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Sawicki et al. (2003)

2

(Watts and Baroni 1989, Nathan

2008)
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22.

2.1

13 ( 175.5 ± 5.5 cm 74.1

± 5.3 kg) 8 5

2.2

(18.44 )

( 0.036 m 0.148 kg) 26.7 m/s

60 m 15

5 (Df)

5 14 ± 5

2.3

1 (Vision Research

Phantom663) 2500 fps 0.2 ms
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22.5m (

)

(Wilson JHG06 0.84 m 0.907 kg

0.578 m) 3 (DTS ARS-K12

1000 Hz)

(S ME FA-DL3000) A/D

22.4

2

1~3 27

65 (13 ×5 )

2-1

(Siliconcoach Siliconcoach Pro7)

2 2

2 ± 2.3 %

(x )

( 2-1)

(Vball/pre) (



61

) (Vhead) (

) 5 (0.002 )

(Vball/post) ( ) 5

� ���z)

� ��rolling) ( 2-2)

4

Butterworth

(Winter 1990) ( 27.8 Hz)

2-3 3

5 (0.002 )

5 Watts and Baroni (1989)

( 1.5 %)

60 (0.024 )
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( ball/pre)

47 (0.019 ) ( ball/post)

(Eball/post)

Efg��/���h = ��mfg��Vfg��/���h� +
�� Ifg���fg��/���h� (1)

mball (0.148 kg) Iball (7.7×10-5 kgm2)

( )

(rimp) (tc)

(2500 fps)
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64



65

22.5

5

27

±

27

Pearson 5 %

( )

F 0.05

F 0.1
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33.

3.1

26.7 m/s 5 % ( 2-2)

1 0.03 rad

( 20 %) 1 ± 2.7 rad/s ( 12 %)

10 % (

2-3)

(

) 30.1 rad/s (

2-3) (-17.7 rad/s) 170 % 45 %

5

23 %

0.20 rad (0.33 rad) (0.06 rad)

0.27 rad ( 2-3)

(



67

)

33.2

90.2 m 11 % ( 2-2)

60 m 70 m

104.6 J 97.3 ± 2.9 %

( 9.6 %)

( 27.8 %) ( 45.7 %)

90 m
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(0.72 m) (0.57 m) 0.15 m ( 3)

1

Cross (1998) Nathan (2000)

1,2 0.67 m 0.71 m 0.68 m 0.72

m

0.15m ( )

0.695 m

Nathan (2003) Cross (1998)

1,2

0.15 m

(p < 0.01) (26 )

(0.21~0.60 rad)

( 2-3)
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33.3

(r = 0.79, p < 0.01)

(r = -0.43, p < 0.05, 2-4)

(Watts and Baroni 1989)

(r = -0.70 p < 0.01, 2-4)

( =[ ] [ ] ) (r

= 0.93, p < 0.01, 2-4)

(

)

(r = -0.41, p < 0.05) (r = 0.99,

p < 0.01) (r = -0.42, p < 0.05) (r = -0.60, p < 0.01)

( 2-4)
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p<0.05, p<0.01
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33.4

2 ( 2-5) 52 %

7.40 0.64

( ) 0.31 ( )

(R2) 2-5

0 ( )

3.8 m/s

(33.8 m/s)

11.2 % 0 8.8 m
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3 ( 2-6)

63 % 9.87 J

0.47 ( ) -0.39 ( ) 0.31 (

)

(R2) 2-5

0

3.6 m/s
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(r = -0.27, p > 0.1, 2-4)

(r = 0.31, p > 0.1, 2-4)

(p > 0.1)

Sawicki et al. (2003)

(r = -0.13, p > 0.5) (r = 0.04, p >

0.8) ( 2-4)

(

)

3 92 %
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3 ( 2-7)

( 2-7 a)

0 ( 2-7 b)

( 2-7 a)

(

2-7 c)

2
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Bat

Ball

Vbat

Vball

Bat

Ball

Vbat

Vball

Impulsive force

Impulsive force

Frictional force

a) Impact between (smooth
frictionless) surfaces

b) Impact between rough
�������	
�rolling=0)

Bat

Ball

Vbat

Vball

�rolling

Impulsive force

Frictional force

c) Impact between rough surface

�rolling=negative value)
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44.
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3

1.

