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Figure. 2-1. Hit motion.
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Figure. 2-2. The head kinematics time history data.

3 AF FAAKSEZEERET L DIERL

AF U E %% FE fRITE 7T A 2T 2 -0 1c, HENEHE
B %4 A& FE €75 THUMSH X v AREEFEE )
OREER D 2 2B Y H L 72 AMRSEIET FE €7 L 2{ERL L
7. 72, ERL 729E3EE FE & 7 VI 3 W CHEER o flk{L
KO, HEEROLERE, TR ER~OLEIC LY ik
HENAEAETALICHKEL, BB 7 — A oMM
Tl E X7,

4 FEEEHNET ) VT 2L TR

MG OEEGE TR Z M T 25720, GEEL
FE =7 ViC BT AF BiH#E o IR 2 IR © & 2 360
EFY) v SICOWTHRNEIT o 7-.



4.1 FBIEER FE 7 )LIELRE#hEH 11 S 4

3 B CERR L 72 BEFEES FE € 7 A58 3 2 Hak e i 5
BAF EBTFOHEILHNIE LTRYTH DI L MHRTL20
| G i S RAT 24T o 7. BEEEER FE £ 7 A DR
W e, ARG & SRR R dh o o AR L,
Gt (ALM) % B0 E th Z AR 13 100.0 %, HERE
it IR 7T14% £ LRI 2. CofffrivEoh
7= BRI A IC A4 U 2 3SR 2 SEEEEE e 7 A3 5 BE
e UCEli % T o 72, & DR IC 35\ CSEER T I R
(PSCA) #BLEM® 1.0, 1.5, 2.0 f5& L CHEE 1%
B L7288, &AWk c ol m iR Kz 2 ne
88, 131, 172N t 7 o7-. 72, K¥FAFEFILKY
— R B 3 4 & RN RICHEH E AT o A5 R,
R KA 713 AF BFHET 176.2 £38.4N, — ABH#©
95.8 +17.7N & 72 o 7=, LLbEX v, ABFIEC I3 AWk 2
WEEMD 1.0 5086 % BT R %KM+ 5 €
Tov, WS BEEMED 2.0 50856 % AF ET O
NERET2ETLL LT

42 FEBRIREOFEEENT > IHTE

AF VHER@E 22 FE € 7284 2 1c b - v, SEERE2EE
HIIC 3 2 ISR E 2 FI T 2 835 5. AWf%
TlE, FAEPE dh R B O G % &K 20.0, 50.0% &
L 72 5 & IR P R R 8 % (R R < & 2 B PR AR © &
W 2 sk 72 (K 4-1).

Table. 4-1. ALM balance.

ALM
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x1.0 20.0% 14.3% 6.4%
x1.0 50.0% 35.7% 14.6 %
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%x2.0 50.0% 35.7% 14.1%
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Figure. 6-2. Head kinematics data from the FE analysis.
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Figure. 1-1. The classification of research methods in impact biomechanics.
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Figure. 1-2. Human body finite element model THUMS. The model in this figure is THUMS ver6.

The model was created to faithfully reproduce the actual human body using data from CT scans.
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IE B R HIREFRE (finite element method, FEM) % i\ CFEfli$ % i 13 AF SEEE 22 %
MELZETV VIR TH2HLERH L. /2, ZOET Y VIRRURNFRICEERT L
EERT 20END B,

1.6 FE E7/LOBRFEZAMREBFEDRE

AF SHERHET IR 1C 35 1) 2 B0 )1 03 BHER (5 5 ~ M AT 37528 2 FEM % v CaFiili 3~ % 1213,
AF BB L L CHU R AR FE ® 7TV ERERT 2 0883 H 5. RIS I 158t o %)
RERMETT21CH72Y, AMKFE 7% AF SEHEERICEH T 2 HEHREZHHRL 2%
TNETDEIRERD D, X 2T, KT CIIBIH IS L SR D 2 fUICEH LT AF
2RI B 2 HE IR B A His S L & L7,

¥, 1AHE LT, AMEKFEETABHET 2HEMNRE % AF Bt 2 E L =i &
T Ll Lz AFBEFEZNRICHEE N % HE L 7205e P &Ik AF Bk % o R I
T BE L7 ige U0 <3, AF 5 139F AF B TR CHBICK E R 2 H $ 5
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Do TS, ZDd, KFFETIEAKFE €7 VO H /1% AF #ifi# 2 HE L
FHRHN EFAEL B XK T A= 2DEIEERITH. B S O oWfsexiho, AF #itiz
R E L 7= T ERAROBE 3L AR ST 385, 245 O HIE SR I3 HE £ ML H
EFIEIC K o TR K & K B 2 T & CEFIPUEIC X 2 3EH MIE 12 MK FE €7 41
BPOCHAERETMHI Gl R ED D, AKFE &7 0 OS24 Mk
RICHEMRMERRZ TR 82 L IR TH L. X oT, RFFETIIAKFE €7
v DB N2 YR 2 B & L 22308 I AE LR 2 17\, AF BiBcE 2 JUE L 72305
NaHT5NMEFE TV EERT 2.

¥72, 2 mH & LT, AF BHE#ZER D FE BT 217 5 1< & 72 b flif 22y o G ML R e o i
BUCHLY fEe. AWFFECld, BEPEMEE % R T2 2HTHINE T VOFIEEE T v 2
R, BHHLZHIGEENT v A% —ElE L CHETHNET VICS 2, SAEEZER O Fink
MREZ BT 2L 22T, BHAETVOMGEEZ EOBREDHICT 25 L »
IRIERAE L 5. —MISHHETERE OBIE ICH W & N 2 BT X 2 TR IR 2581E <
Z20RKEOMADAHETHY, FEHEHEZ DD O RAFHENDED T IHKIET 57205
BRI I 2R DG 2 E® 2 2 L3 L\, %2 2T, AT IR AR ph AR EE O A TR R
28, SHEEZERF O MG & L CR U AHANTH 2 L EZ 5D 20% KU 50% &7k 2854
DIFEEEANT v 2 EAWE 2 & LT,

X b, AF SHEBHEZEF D FE T E 7 V2T 2 10h 72 0, YL R T 20805 TH
L. —RICA VoS RN L F X = 7 ARRFEIC B CARBUERRTE TV D2 YR 1T
BUC IR 7 v 7 4 TR OME & oI TTO N 2 2%, WHEAHIF 2 & 14 72 Kk
T=E2RFoNRVEVIHERD L. LrLars, KRS NRE T2 AF TEIBE O
e b, SR ICHEERE RS L B, GEE O R R — Y BEE 2B L R wRY T, Bt o
BT —2 %2 ET 2 2 &3 m EREIT R, 22T, WD AF BN T 5 TS
RN L L CHEEER O AENFICELZME L, FE T VOZUUEMELITI 2 & 2R
L7z, RifFFE T, AMEOIIFINEE DR L L CHEEE) LI X A~ T 4 7 RAICDW»T
HEx RS & LT,

INE T, AF BN TIHET 2 SHEHE 28 %2 0 RICHIRZEH) M O * 4~ T 4 7 A% JIE
FTEMEIE LR AR I N CTE 7z, BURCIE, BAREH MO+ ~T 4 7 ZAOMiEEEZ —v X
7 LN CIEREICHE 3 2 MERM IR I N TES T, BREEFICOowTlEE—va vy 7
F ¥ (Motiona capture, Mocap), SHE* A~ 7T 4 7 RICD W Tid~n A v + NERICERRITH
v v &AL HITS v 27 4 M vy 257 — FEl 6Dof & v F 7 EAH LB DA
—f%f)TH 5. Mocap I X 2 B RZEIHIE TIXIEHEZRBITE 21T 9 2o i idgfkic~e—H—%>
F2RMENDH B L0, AF BRI E T 2 B ARZEEIHIE L BHEF A <7 4 7 ZH
GEZRIRFICTT o 2208 I3V v, £72, AF BT OEEF <=7 4 7 ZMERRICO W T
Crisco b 1 %, EHS 12 Offf e CWE I N T VB R, HEFA~T 14 7 27 — X DRAMHE
EFROWTRHIL T &, SEEREHZETMASEKETH Y FE €7 A O 2 L PEMERIC 1358 L
T,
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L7243 o T, Hi7-1C AF SEHEREZEREARNT £ 7 v D 2 4 PEfERE 2 HIv & L 72 AF SEES 22k o
BREEHHE R CET X A~T 4 7 ZMEE LT 248235 5. KiFFETIE, Hit &IEiEh
% AF Bti@hfE (X 1-3) ho G ARBE RO F A~T 4 7 2% 5HliT 5 2 & & Lz Hit &)
EL X AF i W THTET ICADL > THERDOIEH 225~ A v b E WD 3 5 ClijZed 28
Ecd 5. Hit BIfFIIEES M —E CHEEH)IFFICRRmM ETcoBE kb7, fhoiH
HAEEE L RN CHRE T VOBELRS TH 5. Tz, KRN TOMEBICIR > T <
% 3 72® FE €7 VO ZYEHERBTLTVEIETH 2 L 525 2 25, Hit Biffo &k
ZBE S NAWTZE 13 Hit Bi{E % 3 2 AF SEEE 2T £ 7 2B L, 24 1EMR%
1ok Lt

(j)t = 2msec (k) t = 84 msec () t = 96 msec

Figure. 1-3. The pictures of hit motion. Hit is a football action that a football player attacks the

opponent player from the front of the body. £ = 0 msec is the head impact initiation time.
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1.7 HROBHICFE

KFFED B3 AF S E 22 B ERRIC 351 2 AMRTT 22008 O HIIE 3 % 22 Y MR I W
C, AF BHEBMEZE FE fi#bTe 7 L 2 EE L, S S G H IC KIE T B2 G2 2 & T
»5.

AIFFECld, AF BiEEI(E (Hit Biff) oo B ERZEHHIE K CHEE* 4~ 7 4 7 ZHIEEH
ATV, MERROBEREZITI L L bic, WEMREZMEET 2 FE #HTE 7L 0 2 4 IC
w2, %72, AMABEZES FE €5 4 ¢ LT THUMS X Y JE3EE D FE €7 v %2 L, AF %5t
HHAME LB 1 N7 A — 2 % %ET 5. kthic, Hit BIfERED AF SR 2E % FHI 3
% FE fi#tre 7 V2 M3 L, HEEE L 7 FE @b 7 v % v CHER AR 1 23BN G 3 I RS 37572
HICOWTHHIZ1T S .

1.8 AR DIEM

H1ETIE, RROERMTHWIZOWTE~T.

92 #Tlk, AT FEM IC X 2 T 7 Vo8 % His 9 Hit BifF 0 J &% 8hHE K
S F A ~T 4 7 RAMERBICOWTHHT 2., 22T, 7 4E—vavFr 7 Fr R
7 2 (Video motion capture system, VMocap) (€ X % Hit BifERFD S AR BHIERK R L, <7
A — FAL6DoF & v ¥ ic X 2 BHEE RGO F A~ 7 4 7 AMEMREZRT. £/, B
5% T AF SIS FE €7 V2 LT 210H72Y), TV VLB TEETRE N2 EX
T 5.

%3 #ETlE, %55 =D AF HEEREZE FE @€ 7 L CHv 3 AMKTEEES FE EF A 1I22»C
T 5. F7, AMEFE =T A2 RKMA -V iciIiG L7227 e T 27010, BERLGT
B BE 72 NMATEIEEE FE €7 L~DUEET ).

AT, 83 ECERT 2 AMKEEMEE FE £ 7 L O 7145 AF il o Bl &
FEE 2 X ICHTHRAETANDNNT A =R ERET D, 72, AF HEGBEERICEH T 53
B D G TR 2 FI S 2 7200, FHEH ) P A B 2 MR C X ZEIE NS Y RO H
HET95.

FESETIE, FLETHOLNIGEREHRPTHETL X A ~T 4 7 2OHERFZEZ D L1, AF
R DSHERE2E & 5Bl 5 FE i#rE 7 v 2 #8535, AF SEERE 22 FE fi#hT £ 7 v DS C
%, 2B 3 BN 4 BT AF BHEETZE O 5 EE 2 UE L THEHANET VD87 X — X & 5E
D7 MNEFE EFA%REMAT 2. £72, MR L T T v ices T, HE N OmistEss
AL, HEH I BETGE~RIE TR EEERT 5.

BoTmTIE, AMROMMmL SHOBHEICOVTARRS,

14 AKX D 70 —F v — %R,
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Chaper. 1 Introduction

\

Chaper. 2

AF head impact measurement

Pose detection by OpenPose

Vector Mouthguard

20

s

Rotational Vel Y [rad/s]
(=}

20 40 60 80
Time [msec]
Head kinematics data

v
Chaper. 3
Head and neck FE model

Extracting model
from THUMS

Modeling for
implicit method

/

Chaper. 4
Cervical muscle modeling

Cervical muscle

Qength measurement Muscle balan(y

Chaper. 5§
Cervical muscle modeling

-

\

Comparing experimental and FEM results

Y-RV [rad/s]
I

" ~

s

0 20 40 60 80

(b) Yeaxis ek BSe L etocity.

FE model forhead . poes cervical muscle strength help prevent head injuries?
k impact analysis + What is important for head injury prevention? /
Chaper. 6 Conclution

Figure. 1-4. Flowchart of this thesis.
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$28 AFEIEREFOENEEERER

AFE Tl FEM I X O AF $itdirh o SEEfEZe 2 TRl 2 1ICH 72 0, AF SEERE 22 D B (428
HROETFA~T 4 7 ARBET 2K T v 7 4 TEERITV, AF HEIREH RO A KD 11221
JBEICONWTER R [To72. AETIR, 2OFRT VT4 TEBROTELFER, 20EREZRT.
KR T v T 4 7TERETHENR & L7 AF BEERE 2250 13 Hit BifF & iFiEh 2 AF Bifio v —
74 VEWEICE U 2SS CH 5. AWFZE T, Hit BiERFOBNER % b & I VMocap i< X
2 BRZEHIE &~ A4 — FH6DOF & v Hic X BT F #~ 7 4 7 AT % FEh L 7-.

AKEBOMENRE X, K¥EAF F—LD AV A= 94T, 24OHENRENR<T LAY
Hit Bi{F % Ffi L 7z. VMocap i< & 2 S AEZEBIHAIE OfG R T, Hit BifERfICZ T FHLET D45
AR L FE A 226440 80 msec IC B W T T 81.4 +41.3mm B ICEN T R E o7z F
7z, 2T FEF ARG O M E 7 18 O (BI85 A B SEE #2849 80 msec ICFH T 14-19deg D
AL 725 2 Lo T,

¥/, =V AN — PR 6DoF ® v Hic X 2 WIER R TIE, BHENE.CERR R (3R 1 X
P RRLEL{LZ R L, ZKO TRd ¥ — 27 DHEHES K & 5> 72 x ili7 i ET E.OE
FRIEE a, (IETRE 22240 5 msec T —150m/sec? &) v — 7 fHIC R o7, F7z, yHll/iA
SHYRELO A w,, IZFEEE 2812 30-40 msec £21C 5\ T ¥ — 7 fli#) 10rad/sec & 7x 5 A %
RL7z.

BAERBE RO X A ~T 4 7 ZAOWEMBR LY, 2T FRETF o FH 5 O EARINEE R O
SE RO A (A& 225 & 80msec ANIC Y — 27 2l z T3 2 &2 b Hit ifEiIcEs T
G EIRET 2 ) R 7 o O IZIHE#ZE% 80msec R TH 2 L Fx 5. £z, ZDX[H
IZ B W TR THLET 0B85 o 80 mm &7 I 8) L, (KEEIZFE T 14-19 deg
JEFANCEERL TH Y, b OREEEHIIIHTEHICGEEL 5282525, b,
Hit #1135\ T Hit 247 5 0 FEEHHZ T FRIFEICfHTZR S 2 2 4 2 v 70 XY S+ 4
~7 4 7 ADORRIBEEICESAE LS L0 b, (el eh TR EL 52152 &
S %, FEM IC XV AF SHERTZE 2 83 2 BRIC & Rl e OB i B o 2 B o B (Z S ©
HbHEEZD.

ST oW TP ITR Y.

2.1 EEREIE

AREITIE, AW CEME L 72 Hit EHfER O S A B) R OB * 4~ 7 4 7 ZREFRER DB
oW Tdh~3. ¥k, REBRIZFFTKRAREG TR EMEEE S L Y KR 257
ECHEfML 72 (A KE22-10, WFZE3YE : (= v 24— FRIEE 2 v Hick 27 A ) 7
¥ 7y bR = Vgt O BREES) 7 — 2 FHAL).

2.1.1 BIEEE
AEEOHIEFEIZ Hit & "EIEN 3 AF Bitionr —7 4 vEIETH 3. Hit Bi1{E 13 AF U5
122 % DFEFN=T ZfHA, Hit 217 5 {1 (Hitter ) & Hit #5213 2] (Receiver {il) <%y 2>
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n<frbhza (IX1-3). Hit BifE <, Hitter filiEF 13/ F % Receiver filiEFOfITIc, ~n
A v b % Receiver fllIEF D~V Ay MIZYTS X5 ICflzed 5. o, HETGEET OB
2~ 5 Hitter fil3EF O ljF 25 Receiver HiEF DOMTic Y7z o 2B, L I, FERIC~L
Ay PRELERT S LRI LT 2. Hit B I AF ORGRIC T ETF OB & %
1k, ERRZH <RI fThbil .

2,12 AIESRMG

AT, WD AF MER L FIRIC 2 4 OMENRE R <T A, Hit BIfEx{7o 7.
Z OB, 2 A DWENRF IR ZDEGICH S X5 L~ Y 27— FE 6DoF & » ¥
Vector Mouthguard (2.1.5 15l 2R3, ) %255 L 72, Hit BifF 217 5 BR 3@ O By
CRIFEDBECHEE VT LHIKIERLAEDATH Y, ZNUIDOIERIZG A Gd o7, K
F8iTlE, Hitter fliETF M O Receiver HliET, HEOMAGDEEZLE L 200, AEft 308
Y DA G DRI L CTHIE % 1T - 72, HIE %17 - 72 Hitter fil;ZEF & Receiver 3% F o fH &
AbEIcoOnTIE, Appendix A2 K A3 IR, ZREZNOMALAEDRICHL ThRCLEDH S
m o7 Hit BifF) %f1-o72. 7z, EERFFICIZHIEXNRE M7 X » Bl 217 - 7.
BER D 7 L — 4L — kT case 1-3 2% 36 fps, case 4-30 %° 240fps TH o 7=. 1-3 IT case
13 D FERRE D Hit BifF okt %2R 3.

2.1.3 HEXRE

AREEROMENFHF X, BAFEAY: AF EW 15Y — 7@ T 2 K AF F— 2D X vov—
9% TH B, 9ALDHENREREOFIH R, VOEKE, FHFERITZNAZN 176.4 £5.0cm,
82.8 £5.9kg, 22.0 +1.8 K THo7%. FHMENKEDO LK, KHE, Fi, K av, AFH
L Appendix A.1 & A-2 1SR F. HIEXNRE O AF BHEIL 4 UL LOEFH 5 4, 24
FOBEFD 1 4, FEOEFLILT, WINOMENRE D AF Bilifra o HlES % L —
TAVEIEL LCHRERLTEY, RBICEMTE ZHEL_VIch o 7,

214 ETAE—2a R v IFvIRTLICLZBRERRETE
REERTITLEAHETE 7 v =2 X 2 OpenPosel ¥ % Fi T Hit B1E D17 Bhili{5 2> & & R258)
HIE % 1T - 72. OpenPose I X % HIRHAE RO —Fl% X 2-1 1</R3. AREERO B miR < i3l
ERNREDB~NV Ay P EREFLCTEY, HH LY Lo GEIICHT 2 BB IRRETS -
728, (REREICBE L I B R ENAE 21T 0 I+ e EE cEg st . 22T, RE
Bi<lx OpenPose DEIIEHAEF X b, Receiver fllFEFI1CD T, BAGREZEHIGKRE D5 B AL
BTN 9 2 BHERE 2 O B RERA A, S OF, BHERET ZE BRI AR R O (REREL A B 3 5 SR T 2 1%
DIRERER R ST [0 (a2 BHY U 72, BHERE 2B aa R 0 B B BRALIE & ARERER A AL (301E W R
DIE L EAST L 1T Receiver IEF 230 2 2 (E-C, BRAMNERD Z L&D b EBERT
LICHE B, 2D, ARIFERCILTHERE SRR R O B IR ERALE B R A 1 3 5 2L
FOBEA TR T 2 2 & & Lz, £/, BRIME, X0, R LR 26, Hit
b o 2 4 0ET OB & ZEERIEN G A OB % 23S ZEMTH 0, BITEHFROB)E (ZMEE

17



TEDLIE L. UTIC, &HEEMOREFIEEZ RS,

T, RPEE LI I 7Y ORI ERD . AT, ~v Ay PoRE (X
2-1 © Hitter fll~t A v + FICRKHITRLZKEE) 23300mm TH 5 & L, ZOB#HEGICE T
21627204720 DRI ZRDE. WTFNOBHEERD 1 v 272Xz DRI 1E1.4-2.1 mm
DHIFANTH - 7=,

Kic, BHEE D27 % OpenPose I X 2 BRI H 2> 5 FHI L 7. OpenPose T, keypoint
EIEIE N 2 AR B BRETNICHH Y 3~ 2 (1B A3 RK 18 22FTiEiE X 115, ARW9ETld, OpenPose
IZ X o THERE 7z keypoint @ 5 H R Hip, &L, L Hip &7 kA& (X 2-1b) % HfS
L, 202 HEHIMOyOFEEERTOY 7 R fEL L. ZOHi7-icke 7-d 4% Hip
IRz LTS FWHEBRI LIS, HT7L—LICBF S Hpovr s e fiEzHl L, BHE
EZRFRFE 7 L — LB 5 Hpov 7 e iz fim e L, &7 1L —24Z & oD Hip tHx e 2
iR RO UEOFIETHE LN 7L —4IcE T % Hip OHX v 27 2 A f7E ot L
T, LRHCHELAZI 22V YLV ORIZFET 5L T, H7 L —LicH T 5 BHELA
E L7 HERERIIX 2-1 IR E T, BIE{RICE KA E 25 x Bil5 A, $hTE L& A8
yEiHTH 5.

¥ 72, (RERE o [BIEEA 13 OpenPose IC X » THEE & 117z keypoint @ 5 5 Neck & Eit TR
7ZHip DY 7 2 MEP ORI L. 7L —L T8I Neck DY 7 2 fIE S Hip D827 %
IATE %8 2 EROME E %KD, Z OER & BERO x i1 D 771853 70 3 % Rl A R &
LCHE L 72, SEEEZERBR 7 L — 210 B 1) 2 RBEAEICNT 287 L — 210 BT 2 (k5
B DR 4 B 2 ARERER D [l & EFR L 7.

7272 L, OpenPose IC X 2 HEIEKHIETIX, %71 —2L41cBWT Neck, R Hip, X,
L Hip @ keypoint 223 L dHTZ 2biF Tldav, LEiloBHBERICEWTHBHTE T
W7\ keypoint 23FETET 2 B id, it L 2 BB ORI O 7 L — 4 X Y BUBRIRIT 5 2 &
XY RiEfEZ A - 7-.

2.15 BEERF RV T U RBEFE

AWIFETlL, AF B O HERM 22N IC B 1T 2305 F A ~T 4 2 AZMET 21CH-Y, =
7 A 77— F AL 6DoF + % Vector Mouthguard (Athelete intelligence, X2-2) %H\w7z. K+
Y & LPENICEEE L 72 IRRE© AF BB 2175 &, BHE@EZE % ABRAI L CHi* A ~7 1 7
AT — & (GHERELOERIGESEE, PHERE.C AR, BEEE.CANMELE) 2RI g > 27 A
Ko TWw3, Bl AT 4 7 AT — X FX 2-2b IR TEFER A HLHEICH T S b, RE
BRcid, 9 ZoHENRE LT —AICDE 1 DD Vector Mouthguard # FHE L, %4 DL
EPNZARICE 5 X 5 ICKIE L 72 b ¢ Hit BifFRsic & % X 5 ICHE/R L 7z, Vector Mouthguard
BHHAKRORT % X 2-2¢ IC7R 3. Vector Mouthguard @ 5£#fll 72 L4k 12 Appendix A.1 ICFEiR 3 3.

2.1.6 FEERFRI T U RICED < BIMEEA
SEEFEATIC 51T, AADI E LI L > THH* A~ T 4 7 ADMEDEDZ T L %
BT B 720, NRREIC X b7 WIEBR CHEF A~ T 4 7 A&l T 2 BESH 5. AL
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(b) Hip position and Torso angle.

Figure. 2-1. The result image of posture detection by OpenPose.

T, X 2-3 1R TGRSR THEF A~ T 4 7 A EFHITT 5. SR TR R O JF
FIEEE L CH Y, SEERELIC L CHIT A x ES 1, ARG S y Wik sy, T
[1725 z BIEF T H 5. SESSPTEER X, BHE O HEES) K ORI EENI > CRRRZEE 3
3. KX TR, TRTCOEFEF AT 427 AT — KO WTH 2-3 IR THEERATERER
DIECHHI S 2. AT, FRCHI Y 2372 VIR Y XIEE * A~ 7 4 7 ZFEAE Dl A 13 55 e T s
Bom<cd 3.

Fr, HEF AT 4 7 AT =X OHEEMGEOFAE D R 2 & FMIT 2 SEEG & MR EE A3
REINT WS, ARHIZE T, FEHEOERINEE 2 5 HH & L5 Head Injury Criterion (HIC)
T OSEEREC A E A & B & 1L 5 Brain Injury Criterion (BrIC) # SEEMEEFFGIEE & L <
v 3. HIC BEEFERORKEY 22, BrIC 3 0% AEEIRIEGEO X 5 2/ MEMHKIES O
FAEY R 27 L OB R, BEERMEE I B 2 HR IS O T ORI Appendix D 12787

22 ETAE—2arx v IF v XATLICKZ BHEEAERR

AL Tl case 11, 12, 13, 17, 18, 27, 28 @ 7 77— RITD\»T OpenPose % F\» 7z F &
EHFHUEZTo72. o7 — R, WEROEEZEZ L 2BHEEO 7L — AL — b 23
240fps TH Y, 2>, [l —ANT Vector Mouthguard IC X 28 F A ~T 4 7 AT — 20
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70 mm

~

(a) Component. (b) Coordinate system.

W

=
<

2

X

Sensor part

(¢) Example of wearing the Vector Mouthguard.