Nathan 2008, Watts and Bahill 2000

( 2010, Crisco et al. 2002) 2

( 2011, Sawicki et al. 2003

0

( 1984, 1996)

(McIntyre and Pfautsch 1982, Tabuchi et al. 2007) (2011)
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( )

Sawicki et al. (2003)

(center of percussion)

(Brody 1986, Van Zandt 1992, Cross 1998, Cross 2004, Vedula and Sherwood 2004)

(Cross 2001)
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( )

(Watts and

Baroni 1989, Watts and Bahill 2000, Sawicki et al. 2003)

Schmidt and Lee (2005)

2008)
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22.

2.1

10 ( 1.737 ± 0.064 m,

73.7 ± 7.6 kg, 21.0 ± 0.8 , 14.3 ± 1.7 ) 7

3 5 (D, F, G, H, I) 1

2.2

(18.44 m)

( : 0.036 m, : 0.148 kg) 33.2 m/s

50

15 ( 3-1)
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22.3

2 (Camera , Camera )

Camera (Vision Research , Phantom Miro, 7000 fps,

0.14 ms) 9.0 m (

) Camera (CASIO , EX-F1,

300 fps, 1 ms)

( , 2TW-10455YT, 0.84 m, 0.915 kg,

: 0.570 m) 3 (DTS , ARS-K12,

1000 Hz)

Camera

Camera

15

Machine

Gyro-sensor
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(S ME , FA-DL3000) A/D

22.4

2 18 ~ 40

306 3-1

Camera

(Siliconcoach , Siliconcoach Pro7)

2 2

(x )

( 3-2)

(Vball/pre) (

: pitched) 15 (0.0021 )

(Vhead) (

: swing) 15 (0.0021

)

(Vball/post) ( batted) 15

( rolling)
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( 3-3)

( ball/pre) ( ball/post) 3 ( 3-4)

Camera

30 (0.0043 )

(0.0043 )

30

90 (0.013 )

( ball/pre, ball/post)

(Eball/post)

Efg��/���h = ��mfg��Vfg��/���h� +
�� Ifg���fg��/���h� (1)

mball (0.148 kg) Iball (7.7 × 10-5 kgm2)

( 1)

0.001

Camera

(rss)

Cross (1998) 1, 2
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1, 2 (1 : 0.674 m

2 : 0.713 m) ( 0.693 m)

0.150 m

0.688 m (0.693 m)

( impact ) ( 3-2)

incidence (

(Vball/bat) )

0 rad
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�rolling

�ball/post
Vball/post

Vball/pre

Vhead

Line of impactBat

Ball

Common tangent line

�impact

�ball/pre

x y

z

�pitched

�batted

�swing
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22.5

Pearson

Z-score

( ) (

)

p 0.05
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p 0.1

(%)

Pearson

5 %
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33.

3.1

33.2 m/s 4.1 % ( 3-2)

0.02 ~

0.14 rad

37.0 rad/s 8.9 %

0.02 ~ 0.14 rad

3.2

34.0 ± 2.0 m/s (41.2 m/s)

(27.7 m/s) 13.5 m/s ( 3-3)

0.08 ± 0.09 rad 0.30 rad (

) 0.16 rad ( ) ( 3-3)

(2012) -0.24 ~ 0.26

rad

15.0 rad/s
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13.9 rad/s

0.17 ± 0.20 rad -0.50 ~ 0.87 rad

( )

67.2 ± 3.0 m/s (58.9 ~ 76.1 m/s) -0.09 ± 0.19 rad

(-0.77 ~ 0.55 rad)

(r = -0.98, p < 0.01, 3-5) 0 rad

0.08 rad
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33.3

( 306 ) 106.2 J

21 % 100

( 120 J ) 2 98 ± 0.5

rad ( 3-6) (24.7 ± 15.7 rps)

306 (36.7 ± 22.5 rps) 67

(41.7 ± 1.2 m/s) 306 (37.1 ± 4.4 m/s)

112 1.0 rad -1.0 rad (

17 ) (67.9 ± 13.2 rps) 306 (36.7 ±

22.5 rps) 185 %

y = -1.03x+ 0.08
r = -0.98, p < 0.01

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

-1 -0.5 0 0.5 1

Th
e
an
gl
e
fr
om

ho
riz
on

ta
lo
ft
he

lin
e
of

im
pa
ct
(r
ad
)

Angleof incidence (rad)



92

148 ( ± 1 ,

: 32.0 ~ 36.0 m/s, : 0.650 ~ 0.740 m)

(r =

-0.77, p < 0.01, 7)

2 (-93.5)

(-79.9) ( 7)