Figure. 2-2. Vector Mouthguard (Athlete Intelligence). This device is equipped with 6DoF sensor
which can measure the head linear acceleration, rotational velocity and rotational acceleration. All
head kinematic data are output based on the coordinate system shown in the figure (c). When this

sensor is placed in the mouth, the sensor part protrudes outside the mouth.

z

Figure. 2-3. The head local coordinate system. The x-axis is positive in the forward direction, the

y-axis is positive in the right direction, and the z-axis is positive in the downward direction.

SEHIUEMECTETEY, ZNL0TF— X ICHRENHRECTCE L2y —2TH 2. UF, 207
r—ZZ%valid 7 — A ELMERZ L LT 5.

2-4 12 OpenPose IZ X > THE LN/ — 2 TOFKREEEHEHEDO & LT, case 17
IZ 3B % S 22 E 2> & 80 msec [H D Receiver & T o B8 x il 5 2807, B850 y 6l
FIZENL, PRERES A FE S MRS [ f  RE LR 28 L 2R 3. £ 72, BHEEEICOWT, &7 —X
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ORI FERZIEZ L L 2 oFEFEEZEE L, FHL a) F— (P + FHEREZE o #HiFF)
ELTRLTWwS, 2T, ZiEEoMEhizMZRL CH Y, KXt = 0msec |TIHAFMTZE 23
FAELRRZIE LT3, DI, FRCHT D 2370 R D 13REH) ¢ = Omsec |3 SAGREZE 23 F 64 L 72
Rzl e 3 5. £7-, B8 x @7 IEDE & 7 5 D13 Receiver HIET D H K231 177 )
(7)) CBET2HATHY, BBy W7 mEMAEDE L 72 5 @i Receiver ilIEF O &
RAgnE Lim & i (B CB#ET 254 TH 5. T, REFERIEIELA 12 E ST R 23 (AERE
B RTH 5.

case 17 TlE, K%l t = 80 msec IC 3\ CHBEEN x W7 RN 2% 93.3 £14.6 mm, HH#EH O »
fil 5 250723 16.0 £8.31 mm, (REEEAEAS 72.8 +3.3 deg, A O MR A LA 11.6 £1.9 deg
Lizotz.

F7z, B2-51CX2-4 L ERRICHIE U 7 BRZEENIC B 3 2 BAEEEIC DWW T, &7 — 2D
REZIEZAL & valid 7 — 2 D 2T IC oW R L - B4R O RLEE (L L O Z D a ) F—
g, K4l t = 80 msec TORRIT A P L 72 B HEER x Wi/ 2507 1% 81.4 +£41.3mm & 7&
D, By 5 26013 13.3 £33.9mm & 7o o 72, Bt = 80 msec THRERHER o [H]dE A FE A
14-19deg OH#iFH & 72 5 Z & 235322 o 7z, WiZl t = 80 msec TORGRIT %2 P L 7 (K o [
TEAREIL 16.4 £1.9deg & 72> 7-.

150 20000 Average
'g ! E | Corridor
£,100 ! ) i
g | R
£ 50t i £ :

) ! o o ! o~
E y FER | N =1
g 0 g i
a a
070720 40 60 s0 1097020 40 60 s0
Time [msec] Time [msec]
(a) x-axis displacement of hip. _ (b) y-axis displacement of hip.
: g n

90} | 220 |
W | g i
=75 | g | ,
PR I -~ 5 107

%D i PR ""/ ;'5 i //“\’I
< 60 = g

! & Opr
45— g sbid—mr——z
0 20 40 60 80 g 0 20 40 60 80
Time [msec] Time [msec]
(c) Angle of torso. (d) Rotational displacement of torso.

Figure. 2-4. The time history data of physical behavior measurement with OpenPose in case 17.
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150r— 2001 —— Case 11 average
— | — | —— Case 12 average
g | g N Case 13 average
= i = 100t i —— Case 17 average
5 i 8 i ----- Case 18 average
% i g i Case 27 average
E i E ; Case 29 average
o : o |
Z i .4 o TETSETY All average
A i A i All corridor

070520 40 60 80 1900 20 40 60 80

Time [msec] Time [msec]

207

Rotational displacement [deg]

10r
i Oj,,a’déf' :
457020 40 60 80 70 20 40 60 80
Time [msec] Time [msec]

Figure. 2-5. The time history data of physical behavior measurement with OpenPose averaged for

each case, the time history data averaged for all cases and its corridors.

2.3 SEEHAELROEE

OpenPose % i\ 7z B RZEEHIIE ©f b 72 ik fT & & © IR EIRZIEL T T — 2 DR
BPHIE L 72 80 msec [H]CDHHRKE 2 20 KIZETH 2 Z L 025 7 4 DR E WIRFZIFEZAL
ERL7ED, 7 —ZATORITOFEEE2EHNT 2 2 & CR 2-4 IR X 5 R B ARZEE) O #E R 2
AT % 7. Case 17 LAt valid 7 — R 1D WTd case 17 L FREORIERE ©, B{kZ%EH)
DOIE MR T % 72.

25 RS H T — AT L O EREBHRAFEZC R S 5 &, A #E x T AL ic o
WL, WIROT —RICEWTYH, FHEHERERD S IETRICHENST 2 AR R o, —
73, GRS y WhOT AL IO WL, BEEEEEE D SIS 2 7 — R LA T B T — AR
btz BB y TN — R X Y B 2 EEER 2R L 722K & LT, Receiver i#
FORBEHAEDENLEEZ SN S, X 2-5c ic/nd Receiver I3 T D AERER 4 D K4 FEZE
bz lz L, 7r—2IC X o CHIERE RN ORI AE L RE 2 2 L3305, TRIFET —R
IC X o T Receiver fliEF2357% 5 Z Lic XY, SRR 2BEOREZT7 A HENRF IC X - TR
B ENRHENTWE7-0TH S, (case 12 & case 13 KU case 17 & case 18 (X [F U Hitter fill;#
F- & Receiver fliEF O A L THHICHEZ 1T o 7251 TH b, [ U1EFCTHNILTHEE
R DRI AE ST WEEZ R LT 0B 2 b, HIENRE DE S TEERE 22 O (AR A
EOBNCHNATH S EREMNTING, ) DR, G8EREy il 20 & AREEA E %
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95 &, SHEREERFOEEIHMAERRE W — 213 L, FBE y @7 mZM 2 EA RICK 2
{720, FOICSEERE ZERF DARERER A EE AN S Wi — 2 TlE, SR y 7 227 03 & 7 mlic
AT 2 L0305, T, SREAEROKREBEAEARE W (KRR [EE Lo T
W3 ) BE, BROELMIENE 75 729 Hit %30 2B 858 y filE o S iaicBE L
T2 TNEDELERTE S,

¥ 72, BB IO W TIE R — R\ CHHEE 2% 0 & B N3 2 Em &R L
7-. SHEREZEFAMAF O Receiver EF OARA LIS 7 — R X > TR 523, FHEEZRE
@ Receiver I3 O (Rapil Ml A (X BRE 2R ORI A IC X o3, Rk RZIEZE 2R
LTWw3, kb, HFEEREEEA i Receiver ET OfE{kz2ic X 2 &2/ & <, Hit B
Rf D Receiver flEFLEH 2 KT 2f5ETH 2L F 2 5.

PAEX Y, Receiver MIEF 05 #H x W7 M2 67 & AR LA 1 Hit B1{E %217 5 #F oM
HEDIC X T FMRBMEA 2R T HEEHEECH L L F RS, Lo T, 5 ETHE
3% AF SHEREZE FE T € 7 1B\ T b 5 HEER x Wil7 a1 2807 S OMARERER [R5 ) A3 22 24 70 IR§
GEECERT L 2 ERT 5LELD 5.

24 YIRAH—RBI6DOF o HICEBBEIF YT 7 XBIEER

Vector Mouthguard IZ X - T 672 &7 — A CTOFHIF A~ 7 4 7 AMERROH & LT,
2-6 1T case 13 I3\ % Reeiver {33 T o AR IEHRANE L S OB AR ER L A8 FE o B A1 JEE
AR T. WINOEEFX A ~T 4 7 2568 x, y, z BT A E B O =8 A O il 1
I TT 7 7L T w5, FHkiE case 13 THEML 72 5 MDAIT TR & N 7= F3 (T DUHEEL * +
~T 4 7 A ORHIEE{E R L CTE Y, BEHRE 7L —C@lEBY LaEniE s HoRiTs
EH L REIEEfLE Z0a ) F—Th 3.

Z T, Hit BifEIC 3BT Receiver I3 FTHER D F2 8 B) /7 6] |3 SEAE O AR L 25 x fili& s
F), BEPREELAGEE X y BhE 0 IE R L 5. X o T, ARIFZE T x 7 mSEEREOIEE a,
(K 2-6a(i) KOy @Y OUEETECARE w, (K2-6b(i) ICEHLTEET 5.

T3, a, DEFZIELACIZTEGRMHIZ2E % 2> O MBS H N LEFZ t = Smsec fhii Tt — 2 %
Wz, %Dtk a, DHHEIZIRA L, K%l t = 45 msec 11T 0.0 m/sec? (R T % % R
L7z, 2o, v—2fEi3f —150m/sec? TH o7, —77, w, ERHt = 20 msec fFE2 6
MBS L, K%l ¢t = 40msec fHE T —2 %2z, %O — 7 fHi3# 10.0rad/sec & 7x
B IRIEZAL 2R L7, $£72, w, 13K ¢ = 80msec (23T 5.0rad/sec FEEDfEZ R L 7z.

FevsC, K 2-11C case 13 TRUF S N2 K IT O F A ~T 4 7 AT — X KU case 13 DF
HEEH* AT 4 7 A7 — X X0 R L 2BEEHEEME L 2 oBEEHERE ) X7 2R
HICI5 I DWW TidiRART 13.0, P L ZBHEF AT 4 7 AT -2 TII 8B Lotz T
DORITFHRELEZAL X 0 15 5072 HICLS fE2 b 5 L 2SR ERE Y 2 7 1%, SHEFE
PrRAMER P(fracture) = 7.50 x 1072 TH o7z, F 7z, FEETEOMEE O Ffelif (to — 1)
IB L 2Bt = 2.0 — —18msec DHIFHTH -7z, —J5, BrIC Zf AT 0.24, RfTFHT7—
s o OFEMAEA 0.17 TH - 72, Z OFUTFRZIELL L 0 5o 7z BriC iE2 5 FH L 7«
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AIS1 K OF AIS2 tH o {5 & 78 A%< P(concussion) 1& % #1Z41 0.94, 0.03 TH o 7-.

Table. 2-1. Head injury criterion values and their risk of injury occurrence calculated from each

trial of case 13 and their average.

HIC15 (t1-t2) P (fracture) BrIC P(concussion)as;+ P(concussion)arsy+
Trial 1 9.2 (4.0-18.8msec) 1.1x107% 0.21 0.99 0.05
Trial2  5.5(1.2-13.0msec) 2.8 x 1070 0.14 0.78 0.02
Trial 3 9.7(2.2-15.0msec) 1.5x 1078 0.17 0.93 0.03
Trial4  6.2(3.4-18.4msec) 6.7 x 1070 0.20 0.99 0.04
Trial 5 13.0 (1.4-16.2msec) 1.0 x 1077 0.24 1.00 0.07
Average 8.8 (4.0-13.0msec) 7.5x107° 0.17 0.94 0.03

o, M2-7 ey =R DT VI X & =T 4 7 ARZIEZEAL KO valid 7 — &
DEFRITE FHLEE* A~ 7 4 7 ARZEELe 202 ) F—%2RT. 272 FHL
7z ay OWRRIEZALIC BV THIFL] ¢ = Smsec 1T — 7l —150m/sec? &7 b, K
t = 45msec 1T 0.0m/sec? ICINH T 2 HIBELL 2R L7z, £z, 2FTFHED w, I£5
WTh, KR ¢ = 40 msec {1 T v — 7 ) 10rad/sec & 7% Y, Z DHEKH| ¢ = 80 msec I ¥
VT 5.0rad/sec FREEDEZ T L 7.
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(b) Rotational velocity.

Figure. 2-6. The time history data of head linear acceleration and rotational velocity measured in

case 13 in which case player 4 hits against player 5. Each line shows the time history of each trial.
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(b) Rotational velocity.

Figure. 2-7. The time history data of head linear acceleration and rotational velocity measured in
the valid cases. The lines show the average time history of each case and the all trial average of

the valid cases. For all trial averages of the valid cases, its corridor is also shown.
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2.5 BERFRNTA IRBERROER

T3, M2-6 XV, case 13 D& ITooBEONELF AT 4 7 AT =X ICHBRERD S
ZEHHERTE S, Valid 7 — 2D KT —RicE T RRICE T —2ANORIT2 kT 5 &
PR S 2 2 L DR TE /-,

RKIZ, a; DWEZIEZAC TR ¢ = 45 msec fHITICH T 0.0m/sec? 1IR3 2 {i# ) 237
RATELD, ThF~ Ay FREIOEMIEE L RS S 5 L E 2 bhn 5. Hit BifEROMKT %
LIS B TR ¢ =45 msec ICHY T 2R 2R T2 L, ZIEK 1-3elcdH7z%. 2D
KEZNIC B 1 5~ Ay FEOEMMIREZ RS 2 &, ETHRERZ> OEML Tz~ Xy
FBEENIRD B XA IV T THDET BTN DL. Tihbb, a, DY — 27 BPERT 3R] iZ~L
Ay MENCE A T AR L R IC R 2 L F 1 5.