F*

F

( ) ( = 0

rad)

( 3-7)

* F 1 (F)
( ) -
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( 3-7)

2

-150

-125

-100

-75

-50

-25

0

25

50

75

100

125

150

-25 0 25 50 75 100 125 150

1.0 [rad]

0.5 [rad]

-0.5 [rad]

-1.0 [rad]

70

60 70

50 60

40 50

30 40

20 30

10 20

0 10

-10 0

-20 -10

-30 -20

-40 -30

-50 -40

-60 -50

-60

�ball/post (rps)

E b
al
l/p

os
t
(J)
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33.4

(r = -0.81, p < 0.01) (r = -0.71, p < 0.05) (r =

0.87, p < 0.01) ( 3-4)

3 (p > 0.05, 3-4)

y = -93.5 x + 130.5
(r = -0.80, p < 0.01 )

y = -79.9 x + 130.5
(r = -0.77, p < 0.01)

0

20

40

60

80

100

120

140

0.0 0.2 0.4 0.6 0.8 1.0

Ki
ne
tic

en
er
gy

of
th
e
ba
tte

d
ba
ll
(J
)

Theangle fromhorizontal of the line of impact (rad)
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33.5

( 306 )

0.533 ~ 0.837 m ( : 0.695 ± 0.045 m)

-0.0152 ~ 0.0238 m ( : 0.0051 ± 0.0058 m) ( 3-8)

120 J 100

0.694 m 0.633 ~ 0.748 m (95 % : ± 0.044

m) 0.0025 m -0.0075 ~ 0.0119 m (95 % : ±

0.00691 m) (

1 2 ) 0.693 m

95 %

88 mm 14 mm
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33.6

( 3-9) 48 ~ 88 % 7.3 ~ 12.3 J

18 ~ 64 % 6

6

C

( 16 ~ 39 %)

48 ~ 76 %

Eball/post (J) : 120 ~ : 100 ~ 120 : 80 ~ 100 : ~ 80

0.5 0.6 0.7 0.8 (m)
0

0.03

-0.03

(m
)
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6

( 13 ~ 23 %) 3 (

8 ~ 15 %)

(2011)

(2011)

( )
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( 3-6)

( )

( )

306

0

(R2 = 0.16, p < 0.01, 3-10)

(p < 0.01)

(R2 = 0.96)

(R2 = 0.12)

(

)

B, C

B, C

B, C

( 3-5) 2

Z-score B : -1.34, C : -2.00 ( 3-6) 10 %

B Z-score 2.56
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1 % ( 3-6) B

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ALL

J

I

H

G

F

E

D

C

B

A

Subj.

64%

39%

60%

18%

34%

35%

21%

35%

50%

21%

32%

10%

9%

35%

21%

30%

44%

31%

27%

49%

23%

13%

20% 8%

17%

23%

13%

15%

8%

15%

22%

23%

Length fromsweet spot of the bat
Theangle from the horizontal to the line of impact

Thevelocity of the bat head immediately before impact
Theangular velocity of the bat around the long axis

ALL

J

I

H

G

F

E

D

C

B

A

Subj.
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y = -0.014x2 + 0.005x+ 34.63
(R2 = 0.16, p < 0.01)

20

25

30

35

40

45

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Th
ev

el
oc
ity

of
th
e
ba
th

ea
d
(m

/s
)

Theangle fromhorizontal of the bat swing (rad)



101

33.7

F, G, H (p <

0.05, 3-5) C, D, G

(p < 0.05, 3-5) F, G, H

C, D, G

G

C, D, F, G, H

2.6 ~ 10.3 m/s

(p

> 0.05, 3-5)
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( 3-5)

( 2008)
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44.

48 ~

76 %
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1

+ = 1.02 [g/cm3] = 0.64 [g/cm3] = 0.99 [g/cm3]

= 0.62 [g/cm3]

(7.5 × 10-5 kgm2)

(7.7 × 10-5 kgm2)
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4

1

1.

McIntyre and Pfautsch (1982)

( )

( )

(Cross 2005, Cross 2006)

(Watts and Baroni 1989, Sawicki et al. 2003)

2
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(Crisco

et al. 2002, Fleisig et al. 2002, Tabuchi et al. 2007)

(Nicholls et al. 2003, King et al. 2012)

3

1

2 3
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22.