¥ 72, HICI5 2053k o b0 2 HE B I FREMFR P(fracture) i3I KT1.0x 1077 TH b,
Hit BifFIc 5 W CHEFTENAEL 2 Y 27 BIEFIRWE F2 5. —F, AISI HY OR{E5
FFRAEMES P(concussion) 25 0.94 &7 b Hit BIffIC B THEVKEEF ) X2 2 H T 2R L
otz LLARDBD, case 13 DWITNORAITICE W THMERORE IR I N TEL T,
DHE T — 2% ED 72/ 200 M OFKITICHE W THMEBEEOFKE I 0o 7. it AIST &
O AIS2 Y DS EFEA ) X 7 B Hit BifFIc s 0 2 NG EHFRAE Y 27 252 2 &
L 72BBUC 7 o TR WATREME AR X 5. FRIC AIST+ © Y 2 7 B%E AIS4+ 0 Y 2 2
BB EICICAr—) v ez M Tch Y, 74 —AFF—2IC X VHFEI N2 d DT
B eh, GEREVRAIIPEERZRTERE L TEZOND. Lo T, KT
R &3 2% Hit iffic 5T BrIC fHICE S S ERA ) R 7B W TGERE) X7 %
FHiS 2 2 L iAEYITH B, 7277, BrIC i RET 3R AKFE VT A MPS (Maximum
Principal Strain) & MHBEEA ® v, BGEORAE L —EOMBBGREH 2 2 LR stz 4,
Z T, KRR CEMEZEOREY R 7 B3I E 72130803 2 DA L 5 @R i B v
T, BrICfED RK/NBEREZRICER T 2L LT3,

oI, HIELZBHE X A ~T 4 7 ARREZA L % 7 — Rk 5 &, SAHEOIEE
7 —ARTOENE L, BEFECAEE X y #E Y KD w, KB TT —R L ICRE S
%A RT T L2307z, ap IOWTIE, SEEEEERD? S a, OMNED 230N LK)
t =5msec i Tv—727 Zillx, ZDOHKZt = 45msec fFEICH VT 0.0m/sec? IR T 2
MHE D& — 2B NTHERTE 7. - DAL 2-6 TR L7 case 13 DHEEE X 2~ T 4 7
AHERR EF CHRTH 5. —J7, w, DRFAIELACIERA] t = 0 — 40msec D X[HICE T
TR EICRRBENMERT I EN S o, N DR ZENERT w, DRFHIELAL
ZRA ¢ = 0 — 40msec ICHB VT w, BMWBMEICKVUTD 3 7 —FIcHTE 5.

(1) K%l t = 0 — 40msec D XEICIH VT, FHEHEER D O w, BIETTEICHEMT % (case
11, 27, 29)

(2) KXl t = 0 — 40 msec D XTI C, BHEEZEH w, 23 0.0rad/sec fTIETHERS T % (case
13, 18)
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(3) Wil t = 0 — 40msec D XEICIH VT, FHEHEER D O w, BATTAICIHDP T 5 (case
12, 17)

5 3 oo, Receiver MBEF O HREX /7, ~n A v + OfFZeLE, Hit Biff0iE 5%
DEAMWIHE L TEL TR e FEET L. £9, Receiver BFOHREZ 72\ Tld, AF #%
PENRR A RE R REEHNELZE T2 (KRB 11C 0 » T 4.3 Bl s TREll 2 7R
3.) EFH Receiver il TH o 7z case 13, 18 12\ CTHEH 2 w, »° 0.0rad/sec {13L THE
Bd ozl b, HiA RO AR PR A F 412 X o THERO [HHR2
LS cgEzay o — A LTwaaREFRKRING. £72, ~V Xy F OEZEN
B2 W T, Hitter iliEF D~ X v b 23 Receiver flliEF o~ X v b o LilicfzEd 38
G2 (1) oA 2R 2 L MR L ZBIH{R) SHER T E /2. & b, Hit BifFIC 3\ T Hitter
{33 F D FEER 25 Receiver METF D MERIC 22T 2 KA A3~ A » bRl DOMTZEH T4 T 2 I
ZEDBFRBEEICENT, 3) DR T I &80 o7. (3) DFHEICOWTIX 2.6 fiiTX
HICEET S,

20X 5 ICHHERE SR E £ 2> 5 ) 40 msec D w,, (3 Receiver MEFDHHEZ T7, ~r A v b
DERALE, Hit BIFOECFEOERBEAMIGHE LA 2L T, Rk 2 RAEL DR
TR ING. —77, Kl t = 80msec 1B\ T wy, 2 5.0rad/sec fTITICICR S 2 A
&7 —AT—H L%, L3> T, Hit Bffics v CHEBEZEER S S 40 msec D w, i3
Hitter {3 &% U° Receiver flli#F OFRHEIC X » Be 2 RZIERIE 23850 cd v, @bk
ANC X VBHEMEEOREY) R 2 MA 2 X5 ICHEF AT 4 7 A2 Z{LI €2 LB TES
LEZ5.

2.6 FEREPEFHHEPFRITA 7 RICHELZRIZFTAIEEDER

TZTIE, RUHAENREDOMAAGDE TR 2 HIFICHENE L 72 case 12 & case 13 DR
ICoWT, w, DRAIELCA R MM E R L 2R e 5% 3 5. M 2-9 1 case 12 U case
13 CHIE XN *F A ~T 4 7 ZAORKIEEAL 2R T. 29 TRENENDOHE * £ =
T A7 AT OWTE T — AT LICEE LRI EL R =2 Y F=%2 277 7tk L7z, KU
x4 ~T 4 7 ZIEEEIT OV T case 12 & case 13 THIKT 2 &, w, DARAIFHHETRL T
W5 EDrh B, Case 12 Tit, W4l ¢t =0 — 10msec ICHWT w, BEDIEL 7z 5 72121,
R4l ¢ = 40 msec  CEASHFICIEM S 5. —75, case 13 T, K%l ¢ =0—20msec ¥ Tl
wy 2% 0.0rad/sec FTECTHERS L, il ¢ = 20 — 40 msec 1€ 2> TIEASHEFNITHM L T 5.

ZOHERE LT, Hitter ET2UEA L Y b i FEEL % Receiver ETERICYTE 2 & %
Hi#ll Twzz e, MU, Receiver liET 235k % Hitter HEFICHE 2 X5 ICHMZ TWwiz
ZenEFoND, HEROET Y v 7 XY, case 12 OHIE % Efii L 72 HARKIC 3T Hit O
HIFIC Hitter fIEF ZBHHE L 0 & FEHZLICHE R I L 2 L2 ML TV 2 LR TE
Tw3, Zo& %, Receiver filiETF T Hitter fIEFAFEMLZ Y TLT I I ICHEZRF X9
KB L2 EMRL Tz L iR TE /2, [X12-81C case 12 KU case 13 D H % —5
fricks Wiy L 72 BEEME R O iR 2 /R 3. X 2-8 225 b Hitter filEEF O~V A v } 23HZE
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LIa® 5 X0 H5EIc, F23 Recever fEFMERICFEIMBEML T2 LR TE 2, F
72, Receiver filiEF O GH 2 b Hitter fliEF 2R F 2L CLT T o201, BLEmEmL LT
ZHAC X ICHMATWE Z AR TN S,

Z o o Hit BifERF O Zik D&\ 2> 5, Receiver HLEET (ZTHEIH~ D22 X 0 B eI il ic
BrZTbLlrd. 72, Receiver MEEFIIME A X 5L w5 2 &5 5, Hit
R -ERICESEE T 2EERLE LR T VWERRATH L L E 2 5. ZOMEREHEEIZHE
o & B PED B 5 723, Receiver HIIE T IXHER~ DEEE % 52 1 72 [E 5 1< Bl o OF EJB@
JEHENE A AL Uy W D BT M~ O FEEE O A EE AR U LA TE 2. 2 DFEIT case
17 & case 18 ICDWTH F A5 2 L ZMERL 2. case 17 & case 18 ICD T 3 [A] UHIEXRE
DA G DR THMHICEML ZBIETH Y, WEE~DMEZE % B L T\ 7 case 12 & FIRFHHIC
HITE L 7z case 17 TH, BHAMEZEERIC w, 2SADIH L 7k 2HFM IR TE 2.

PLEXDY, w, EHEEEROEFOEIRIC X 0 RAELLOF B LD Y 5 2B+ £ <
T4 AEECH D T LRI NG, SHGTEO AR IS E O AR ICHBIR 5 5 L X
Tk, #YIRNEELEMT 5 &I XY SEEEOAEE O RZIERIE 2 2t X &, Bi5E
THICHBCTE 2 L 52 5.

ZCT, XD PETSRICHEET S X I Ick ) EHRI, EETGETHO BRE L
THENCTIHEEINZbDTH S, BEDOIFEETIHHTLMFD 3 A ClEdfEd s &
9@5@3%#:%%% H %, BHECoOMIIBHMGEEL R SERtErH 2 2 L AL BIET

I, BEE LD b FKICHERT 2 BRI N TS, L, K2-8 DR CIkICFE
*Bf@b:‘?‘é R B L 725G DI, Receiver iEF D y @ilifE o BHETE.C A3 D Z2L

ZEME 55 L LRI CE, ZORABEELDEGCEMEEDREICED XS REEL5 2%
DPNEET O EPEVLETDH D,

(a) Case 12. (b) Case 13.

Figure. 2-8. The moment of head impact.
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Figure. 2-9. Average time history data of head kinematics measured in case 12 and case 13. In

both cases player 4 hits against player 5. Case 12 and case 13 were measured on different days.
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B35 AF ERMEEFMEAAKERIREE FE €7 )LOERX

F2EDEE LY AF EHEERF O F 4~ 7 4 7 RIS R B 0 %8 iR X
NDWREMESRB I N, T bbb, AF HHEMEEZHE S 5 FE TE 7 V2 lEST 2729
I, SHFEERZZ O AR O BB O W b T 2 XD B, — 75, SEENEE ST
DFEETNVEMET 21DV 2% ET MVULLEMEFE T V22 2 L idEHHEa X
FOKEL B IR, AERTME CIMICHEZIT L ca VIR TH B, 22T,
ARIFFE CIE NARBEFESS S AR D & D FE £ 7 A % FV»C AF SEERE 22 % 819 2 FE T
TTNAEBEST L L L L. AFETIE, THUMS X b BEHEIR R OCREEH 200 1L 72 FE £
7 (LT, SEEE FE €7 L L&) OFEflIc DWW TR,

¥/, ERL7ZBEEHS FE £ 7 VICO W TR A7 — it G Lz T 0T 520 1CE
LR AT RE R ET A ~DWEE T o7z, KETE, BFREIREEZWRICT 57201{To 7
ETFTADEBEHRICONTHRT.

31 AFEEESFE €7

3.1.1 EEZEEE FE E7/LEBIE

AHFFETIX, 2019 FIT/ERK & 2172 THUMS Ver. 6 © 5 b fEHER) 70 K [ 51 o (45 & IR L
7= AM50 EEE T AV X VBB T A2 M L. BHEHNE T vIcow TR FE £
TAMCEWTDH THUMS ver.6 &AL 725 X 5 ICHY L 7. THUMS DFEfIc 2w Tt
Appendix C.1 IZ/R9.

AF V%% FE T £ 7V 2T 2 20 I ER L 233 FE £ 7 L 2K 3-1 IR 9. &
MR L 72 BEEEEE FE & 7 12 THUMS Ver. 6 135\ 2 8056, FEEE, (RBEIcHS 3271
DI b, B, Wi, FROEREFWMOHLEAMKET AL RoT WS, 7L, HEEfICD
WM E OGRS T U 72, BiRi$82.143, VU v FEFEE 103.400, ¥ = LEFEK
43.065, B —LHEHEE 368 LxoTW5., ZOETAICITAM 23 A (Wl 46 &) DHELBAIA
EFAREINTEDY, bz 90 o Hill BfHE T A B iR ncns, M
BERIE, U AH— FH6DoF & v HicH 1T 2 B RATEER & FSFICR 5 X9, X 3-11C
N MTED 72, FEE RS O S IXEEE O TH D, SO IS LRI 28 x
fhiE s, AR DS y ST, FRDSES  BES T 5. HEF AT 4 2 AT — &
1 Z DFHER R A FLHE L LT L 72,

3.1.2 EEEOETFTIVY

FE¥EE FE €7 A0 5 bIEEE T A DEEMIC O W T TFICR Y. X 3-2 ICEEE 7L i
MZzZRg., BHHET VISR LS o 2o ET VIC OV THOHELAEZET L E LT
%, 22T, EEETVICE W THEGTROET v (K 3-2 0 [AEOET) 10w TRl L
7o, BHEBE T Ao~FEE, BEER S, BESE, SEEE A 212mm, 165 mm, 251 mm
ELhoTw?, HFETFTAOERIY 4.68kg TH Y, FEHHEOME XX 3-2 ICRTHETS 3.
F7-, EWREIRER3-LICORLZMETH B, 7272 L, BRI 3-2 1o 3 HE SRR AT A %
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23 muscles
90 Hill type muscle parts

Figure. 3-1. Head and neck FE model.

TOETH 5.

165 g 212

Brain model

251

Center of
gravity

Center of
gravity

(a) front (b) lateral

Figure. 3-2. Head FE model. The head length, head breadth and head height are 212 mm, 165 mm
and 251 mm. The mass of head is 4.68 kg.