2.1

16 ( 1.74 ± 0.04 m

71.8 ± 4.5 kg 20.6 ± 1.3 ) 9

16 12 4

2.2

40 m

30

( 4-1-1) 10

10 36.1 ± 15.0
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22.3

3

(Phantom Miro, Vision Research Inc., USA) 1000 fps 0.2

ms 800 600 pixel 4-1-1

1.5m 3

1.5 m/s Sawicki et al. (2003) 1.0 m/s

2.1 m

3 m

2.4

y

Success area

(First bounding point)

Camera 1

Camera 2

Camera 3

Pitching
machine

X

Y
Z

30
40 m
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z y z x

(Rxyz) ( 4-1-1)

(Frame-DIAS, DKH Inc., Japan)

0.35 m

3 DLT

(Vball/pre) 5

( H/pitched) 5

( V/pitched)

5

(Vhead) (

: swing) 3

( swing)

3 1

( H/bat) x

( 4-1-2) ( V/bat)

( ) ( 4-1-2)

(Rx’y’z’)

x x y x y

z ( impact)

( ) y

( 4-1-2)

(Vball/post) 5
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( H/ball) ( H/ball)

5

(Dflight) (5 10 m )

(EXILIM

EX-F1, CASIO Inc., Japan)

30 fps 2 DLT

4-1-1
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y’

z’

�impact

Vertical bat angle

(�V/bat)

Horizontal bat angle
( �H/bat)



112

33.

28.6 ± 1.6 m/s 0.0 ± 0.5

5.3 ± 1.0 ( 4-1-2) 32.7 ± 1.7 m/s

2287 ± 147 /s ( 4-1-2)

( ) 4.3 ± 3.9 (16.0

) (-7.5 ) 24.5

6.7 ± 7.3 15.0

(15.0 ) (-25.5 ) 40.5

(2287 /s) 0.0177 s

27.9 ± 6.1

19.2 ± 6.3 (37.3 ) (7.0 )

30.3

22.4 ± 7.6 25.6 ± 10.9 35.8 ±

2.7 m/s ( 4-1-2) (76.9 ± 12.0 m)

(101.9 m) (46.8 m) 55.1 m

(r = -0.04, p<0.01, 4-1-3)
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r = -0.40
p < 0.01

0

5

10

15

20

25

30

35

40

-30 -20 -10 0 10 20

Th
e
an
gl
e
be
tw
ee
n
y-
ax
is
an
d
th
e
di
re
ct
io
n
of

th
e
ba
tte

d
��
���
��
��
��
��
��
��
���
���
��
��
���
��
��
���
��
��
���

H/
ba
ll)
[

]

The angle between x-axis and the long axis of the bat projected onto
�����������������������H/bat) [ ]
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44.

4.1

3

15

3

68

3 x = 1.3 mm y = 1.4 mm z = 1.4 mm

2 1 2

0.87

0.29 2.22

2 (0.84 m)

2 3.9 mm

(15 )

( 4-1-4)
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44.2

( 4-1-2)

15 ~ 45

8.6 ~ 38.5 ( 4-1-2)

4.3

(

(a) (b)
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4-1-3) (R2 = 0.16)

44.4

3

( 4-1-5)

( )

( )

4-1-5

%

7 (77.2 %)

-30 ~



117

-20 40

( )

Müller and Loosch (1999) Müller and Sternad (2004)

Bull

3

3

1

3
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40

20

30

z

y
-50 -40 -30 -20 -10 10 20 30 40 50

10

50

-10

-20

-30

-40

-50

40

35

30

35

20

15

10

5

0

�impact [deg]

x

y

�H/bat

�
V/bat

Horizontal bat angle [deg]

Ve
rt
ic
al
ba
ta

ng
le
[d
eg
]
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44.5

(

0 ) ( 0 )

(

4-1-6a)

( 4-1-6b)
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(a)

(b)
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55.
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2 2

1.

2

1

( 4-2-1)

2 ( 4-2-2)

Angle of incidence

Angle of reflection
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(a)

(b)

Center line

Center line

Vertical

tilt
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22.