3.1.3 FREBOETIVY

SHIH FE €7 VD 5 BIREBHE T L OFFIC O WA NIRRT, X 3-3 iIcfkgiie 7 v o
BEMZRT. ofepife s vidilike o> Te Y, EABKREIRICIIE T 2 PR oMk
DEEDL GO -ERNTEEREZED 2. KRBT T LV OEEL 23.2kg TH Y, HLNE
I 3-3 IR METH . £/, EWERMEIIR 32 ICORTMEEZED 72, EEREE E 72 8
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Table. 3-1. The mass and inertia properties for the head FE model.

Mass Iz Iy, 1., Iy 1. I,.

(k] [kg mm?] ’] ’] ’] ’] ’]

4.68 1.95 x 10 2.61 x 10*  2.06 x 10* —2.49 x 107! —3.58 x 10> 2.33 x 1072

[kg mm [kg mm [kg mm [kg mm [kg mm

BRI 3-3 IR T 1 & ORIERFATEECH 5. KT T Lok, AREES, R
g, AR E A2 E i 230mm, 392mm, 441mm & 7> T3,

392 230

»
P

441

Center of
gravity

Center of
gravity

(a) front (b) lateral

Figure. 3-3. torso FE model.

Table. 3-2. The mass and inertia properties for the torso FE model.
Mass I Iy, 1., Iy I, I,
kg  kemm?  [kgmm?)  [kgmm?  kegmm?]  [kgmm?  [kgmm
23.2 8.37 x 10°  6.77x 10°  4.08 x 10°  4.98 x 10! 9.93 x 10*  1.01 x 102

’]

3.1.4 ERHRETIVORE

RHFFE T, SEHE FE £ 7 L O FEHIA £ 7 4 % 50 th L8, B0 th i ) i,
Lo, HEAREARED 3 DDMRFIC LTIk D T & & L. 2D IE AppendixC.1.1 &
C-1 IR s. HHEHAET LD IF THUMS @ PID HIflic X 2 A& Bk ic 5T
6T 2 HEBEME~ D KN ET VO EHREE rio Off (Appendix & C.2.4) ICHKD X175
7o, HECEEEBIEL 1 28 1.0 OFAE T AR, HEEE ML re BIEOETH Y,
22, 1.0 ThRWHKNE T AR, BEHRHEMTL rp PAEDHEOHNETARTH . X5,
FEER I b 1 e & BB AR vy DEARI LD D2 H 727 —F L LTI HICHHEL
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7o, BEEGIIHRED 5 B rip 28 0.4 U 0.3 DFIAE T AHE% Z 11%Z 1L Flexor synergist 1,
Flexor synergist 2, FEIB I IAIEED 5 B rip 25 —0.4 KT —0.35, —0.30 DFiINE T LB %
% L% 1 Extensor 1, Extensor 2, Extensor3 & 77JH L 7=,

A A E BRI X TR, e SRR, S e, XREEHO 4 EEOMAE T L
SEINDG, X34 CHEBEBEBHE T AOETERT. NS OHE T VI % %
#9232 L cHMEMEIECTES T2, WIhoETEihE#HD FFETLCMHEL TV
LR TH L. WEETVIBMAYOMMOFET VL EEEEINTE LT,
FEFHREIC L o CTHFFINBE L o T 5. Z D728, FHEIh BT IR % R iE
L7ERDOEFRET VIIALERKREBICH Y, HFET MVICERT 2HRIAD 0 E S HLEIC
EEHETABBET S £ CIEBEHEMG AT REI AR,

FE I i R X S I OMINE T A& N T\ b, [ 3-5 I E dhtn 1€ 7 v
DEFTERT. INOOHRET VIR ZFIEST 5 2 & CHMEMEFICEH S 2,
BRI, BER BN 1< b B 55 2. FEm Al 70 Ao TR b TR 25K % W D A3l
EMmomAET AT, ZOmWiEkE (Physiological cross-sectional area, PCSA) 1% 492.0 mm?
TH % (FEHEH FE €7 VICEEN 5 RHEHHNE 7 L O WAL IC >\ T lE Appendix C.1.1
£ C-1 2. I B oMM IE 1198.4mm? TH 5 DT, ZDHI 40 % 231
HILZEFICTH B, D720, AR OER IIMEALEA OFRA O E 2 KRE(ZT
5. MSHFLZSH IME & HE TR e L, FLERZEEICIFILL TH 0, BHFEHERDIALIC X o THj
ERDZALS 5. Bz, FEEIAL 5 XM BEFLIE M LR i /EH 3 2 28, 3=
fir&7eo T3 LEERRICER T 2. MEHILZEMANERRIC K 5 &L BB L L 725 C
EBFHNTEY, FE ET MICTE T D MISHFLIERM o i ) F 48 % (2 38560 12 1 S IR o 5H
FHE AL LB E S EE 2 5 2 2 X D RS LETH 5.

AR X 1] BEOMAE T AR EEThTW 5. X 3-6 ICEHIEdhG €7 v 0
EfTERT. IO OHRNET VIR ZFHET 5 2 & CHEMERIEICEH ST 21, HER
I, FEEEGEEFICFH S5 5.

Stylohyoid Stylohyoid

N i
Digastric /\ 'JE /e,
; i Mylohyoid

(a) Front. (b) Lateral.

Figure. 3-4. The origin and stop of each cervical flexor agonist muscles.
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(a) Front. (b) Lateral.

Figure. 3-5. The origin and stop of each cervical flexor synergist muscles.

(a) Front. (b) Lateral.

Figure. 3-6. The origin and stop of each cervical extensor muscles.

3.2 [EREESTEDAIEES FE €7 LA DHRR

AWFE T, BHHES FE €7 v & 2fifE < b FHREATRER € T L~ DIk % 1T - 7. THUMS
FHBEHERICE T2 AMRIGEZ THT2 2 E2HNE LTW2 720, —fRIICHERMEZ
BELT BRI L AEIEEINSEZFEET AL > T, D7, THUMS 205
fH L 72 BE3EE8 FE €7V b s CRME 21T O B A H 5. BfikGtR k7 — 7 v 5b%
Wiz X O ICHEREI Y 2 T/ NS KB TR D B -0 BRI OBERKZHET 2 I3 R E T
»Hb. ZD7, B FE €7 L CHRKEM D 1sec 2 5 X 5 ARKMA 7 — 1V OHE
RO ICIFIRERREAR S Ao TLE LWL D 2. AW TIE, F 4 B ORTHHBE
FE & 7 v D i KEFR G 1 LGN 7 v 2 OB 3T 1sec DBIRINFH CRENT 217 5 &4
WRH Y, BEECHEZETT 20 Ea X P BSKE AL 23, 22T, AWIECRR
SHHEER FE £ 7 0V % [EfREHE A RE R £ T A~ O ERICE Y LA 72, [EfkEHE Tk, BifE
ERHRIC R CHRFRINE 43 2 49 100-1000 5K E KB S &8 T&E 720, REMA T — 0Bl
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RT3 2 0BT RN EORMiL X2 2 b3 c&d 5. UNiC, HHEHMFE €7 v %
BBt TR R ET v e § 27010, BIHFOET VIS L CfTo 2 EB R 2 AN ISR

. e 7 v okl
I o o VEZEMOEMMEREZ Y 2 -V ) v FEERMOEME R ICAH
I 5@z %M

I DfieTF ORI LIcO T, METALZED CHTET AL E —20IkE T2 (FF
EFAMIRL) T T, FEIGREoR EEX 5 7z, HEEE T IS E W TKE T VI oL
ICHATHIENE K, BB % BEL L 72 (AR 2 GPa DA cE DO TH Y, 2
BRI X DR CIIEITRICRESECEAT L 2 %5, 22T, RifRicEs ik coitE 2k
L BRIIE B e R CTHBOWHRTH 5720, MNICEL 20T AN, e
TOUDIHEEEE IC 5 2 2B IV BT, £ 2T, KT ClEE T v 2Rl LG
HIR MM %X - 72,

¥ 72, HEEFATIE, BT T L BREE T OB A AR 1T X B FHEIGR Y o FRE
ThHotz. 22T, NIRRT I ICHEMEREY > 2 1-V )y FEEMOERICEHE L 72, it
ET NV BT T VOEAEALICOWTY, W' T L L EEEEE T L OB & Rk, Bl
WHROMIEAEDLKE W & BRI EEOER & 2o Tn/z, WEZEO K E WERR O
fitcix, BABRBDPKEZLS VLT, BEETEALATy 72 RESNB LT, LVEHEA
BAKREL RS, 20 X5 AEMERAICR LT, WERSRLW TV 3 > = VR O Pl 3%
TR, —HOEREEZY ) v FERICAET S & CatEICREL M EX 7.

I icoWTid, L TORERERERT 2720 ICT 2By EREY Az,
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F4EF FEHBHHET VT CZIHMEREER

KRECTIE, 553 ECER L 2BHEE FE €7 L OHE AT T v % AF S o 3w 114k
BEZME L2 EFNMICEHE (TS . AW Cl, M FE 7 A DHE § % R AMERAI /125 AF
FREE ORRFARA S L R L 7Y, AF SHEEZ2ERT O S ZRE (P RIRE) 2/
HTx 2 X5 nHHHOET Y v 7O TR L 72.

RARFRASIc2o» T, AT FEM i X 2 IR Z1T 5 Hit BYfE IZVEIRETS 2> & 0%
TH 570, FHEMHHOERPEBEE T oBRciRERE T I2LEXS. 22T, K
WFge c I ERE M 7S H U CFHli 2 1T - 7. A CIZBEHER FE £ 7 L D i KA )1 %
B35 FE f#tre 7 v 2 ER L, BEHWAEZ THUMS BUEMED 1.0 5, 1.5 %, 2.0f&5e
LA ol ERAH NI oRE 21T 72, 2 offR, FHmBmEZ 1.0, 1.5, 20fF& L
7B B\ CHHEH FE & 7 AVBFE MR ) i3 2 2 88.1, 131, 172N ¢ &ko7. C
2T, BEHITHE ORER X 0 AF HifE o B E R K 113 1ISONBRETH 5 72720,
WA % 2.0 f5 & 9 2 UEHES FE &7 4 % AF Bl oA 11 % HIR+ 2 SHBEH FE <
FLE L,

¥ 72, AF BHc 31 2 S22 FE T & 7 L 2853 21013, S E oM ME 22 icfii 2 < F
A EEER T % RIET 2R 2 BR T 2 LR H 5. AF Bt ic v COET[R L o Bl
R 258, EFRHFEFICHEEINZ ZLZEELIMA TV IEANIEZLALTH .
COHREZ IR PIHBIRRE L b Sbi, MRICEHE2MD - ZBRICEEORAEEF <
DIC X D ICHZERTA O TOMi ) 2 FHH L 7-REECTH 5. AF OIEEREZ2IC 5\ C 2 O Tk
DG ETFHICEETH L L I IHE D AXnTe Y [ AF SEHEZE FE @< 7 1 o
FICHOTH PHBIRIRELZFHRT 2082 H 2. AWFZE C B EE AT O i %
20% KT 50% & L7z & EICEA AP EIAL RS & (R © ¥ 2 3R o fiE L o Bl (it
ENT v R) BEHL, BB LZ@EEE2 &l L7525 2 L THRBERIREDOHR%
RBbTe. FIEMEREAN 7 v 2D R FE L ERICO W TRETRT.

4.1 HilEHFRETIL

SEHEER FE £ 7 A O 3R Hill BiffRE 7~ Bk > CEFES N 5. Hill BHNE T
WTIAEER, ZBEER, BRERO I DOFERTHERINTVE. 205 b, IUGHER XM
WIS S O EHEE ICE U CRIEX N 2R I AL T 2 BHETH L. AMEFE =FAics T
% RN C OIFRER A RIET 2 1IC L 282 KRELRIT 5

R 4.1 1 Hill HRNE T M BT 2 IHRERMBFEIE S 2R Fop OB E2RT. I
BHROMHIRT) Fop AT T ADRKE Frhoe, BEOKRL ¢ 1CB T 2 HEtEE o), B
WETFTADA Ly FIb LIRIET 2RI OR T =V v 77 7 7 % frr(L), MlEEE+
V IKGET RN DA =) v 7772 2 fry(V) ORTRING, 22T, ALy Fl
L 3HiAE T A OYIHfIR & Lo W T 2BEOHRE S Ly Ok, MilUEHREL V IZHHRNE T
IV D ERKRIIHEE Vi 1SS 2 BITE D IHEIE Vi OEERL T35,
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FCE = Fmax X Oé(t) X fTL(L) X fTV(V) (41)

K41 1B TRRAR Foe EHBTHRICHAIL CTEE 2fETH Y, Hill BfiAET
T, Mt —=v27Ic X 2RO REAMITHEZIELT 2 L TRETE 5. £/,
S TERE ot) ZERARMRIICH 2RI OFRBEE A Z R IHTH 5. EAKICI W THZE
BYHTE2GAICHMAZEER, @RCHA THEREZTYORO TE I L TRET
ERR

PLEX Y, KBS CIlbms VGt 2 s 7 X —2 & LTT A 7 b gifl# o Sk
K2 e L2307 Y v 7 z2fro b e L.