2.1

16 ( 1.74 ± 0.04 m 71.8

± 4.5 kg 20.6 ± 1.3 ) 12 4

9

1

2.2

40 m

30

( 4-2-3) 10

10 36.1 ± 15.0
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22.3

3

(Phantom Miro, Vision Research Inc., USA) 1000 fps 0.2

ms 800 600 pixel 4-2-3

2.4

y

z y z x

(Rxyz) ( 4-2-3)

(Frame-DIAS, DKH Inc., Japan)

Success area
(First bounding point)

Camera 1

Camera 2

Camera 3

x

yz 30°
40 m

Pitching
machine



126

0.35 m

3 DLT

(Vball/pre) 5

� ��H/pitched) 5

� ��V/pitched)

5

(Vhead) (

� ���swing) 3

� ��H/bat)

x � ��V/bat)

( )

(Rx’y’z’)

x’ x’ y’ x’ y’ z’

� ��impact)

( ) y’

(Vball/post) 5

� ��H/ball) � ��H/ball)

5 (Dflight)

(5 10 m )

(EXILIM EX-F1, CASIO

Inc., Japan) 30 fps 2
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DLT

22.4.1

1 2

(%)

2.4.1.1 1

(R�’�’�’ x’-y’ ) (v������/��h����
v������/fghh��) ( 4-2-4) x’-y’

(v������/��h����) y’ (����.)
x’-y’ (v������/fghh��) y’

(���e.) 2 (����. �����e.) ��
( 4-2-4) �� 1

(R�’�’�’) x’-y’ y’

( ����.) b c ( 4-2-4)

��� ����. = b

c

(1)

(R�’�’�’ ) x’-y’

(��/���.) a c ( 4-2-4)

��� ��/���. = a

c
(2)

(2) (1) ��/���.
��� ��/���. = ^ 9 ��� ��/fgh

b��� ����.
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��� ��/���. � �����/fgh 9 ��� ����.
��/���. = tan!�w��� ��/fgh 9 ��� ����.x

(R�’�’�’) x’-y’

y’ ( ���e.) c d ( 4-2-4)

��� ���e. = d

c

(3)

(R�’�’�’ ) x’-y’

(��/��e.) c e ( 4-2-4)

��� ��/��e. = e

c
(4)

(4) (3) ��/��e.
��� ��/��e. = � 9 ��� ��/fgh

d��� ���e.
��� ��/��e. � �����/fgh 9 ��� ���e.

��/��e. = tan!�w��� ��/fgh 9 ��� ���e.x
(��)

�� ���/���. � ��/��e. (5)
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22.4.1.2 2

2

(R�’�’�’ y’-z’ ) (v������/��h����,
v������/fghh��) ( 4-2-5)

(��’�’/fghh��) y’-z’

v������/fghh��
y’-z’

(v������/fghh��) y’ (��’�’/fghh��)

2 (��)

�V/bat

z’

x’

y’

�1

�inc.�ref.

�V/bat

a

b

c
e

d

�H/ref.

�H/inc.
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(R�’�’�’) y’-z’ y’

(��’�’/��h����) h i ( 4-2-5)

��������/��h���� = i
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1 (%) =
�� + � × 100 (11)

2 (%) =
�� + � × 100 (12)

1 (

)

(11) (%)

22.5

Pearson 5%

%

3

F 0.05 F 0.1
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33.

3.1

(22.4 ± 7.6 ) 1

7.6 ± 8.3 ( 14.3 ~ 30.3 ) 2 15.7 ± 8.9 (1.9 ~ 46.9 )

(�1 �2) 97 % y = x

Identical Line (R2 = 0.97, y = 0.99x + 0.27, 4-2-6)

1 31.1 ± 35.3 %

2 69.9 ± 35.3 % 146 102 (70%)

2 1

2

10.4 1 10.4

2 ( 4-2-7)

3 (

)

3 ( 4-2-1)

77% 3.7
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y = 0.11 x2 + 5.74 x + 97.53
R² = 0.81
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44.

4.1

97%

( 4-2-6)

3 (

) 77 %

(0.16)

(0.77 0.16 = 0.61)

2

23%

vx = 0.8 1.1 m/s vy = 26.9

1.9 m/s vz = 1.8 2.3 m/s x

( )

2 5.9 %

( 4-2-7)

� ��H/bat 10.4 )

1
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(18.9 ) 8.3ms
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Sawicki et al. (2003)

9 0.0265m (
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22.3 3.3 29.4 5.5

Sawicki et al. (2003) Sawicki

et al. (2003)

Sawicki et al. (2003)

40m/s 14.1 4.5

90m (29.4 5.5 ) 15.3
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(m/s) = 1.1 × (m/s) + 5

40m/s 31.8m/s

45m/s 36.4m/s

Nathan (2003)

= 1.2 × + 0.2 × (Nathan 2003)

(26.2 ~ 33.8 m/s) (29.4

5.0 m/s)

= 1.1 × + 0.17 ×

Nathan (2003)
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