4.2 FEFEEPFE EFIICHITBZ 7R T bR E=8E LI-EHEREORE

42.1 EREHZAHOEEERETIL

[ 4-1 ICBEFE T 7 v O HEE i K ) 2 HEE 3 2 72 ITHFK L 72T E 7 v 2 3. 3.1
PeCmR L BB T L O A ZAT R U, ATEEE o find & x hyy i o AZAHER L 72
FE €7V CTH 5. RiFEAMFHOmMEIT 3854mm? TH 2.  DEIREMFICEH T, Bk
TERE & AR A R O TR 2 0 B 2 L X b BRI i 1A BEER T ) & R X
&, Z OBXICHTEEE OHIRERIC A U 2 x W7 M) ) 2 BHEE - 7 v o R & A7 L
TR L 7=,

Z oD FEHT e i 5 K 0 HETE AT £ 7V C I R S A RE 0 ARG PR % 1R 4-2 1R FIR 4R
Lch 2 CEHRE Hh 7 i O UG ) % Fe k& 7o, BEERE i RE O A I T R 3 AT BRAR T 1R
2> & BRG] 2.5sec T LA & 72, BRKM 2.5sec 15\ 2 HiG A X, FEEE ih = B
# (Flexor agonist) 2% 100.0 %, ZHHSE it /15iHE 1% Flexor synergist 1, 2 23% #1141 94.0 %,
71.4%, FEERMEMEE Extenxor 1, 2, 3232 NZ10.06%, 0.04%, 0.03% & L7z, HR
IREFE] 2.5 sec ARS (XA 2 —E & L 72.

¥ 7z, FIHREOBHWIEAESIE L L <, THUMS OBEEfEE L2EEaIcix, Mz 1.5
5, RO, 20 5L LEBA IO TH FROEFETHITZ T, HMIEORE Ik 25
BRI 1 DAL 2 5Tl L 7. AT (XA IREESR Y v o8 — LS-DYNARIL.2.2 2 L, F2f#
ETEALAT Yy TR 20x 103 H e LCitREfTo 72 (K 4-1).

422 MERNEHKRAHIOBLER

AT O 4-3 IR ERERIC A U % x W5 1R ORI ZAL 2R 3. w I Ol
Btk T, B TEEQHANCIE UC x W5 s 23 L, iR TR I B (3
BRI D —EME L o7z, W4l 3.0sec IS0 5 x BT AR OfEix, il 1.0 5, 1.5
f5, KO, 2.0 fEoHAT, ZnZN88IN, 13IN, 172N THo 7.
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X-direction
constrained

o]
Constrained

Figure. 4-1. The analysis model for estmating maximum cervical flexion muscle strength. The

forehead nodes are constrained in x-axis direction. The torso FE model is also constrained.

Table. 4-1. The analysis condition for estmating maximum cervical flexion muscle strength.

FE analysis solver LS-dyna R11.2.2
Method Implicit dynamic finite element method
Termination time 3.0sec
Time step 2.0 x 103 sec
PCSA x1.0
x1.5
%x2.0

4.3 HEEEHRKEHNE HEDZ TR

KRETCIE 42 HiCHEI L 22U FE € 7 A6 3 2 Ml mithi R 1ic 2w, K% AF
B & — MR A o RIS FE N L 72 BRI J0E ORGSR & i L, BHfEO Z S I oW
TERT L, AT IIEORRE XY, VWHE FE & 7 IS 3\ CHEN MR % BEE i
EL7ZET MT AR, HEAW AL SO 2.0 f5& 32 T 4V IE AF BifiE o#
N % KRBT 2HLETY v e o T 05T LHTERTE =,

AN, sRFEGHE OME R O Z of5RE2/RT L L bic, JHFEES FE €7 4 OG0 H
Hi R KA D S % 7R T

43.1 =RAIEIHIAE

AREFFE i, BARAKYE AF @YW 1 #Y) — 7B 3T 2 KFEAF F— 2D A v N—9 £ &
AF BB D 72> 20 R B 3 4 % bt I EER T HIE & L 2. B ) EE ©
i, vy ¥ =Yy F R LABESREOETD LI v FAV XL FER—
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— Flexor agonist
o0y —— Flexor synergist 1
T 6ot /// ----- Flexor synergist 2
ry / —— Extensor 1
E g ——— Extensor 2
=< 401 ;
yd ——=- Extensor 3
207
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Figure. 4-2. The time history of muscle activation level.
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Figure. 4-3. The time history of the constraint force applied to the forehead constrained part of
the head-neck FE model.

% (Hand-held dynamometer, HHD) 7% BEE%iE L 72 RFEC, HIENRF 03 ) % S L
HHD IS LA 5. 2ok, HHD AU RKOZHEL . ZOHETFIEIC LY 42
ffi> FE T & [F% 72 50 C O B K 11 2 00E U 7. BB 1E ©iE 1 [FH 72 Y oflE
RefEllx 3 MEC, | ZBollENREICo %, il g, ZEllE, Lo, GRED 4 75mEIic
DWTEZENEN 3 EIFTOME L7z, &J70 3 BIOMERRD 5 bl % % D J7 ) O 5K
fifE e Uz, SEMZ3EER AR ) HIE Tk 122w Tld, Appendix B ICR .

B RFEEA /E OBPEREFIC oW, MENRELZ AF EFOHEE L T4 20
TN— T CEHii L 7. 70— T o8, fiJ1E ERERIC AF BB % fikf L <
17> Tk 0 piifehis 2 L EOBIENRE % Group A 3 FAEFETF 1 4, 4 FAEETF 14,
HAENAF F— LR E 1 %), BiHRRD 1 FERGmOHENRE % Group B (1 F4&ET 3
%), AF % 4 FERTEE L 2888235 0, HUERHIHEE 2 L TITo TR WHDEN RE %
Group C, AF BiH#RER D 7 WHIE XN R#F % Control & 738 L 7z, MIEIX AF o AKX o 11
HICHERM L 7-.
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T, RHEFEICX VGO N2 HMEMBOREREIC O VTS 2 7201, 3 4 oREx
REICH L TCHKEEZZ 2T 10 8] (1 [ico % 4 1A 3 [ -0815E % K)o B 1 HE %
EREL 7. WFIE, AFBER#E R 24, EAFBEEEN14TH D

¥, BOKFEIAE FEER L HOE R EE A MR B S/ AU KRR R B AR B XY
EKBEG LCEML 7 (BEEKS © 11907-(7), WIEHEE « [ 2K — v EREHRANT I X 2
AF =V EEE - SME - PR DRRERIH ).

432 mAETHHAERR

# 42 RO 4-4 \[TEARFERH ) O WERE R %R 3. B EE » 615 5 e AF i
TED B KGR S 12 C il 176.2 +38.4N, {1/ 288.3 +47.0N, ZflfE 263.9 +£52.6 N
HHE 288.9 £47.5N TH o7z, —J7, a v b o — A B0 R KA 1 H1E 6137 < th
95.8 £17.7N, fifi 185.3 £58.9N, ZflJH 157.8 £42.8N, FfilJH 181.2 £43.4N & 7 - 7=,
FHERNRE Z & O BARN 70 s KA /I O v CTld Appendix B.4 % B-2 ILR3. %7z,
e RS Bh 5 77 12 Group A - B T 151-229N, Group C T 111-202N, Control T 80-115N
DHIFHTH > 7z,

T/, F—HENRECH LT I0HOMEETo 2RI D, WTFhoHllENREFICE
T b HIEME DO EHENR 722 3 20-30 N DOEHFHNTH - 7=,

Table. 4-2. The average of maximal isometric cervical muslce strength per group.

Mean=+SD [N] Group A Group B Group C Player Control
Anterior 193.74£31.5 17934427 15554442 | 176.2+384  95.8£17.7
Posterior 326.74£28.9 305.7£17.1 232.54+19.1 | 288.3+47.0 185.3+58.9

Lateral left 304.0£65.0 233.7£173 25424513 | 263.9£52.6 157.8442.8
Lateral right | 318.3+58.1 274.0£53  274.3460.6 | 288.9+47.5 181.2+43.4
400 o e
[ ]
[ ]
S : i
= 300 H . 3
| S— 0O A AE.
$200 | 4° a7 .
= s
A e Group A
100 o Group B
A Group C
0 Control
Anterior Posterior Lateral theral
left right

Figure. 4-4. The plot of maximal isometric cervical mescular strength.
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433 ZEEENAIERROER

AWFFE < D BT STRERE R %2 VAR & 23T o 72 AF B F 23R & L 72 ER R (8
Hh : 268.80 £71.24N, f#)E : 352.65 +41.48 N, JMlJE : 323.42 £47.35N, FHfHlJE : 311.07
+43.50N) LT 2 &, RUEMEOTH Y, 2FMICE W TETHEL Y O/hNS WEEZR
L7z, COERE LT, HEFEOECHETONS, B L Ol w2 FIRiE 054,
HIERFEMEE 2> SMESMA OND -OFRITTF 2y b Y v 7 20UE (FkiE 25 R OB F
JIIE EATWTTIENC 5] I S N 23O ) B T 2 ) OMIRBE TN TL £ 5 "Rtk SS
E. —77, AEEBROFETIHIENRE O 2 RS 2L ErH YV a v Y vy
Ui (ARt % A Al O B 1 77 1) & (815 TS U L 72 0% © ) % FEHE S 2 ARINAE) 1 i ) el
b, —MMNCFECHRTENIEZ VY Py 7R D b =F v MY v 2 D T3
REVHHINZRIETE 2720, FITMRLEAMECORROEC LI N L EET 5.

¥72, &£ 4-2 XY Group A iF Control £ 0 & RZ aHHEEMMAmNIE2HL Twd 2 &hx0n
%5. 7T, Turkey DFIEIC XY & HIE REHE D HER e it KA I o= CHER L 724 3,
Group A & Control TIXHEKEE 0.05 THELAELDH 5 Z & MR TE 72, Turkey DFiEIC
L0\ onfRERICORT. Coriftho 3 FricowThFEkT, HEBoRHIICO W
T® Group A IZ Control & W KE R NE2HEL TV LE 5. 61, RHUEFEIC K
% B A 71305 i O AR 22 X HE N RE IER T 2 1302 % 259 T 20-30N OHiFNTH
LHERINDZ EHh 5, GroupA & Control ICIZHELRMNAZLH L EFZ 5.

434 ZEEEA/IAIESER & FE BBITRERO LR

MR HEIE X V18 o e AF Sl & A B GF AF SiHid) B o B0 th ik K
TfEi% 4.2.2 i©f% 5 NS FE € 7 A O MR AT 1 0 Bl & g+ 2 &, AF %
BE D 7o — N B AERE O B Hh B oK% 11 95.8 £17.1N <H Y, kg% THUMS
DYEENE & L 7283 FE €7 L O KR ih /16 (88.1N) 13— N B RO ) &
LCRYRETH D EERD. £7-, AF FHE Group A OFEEE AN 1% 193.7 £31.5N
THo7-7-0, HWimE% 2 THUMS BEEMED 2.0 f5& L 7-5EMEE FE £ 7 A05F $ 5 i ARFEER
JEERFIE (172N) X AF EBFEXH T 23/ L ARETh 2 eppaniz, ULy,
ARWFFE I WaRE % THUMS BEEMED 1.0 5L L2856 % MR A B0 35 1 % R 5
270, HBEEZ THUMS BEEMED 2.0 f5& L7286 % AF BT oEAH 2K+ 2=
FTLET 5.
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4.4 FiRBERREOFHFEENS > IHE

AT TR RREBOFIGEE N7 v A OHEEXTT 5. THUMS Tk, SHEHAET LV
oW CHE MR (Appendix £ C-1 2) 2E» SN TH Y, HIHEhFBIHEE, 5
JeE v 177 0 A R B, OB B A T 0 MR WT T A 13 = 2 345.6, 1198.4, 2482.4mm? TH 3.
AU, FEERR AIE o AR A T IR VL B R O R AR LV D RE W L 2R L T
D, &TOMRETF TR EE 2 5 2 72854 THUMS TR BT AICET T
EEA 5. TNE THUMS 25 il U 72 RS 0 BEZH FE £ 7 v ic B W CHBETH 5. 20
7280, TIHERREZEY HF 720, BT PR L REFC© & 2 KWifF oG~ 7 v
2 RARED DO IEIEE 2 E 0 7 REZ(E 0 0B H 5.

LUTFICZ OREEE AN T v 2HEE FikemT e e b, B INMEHE AT v 205 % Y
THDHT L EMHERT 5.

441 FleFRREOEFHEEENS V> IMEFE

T IRIRRE DG N 7 v RHEE L, 4.2 TYERK U 72 S RZEGEE th il 71 3 E flhr < 7
v (B4-1) 2T, BREHERENZ v AHEE TlE, 4.2 LERRIC, SHEREE 7 v ORG24
AR U, RIAHES O fi sl % x BT 10 © HZEAL[EGE L 2 BHEEE T 7 v ic 5w, BEE Ao
Gt 2 @m0 5. % 0k, HEMMEGTFEOMGEHEREZ LA 27, ZoFE, HEMEGTED
AT RS B S x Bl RO I3 5. x T MR ) 038 L TS 28 ON
Lo 5h, Z DR OGN T v 2 THE PRI L3 2 (R EFC & 2GRN T v R L
o TwaTPHING., XoT, REEWE T v AHEE N CIXRTERRENICE L TW 2 x
A AR I ON & o -G O&HEEOEEE 2 EH L 7-.

HHRED DG ERFRIZACIZ AT @ 2 S&fF 2 V72, S5 B 2 Bt o R4 EAE
o277 7 %X 4-5 183, T 2C, MGt oG % BARC 3 2 72 0 1 FER I il i 1 RE 1+
Flexor synergist 2 O G %2, HEHEH#E L Extensor 1 OFfTETERE ZAEMEE L THWT
W3, LAk, FAGRE i 1 A o G P 1E Flexor synergist 2 O fisG L %, FEEMHRATRED
TG R 13 Extensor 1| DFEMEE 2R3 2 & L5 5.

Condition (1) f#HTHHARTE 2> & BRI 1.0 B £ c o<, HHEdh EBIHTE & it o i
W% 2 N2 20.0%, 14.3% £ T EF%, BREER 2.0 72 & BRI 3.0
W E coMcHEIMEMBEOMIGIEE % 21.5% £ LA

Condition (2) f#HTBALATE. 2> & IHRKEM 1.0 B £ coflc, HHEdh EBIEE & 15 o i
W% 2 0 Z 1 50.0%, 35.7% F T LEA%, BSRKH 2.0 B2 & B 3.0
¥ cofl cHEIMMEMBEOMIEME % 28.1% ¥ TLA

Condition 1 233E58 ) dh = B O AiG 1 % &% K 20.0 %, Condition 2 235K 50.0% & 3
258 Ch D, 2T, BEMITRRPIEIERE % 20.0, 50.0% LED . ZNIFEHRICE
WTTHEIRIRBIC BT 2 ETEEE 2S5 2 L RN TH 2720 CTh 5. AiEaHic X v UEER
EZETERT O G E 2 HIE L 72 R 30% TH oz i R I T w32, MidiEE
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EIZRARAIE IR D RO TTIC XV ZL LG 2 -0 L HllERBR R oNEE w5 Z &
BCERV. XoT, KT PIHMERIREDHIEIEL & L CRE X 12 P CE e g
PEREIRRE (50.0%) EARWTTEIEEREE (20.0%) & LCfEZ BN L 7.

E72, ZNENOFIEMHEZEASEMA I LT, FMBTEAIEBUEMD 1.0 5, 20158 L7z
BOETALMERL, G40 QTS CRNT 21T o 72

100 100
—— Flexor agonist —— Flexor agonist
801 e Flexor synergist 801 Flexor synergist
g ol T Extensor g ol T Extensor
2 E
< 40 ] < 40 _____________________________
20/ 20/ ;
/ T = v
0 - . . " 0 " . . =
0 1 2 3 0 1 2 3
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(a) The case that maximum muscle activation (b) The case that maximum muscle activation
level of antagonist muscles is 20%. level of antagonist muscles is 50%.

Figure. 4-5. The time history of muscle activation level of the antagonist, synergist, antagonist

muscles.
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Figure. 4-6. The time history of the constraint force applied to the forehead constrained part of
the head-neck FE model.
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Table. 4-3. The time at which the constraint force becomes 0 N and the value of muscle activation

level of each muscle group at this time.

PCSA Max. ALM of agonist | Time of ON  ALM(agonist) ALM(synergist) ALM(antagonist)
x1.0 20% 2.80sec 20.0% 14.3% 6.4%
x1.0 50 % 2.89 sec 50.0% 35.7% 14.6 %
%x2.0 20% 2.79sec 20.0% 14.3% 5.8%
x2.0 50 % 2.88 sec 50.0% 35.7% 14.1%
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7o, BRMEGRBHBAEN O € — X v M IIFTEHE ~ O EALE 2> O BRHER BB & Co it % Z, A
H~DOMENZ FEL, M=FxZ )i BRtzHecERL .

y

Figure. 4-7. The conceptual image of the method for determining cervical bending characteristics.

45



452 IRERHRI(FIFIESTM@ERRATETIL

fEE L 7 P ERIRIRE O i RN 7 v 2T B 1T 2 B o M REE 2 5l 2 72 01 K] 4-8
RS XD BT ET VEREK L 72, Z Of#tTE T v ClE, BEEEE 7V O R & S A E
L, 4.4 THEE L 72 st & 5 2 CHRARh IR L 88 & R 3 2 fihT 2 BLR IR 1.0 B1EITT - 72
%, BIRIFME 3 #CHTEHER O 8 mi 28 2R AR x §liEs7 M1 50mm 2673 % X 5 ISl AL %
52 7. KigHre 7 A OBIRRHNITAEE 4 HC, BEEITEO Gt L TR E R X v &
43 Dfiz—E L LTH A, HEHMmEL 1.0 4, 2.0 fFOHEHHE 7 vicx L <, il
it FEE AR O R AAEEEE %2 20%, KU, 50% & L7HA 0540 IcO W TEHRZ{T o 7.

Prescribed displacement Z
- 50 mm

Constraint

Figure. 4-8. The analysis model for evaluating the bending charactaristics of head-neck model.

Table. 4-4. The analysis condition for evaluating the bending charactaristics of head-neck model.

FE analysis solver LS-dyna R11.2.2
Method Implicit dynamic finite element method
Termination time 6.0 sec
Time step 1.0 x 103 sec
Max. ALM of agonist 20%
50 %
PCSA x 1.0
x2.0
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(a) Translational displacement. (b) Rotational displacement.

Figure. 4-9. The time history of translational and rotational displacements of the head center
of gravity in the case that PCSA multiplied by 2.0 and maximum muscle activation level of the

cervical flexor agonist muscle at 50%.
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Figure. 4-10. The relationship between the relative angle of the first cervical vertebra and the

moment generated at the annulus occipitalis joint.
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(a) Front. (b) Lateral.

Figure. 5-1. Hybrid III upper body FE model.
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(a) The head surface model. (b) Reduce size by 0.8 times. (c) Move 10 mm in negative direction ofz-axis.

Figure. 5-2. The procedure for creating a reduced head surface FE model. At first, (a) the head
surface FE model was built. Next, (b) the coordinate values of the head surface nodes other than the
head top were modified so that the node at the top of the head (the node with the largest coordinate
value in the z-axis direction) was the reference point and the distance from the top of head was 0.8
times the original distance. Finally, (c) all the nodes of the head surface model was moved 10 mm

in the negative direction of the z-axis.

523 AKXy FEETIEEBRIETIL

¥ 5-3 ic~N A v b FE & 7 VBRI O£ 7 AR, KO, £5-1ic~1r 2y b FE
T NN 2R T, AT O BRIER 3 1.0sec T, fENTBAMRTER 2 5 @ 0.5 sec [
T~ A v+ FE 7L shell # % 5E2 3 U 72 JRAE CEAE K MM/ FE £ 7 v o i 51 % #fi /Nl
D FERENTE F CHEEIZMIC X o TBBIX ¢ 5, BREIENIC X o THEE T VALK %7214,

50



BRGM AR E# 3T 0.25 sec BDENT %47V, ~ A v b ET LD foam D LETEH3+5>
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Table. 5-1. The analysis condition table of helmet FE model fitting.

FE analysis solver LS-dyna R13.1.1
Method Explicit quasi-static finite element method
The number of nodes 145,665
The number of elements Solid: 100,144
Shell: 52,041
Termination time 1.0sec
Time step 1.0 x 103 sec
Fixed
(~ 750 msec)

Gravity: 9.8 m/s?

Figure. 5-3. The analysis model of helmet FE model fitting. For 0.5 sec after the beginning of the
analysis, the shell part of the helmet model is fully constrained and the nodes of the reduced head
surface model are moved to their original coordinate positions by forced displacement (expansion
of the head surface model). Then, the constraint of the shell part of the helmet model is released

at 750 msec after the beginning of the analysis.
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Figure. 5-4. The time history of kinetic energy, internal energy, and total energy in helmet fitting
analysis. The kinetic energy is at most 3.3 x 102 ], which is sufficiently small compared to the

internal energy, and this analysis can be quasi-static analysis.
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Z
y<_T (a) Pre-fitting (b) Post-fitting

Figure. 5-5. The picture of deformation inside the helmet FE model at the tiem of pre and post

fitting with cutting in the coronal section (parallel to the yz-plane).

T—> X (a) Pre-fitting (b) Post-fitting

Figure. 5-6. The picture of deformation inside the model at the tiem of pre and post fitting with

cutting in the sagittal section (parallel to the xz-plane).
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Figure. 5-7. The damping curve for revolute joint.
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Figure. 5-8. The evaluation points on the helmet for initial position determination.

Table. 5-2. The FE analysis condition evaluating the effect of PCSA and ALM on head kinematics.

FE analysis solver LS-dyna R13.1.1
Method Explicit dynamic finite element method

The number of nodes 375,556

The number of elements Solid: 311,521

Shell: 129,357

Beam: 1,103
Time step 3.00 x 10~*msec

X, 300 mm
Zy 100 mm
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Initial velocity
v, = 2.0 m/sec Receiver model

v, = 0.40 m/ sec

(a) Boundary condition.

Receiver model

|
|
L

(b) Initial position.

Figure. 5-9. The AF head impact FE analysis model. The model on the right is called the receiver
model and the model on the left is called the hitter model. The body part of the receiver model
is displacement-constrained and allowed to rotate. The hitter model was given the initial velocity
of 2.0 m/sec in the x-axis direction and 0.30 m/sec in the z-axis direction. The hitter model was

given the constant loads of 1.5 kN in the x-axis direction and 0.75 kN in the z-axis direction.
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Table. 5-3. The FE analysis condition evaluating the effect of PCSA and ALM on head kinematics.

Termination time 120 msec (includes the 30 msec pre-analysis)
Cervical muscle model condition Constant ALM
PID control

Non-muscle active
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Figure. 5-10. Comparison of time history data of x-axis hip displacement and torso rotation angle.
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Figure. 5-11. The time history of the head kinematic data from the AF head impact FE analysis.
(a) The time history data of head linear acceleration. (b) The time history data of head rotational

velocity.
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Figure. 5-12. The time history of muscle activation level from PID control condition and constant
ALM condition. The red line shows the results for the flexor agonist muscles, the blue line for the

flexor synergist muscles, and the green line for the extensor muscles.
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Table. 5-4. The FE analysis condition evaluating the effect of PCSA and ALM on head kinematics.

PCSA x1.0

x2.0

ALM of flexor agonist 20 %
50 %
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Figure. 5-13. Comparison of time history data of x-axis hip displacement and torso rotation angle.
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Table. 5-5. The maximum w,, the time of maximum w, and the brain injury criterion values

obtained from FE analysis and measurement experiments.

PCSA Max. ALM | Max. w, [rad/sec] Time of max. w, [msec] BrIC MPS [%]

x1.0 20% 6.07 60.0 0.11 6.6

x1.0 50 % 6.44 59.0 0.12 5.6

x2.0 20% 6.12 60.0 0.11 5.9

x2.0 50 % 6.11 36.0 0.11 4.5

Experiment average 7.22 42.8 0.13 -
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Figure. 5-15. The time history of the head kinematic data from the AF head impact FE analysis.

(a) The time history data of head linear acceleration. (b) The time history data of head rotational

velocity.

(iii) z-rotational velocity.
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2R COR Y. B HE KR O Bl (B4 1-3) TIERZ ¢ = 60 msec Hife £ T~V A v
MR L T3 C & DR T E 7228, AF SEENEZS FE T Cld~nA X v + FE £ 7 L]
Dl 1 A TEE E 22 54 25 msec T OKN & 72> Th 0, HAHEFFAEHRR I D B LA
AEEINE. ~v Ay FE ET7T M ORI 2E L T 2RI a, IORIFFE & —E L T
5 8hn, ~nv Ay FE 7 VHEIOEMIFRIAEBRR I D bR LA a, FRAIEZAIC
BOWCFE T e BB CRALFMRE Ao EHRTH D HEM IS, 72, Receiver 7 L
D~LRAy P FEETADORESZ 1055835 L ~n Ay b FE &7 MM O RAED
WAL, EMEESEL 22HEAPRONE b~V Ay P FEETADET Y v 7ok
EIRREDUGE I X Y FE MENT OAEER D X 0 AEFEFNOE VAR 2R3 & 5107 5 AlREtE 23
TIN5,

—— helmet size x1.00 |
----- helmet size x1.05

Contact force [kKN]

20 40 60 80
Time [msec]

O rmm==

Figure. 5-16. The time history of contact forces between helmets.
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F6E HRESBRORE

AWFFECl, AF Hifih o SEEEZ2ICE H L, AF SHEREZERE o SHERET R E X A FE €
7 V% 72 AF SEERE 2E FE fRNT 217\, B ) 23 SHER G 35 ~ US98 o CiTifi &2
fIofz. =7 AH—FR6DoF & v HiC X o THIE S 7z AF SEFE RO X 2~ T 4 7
AL, BHEREECOINEE o REZI FEZ L 13 Hitter HI3E T & Receiver filiE FoffrSbEic X 63
[FRk 722 %2R L7z Dicxf LC, SHEFE.OMAEEE, FFIC w, 123 T Receiver fIFET o G 2
Ji, ~ov Ay b OEZEALE, Hitter fEF OEEDE 5 & O AR X Y FEZIEZAL A
R ERT LR’ Dol 2O b, HYIRMAC X YIEREEORE) X7 %
WA &€ 2 NI E L AREDRIE 2 2S5 2 e RN TE L LRBI N5,

X HIT, AL T ISR EMIE EBRIC 5> T w, 2° Hitter fIiEF & Receiver {3 F D ff 2
HbhHick VB ZRAELE AR LS Lick LC, HEHNIC X 2805088 RERES
% 0% G S 5 72, AF WG 2E FE @€ 7 A ORESICEL Y #lA 72, AF SHEIE 22 FE T
ETNVERET 2 1CH 7 ) NMEBHHE FE € 7 0 OFK, RFBIRA 7 -V CoOFHR%Z1T) 729
D et e B A A HE 72 AMABEZESE FE € 7 A~ HE5R, AMABEZEES FE € 7 A O HER i 11 0 3F
fili, FERIREDHIEEE N v 2AOEM, ~Vv Xy b FEETAVDEE#fTo7. L EOF
EiC X 0 #ESE L 72 AF SHERE 2 FE f@tT € 7 v 2 AW CEHE % EIT L 2458, Receiver €7 L
DGR E 7 MV ICHIEEE % —Efli & L T5 x % 5&FIc BT Receiver £ 7 /L DEE ¥ %
~T A7 APEHTEHRACEBROMERELRD L SHHETELZZ LD o7, £72, Receiver
{HIZEET A7 P € 7 )L o f T TR SR O M B % 254K X & C Receiver €7 VDB X A~ 7T 4 7 A
%A L 724, FEEA ) 28K E el LR 2814 10-40 msec I BT w, OEH)E
BT 2 EAAR Oz, Ik, BMNICEL 2RAREVDTAFETHH I AKE WS
iz a2/ E K AR STz, Lo T, RIS CREEE L 72 AF U %¢ FE fi#bT
T 7% M7z FE MITIC X 0 B o LIZMRIc A T 2 0 F a2 2l 2 ¢, MiEEO R
BV R EEFEEL L RRBEI NI,

%7z, AWFIED AF VALRE 2 FE @£ 7 4 Cld, ~A X v + FE &7 [ ol Hitter &
7V FEH & Receiver & 7 UK OBl SR EBR % T ic B T o3, THEME
BNESEER & FE AT CHIER * 4 = 7 4 7 ARGRIEZL 2 575 2 KR & 72 o T 2 A HETEDS
5. XOVEHRICEERETNLE T E2DICREITETLVED D DOSGEEICZ, BTET v
DEREM 2 WET ILERD S, 20720iCiE, FEETFAOEBREUT 2L FETF 1 €
TALHEKET VEEK L, AF B oS REFHOHB L &G0 2 L NEETH D L F
25, THLEETAOWEEICLY, GEIREELS DS XS REmas R lililZentic B 254
G ETH~OFES D FIREIC 2 2 L B X 5.
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Appendix A AF SEEREERBIERER
Al YU RXH—FE 6DoF t > Vector Mouthguard

AHEICIlE, %2 ECHTHERAEERCHE* A ~T 4 7 AZMET 270 Hniz= T R

77— F A1 6DoF % v ¥ Vector Mouthguard D FHAIC 2\ TRT.

Vector Mouthguard 1, FERNEE & € v IO 2 202 ok s nhTcnw s (¥
2-2a). APERNEEMRIEZa v 227 P AR =V EEPICHER I — kA~ 24— F L [A%
BIERERLCH Y, LEEORMICADETRIETE L LS IChoTWd. ZOHENLE
FROHTFERIC 6DOF & ¥ 230 fHiF o Ts b, Ke v I 2 ORENICEE L ZBIcize v
iknpshicEEtiswe s (K220 .

A-1 1T Vector Mouthguard ® 7 — X Gi# > A 7 L O ¥ % /K3, Vector Mouthguard % [
JEEPNIC 2575 L 72 JRBE© AF $iti %17 5 &, Vector Mouthguard (ZBHER#2E %2 BB ICHRATIL, %
DRFOIE* 4~ 7 4 7 A7 — & (SHEREARRINGESE, SEER A HIEREE, SEER A ALEEE) 23 MIE 3
NEZVATLLEoTwS, MEINZHEEFA~YT 4 7 AT — X IIERTHA F I 4 v2f5
BicHE S, ZEBICERESK SN2 — Y avEHLTweb LT —2_x—2ICHllE
TERPEHIND.

Web Database

wireless

(a) Head impact (b) Sideline receiver (c) Storing data

Figure. A-1. The schematic diagram of the Vector Mouthguard data recording system. (a) When
Vector Mouthguard detects a head impact, it records the head kinematics data for head impact, and
(b) the data is wirelessly transmitted to the sideline receiver. (c) The received data is stored in a

web database via a laptop connected to the sideline receiver via USB.

¥ 7z, Vector Mouthguard ICHU Y 1 & CTw b & v 313 3 Wiln#EE -+ 3 (ADXL377,
Analog Devices), XU, 3@ v 4 vt v H BRI NTHE, IEEL vy Yo%y 7Y v
JTEREIE 1024Hz T, ©—27 v 7P ofBkEE L X e 57201, 5000Hz TV ¥ v 7
Vv rbihsg., FHAIMTEEEIFH 12 0~1961 m/sec® (0~200G) & 72> T\ 2, [EARINHE
T — X (ITAEE 208 E U 5 10 msec Fi2» & 93.75msec Dl (IMEHEFT 0¥~ 7'V v 778 96
Yy 7Y v IREBE 1024 Hz THl o 72 fl), kI b, —Ti, YxAmerIyoy 7Y
YV OBUIRIE Lo T B 28, SBH#L, v 7Y v IEIE T2 T, 200 Y Y ) v ST
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X 768Hz TH 5. MEE € v ¥ L FERIC, BHERER Eooic 5000Hz TY 3 v 7Y v 27
2Mfrbi g, FHEVREEIPH X 0~2000deg/s TH 5 (K A-1). HFTFA~T 4 7 AT — X 12X
2-2b IR L 72 BEER SR T AR R & BRI i %

Table. A-1. The sensor specs of Vector Mouthguard. Both acceleration sensor and gyro sensor

resample at 5000 Hz to improve accuracy when detecting peak signal levels.

Acceleration senser Gyro senser
Measurement axis Three-axis (x, y, z) Three-axis (roll, pitch, yaw)
Sampling frequency 1024 Hz 768 Hz
Range 0-1961 m/sec?(0-200 G) 2000 deg/sec?
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A2 BEFT—A

# A-2 I AF BHEERNERRSINF 0 &, KE, Fi, Ky a v, AF BEZR
T, EBNREOKRS L avidT4 72V ADRF LKLY v a v (Linebakeers ;s LB, ¥ X U5,
Difensive backs; DB) 284 %, #7 = Vv ADAF VKT v 2 v (Wide receivers s WR, Running
backs; RB, ¥ XU, Tightends; TE) 234 %, #7 v XD 7 4 v~ (Offensive linemen ;
OL) 1 #4THo7-. 22T, ZFAKIvaveBR—A%2{LHIEI av&IEL, 74V
CVYREAZ VA=Y TAVTHFEFICEZy 70, RO, 7Ry %3 5KY Y aviiEd.

Table. A-2. The list of subjects data for AF head impact measurement. Subjects were 170—-183 cm
tall, 73-94 kg, and 22-24 years old.

Player Height Body weight Age Position Years of playing AF
[cm] [kg] [years old] [years]
Player 1 183 94 22 LB 5
Player 2 179 85 22 OL 5
Player 3 173 77 23 WR 4
Player 4 168 73 22 WR 2
Player 5 170 85 23 RB 4
Player 6 180 85 25 TE 6
Player 7 178 83 19 LB 0.5
Player 8 182 86 20 LB 0.5
Player 9 175 77 20 DB 0.5

¥ 7z, 8 2.1 ECIT o 72 BHEEBRAE R OME r — A —E 2K A3 IR T. &7 —RICD
WAL LD SEIORITEITo T 228, 7 — XIS 5 BICHiz 7 — 2 8% <
Hotz. FHC, Hit 21T 2 OEFICO VTR T — X FCEEEAS 1 BLAT @ case 23 30 case H
23case L 7o Tk Y, Hit 2T HMOEFOHEEL* A ~T 4 7 AT — ZHFIZNEFETH o 7z,
Hit It 2 7o 721 Bb b 37 — 2 A5 I Nind o ZHRIT AP TH 2 23, Hit ByfE <4
U 2 s KEBEERINEE 13 15 G F2E T H 5 7210 L T Vector Mouthguard 23 SHF( 2 234 U 7=
28D 2% 2 EIES 10G TH o7 2 & A5 Hit BIfFIC X o T4 U 2 BHHRE % 1% Vector
Mouthguard THAIT 2 ICIZ /NS WHEETH > R H 5. £/, HHOME» L~
T AH = FEBBLIE RV E WS HERD o BT CRBHEMEEMEL 22 HALH 572 2
b, AREARMRY IEHEICIH ¥ A~T 4 7 AT — X R WE T 5 72 01T 135 H O CENR
WXL A LI CTEICHKE%Z L, Vector Mouthguard # L > 229 LMty 2 L BEETH 3 &
FEiobhd.
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Table. A-3. The list of combinations of hitter side player and receiver side player. The number of

impacts measured in each case is also shown.

Case | Hitter Receiver | No. of impacts (hitter) No. of impacts (receiver)
1 playerl  player2 0 10
2 playerl  player2 0 0
3 playerl  player3 0 5
4 playerl  player5 0 6
5 player2  playerl 8 0
6 player2  playerl 0 3
7 player2  player3 3 5
8 player3  playerl 5 5
9 player3  playerl 2 2
10 | player3  player2 0 4
11 player3  player8 4 5
12 | player4  player5 0 5
13 | player4  player5 1 5
14 | player4 player6 0 5
15 | player5 playerl 0 5
16 | player5 player4 0 5
17 | player5 player4 0 5
18 | player5 player4 1 5
19 | player5 player6 0 4

20 | player5 player6 0 0
21 player6  player4 1 6
22 | player6  player4 0 4
23 | player6  player5 0 0
24 | player6  player5 1 2
25 | player7 player8 3 5
26 | player8 playerl 0 5
27 | player8 player3 1 5
28 | player8  player7 0 5
29 | player8 player9 0 5
30 | player9 player8 5 1
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A2.1 Hit BifERFDAIL Xy ~ D ERBFR

5.3 ICB W CHEEEHEE T VIC s W CTHIIIALE 2 RE S 5 72D I1CX] 5-8 TR L 72 3l A1
ICHD & Hitter ;3EZBF~L X v MICHF 2 Receiver iliEF~L A v b OHENEZE 2 DK F
VT4 TR OB OHEE L 72, ZOME L VSO NAKT —RITH T % Hitter ;3EF~
LAy FITKF % Receiver filiET~L 2 v F oM EE (K5-8D Z,) OFH%E A-4

Table. A-4. Relative height of the receiver’s helmet to the hitter’s helmetat the head impact initi-
ation.
case Z, [mm]
case 11 63.8 £8.4
case 12 90.3 £17.1
case 13 94.7 £39.1
case 17  87.0 £22.1
case 18 102.5 £23.5
case 27 99.9 £13.5
case 29  82.3 £9.0
all 90.8 £23.3
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Appendix B & AZAEREH /78I E RER

AKHfFFECIE, AF SEEGEFMEIZ B e L7z AMEBEEBERERE T vics T, GREHRE
FADHMW IR E % AF BB 2 E L2 DL T30, K¥ AFET 2 NRICHEAHT
A DWE %2 FEM L 7=, B AEER IR, TAIEMICEEINEZ Y FALF XA F
% A — 2% (Hand-held dynamometer, HHD) (cxt LT, HIEXTRE 2SI 1% S48 LIS %
LY C 2B HHD I & Y Risk & Nz K 2 B & U CHIGE L 72, SR 1 30E W o
TER R DLKEBIIENL T, Tl - 2 - 720 - AE © 4 o CHlE 2 FEhE L 7z, 3
i THEEERTIEIRY AF F— 2D XA v =941z, av br—A#fe LT AF SRR
D7 20 fR—IFEYE 3 Z D AEF 12 BT O TRAHEM N 2 HE L 7=, HEEAHE 2 & 5
b N7- AF Bt HE O e RBEER J1E 13 73 il 176.2 £38.4N, ffijE 288.3 £47.0N, Z={H
J& 263.9 £52.6 N, H{llfE 288.9 £47.5N TH - 7=. —J, 3 v b u—ifE GE AF 5i5&#E)
D e RFAER A MBI TRl 95.8 £17.7N, )@ 185.3 £58.9N, ZfillfE 157.8 £42.8N, £
i 181.2 £43.4N &7z o7z, Z OFERIC tHIE 21T o 7245, AF BiH# i & JE AF Bk it
DI KFGH NI AR R EDRD bz, UFIC, RAREEHME LR O % R

B.1 HIEFE
B.1.1 HIEIEH

M THIEEERTIX, BT o SHH IO W THERNREOBIE 2 EiE L 7-. AL
X, 431 foR T FE T - fE - EE - GHEO 4 7RIS o W TRE 21T o 7. FEERE
BEICDWTIE, PR S Pl offffe cfrb iz TR IcHE U ¢, MIE FEME 13 E7 AL L 72 81 SR
FOIEM A &, FAGRP RN LB % (R FF X & 72 REE CHETAPRE Tk 2 @i 3~ % X 5 ICHHEER X il
FiANCR U CREMOERMEZ A Yy —ClIE L 2. 72, FHEI oW TRIEV THE
SHPEEC 2> D 28 7 BMERRZEE £ co R (K B-1) & L, HHERE & FEkic, HIENRE D IET
A CHF R EINL % fREF & 2 7 REE CHE RN RE OB 2> O BIEEMEE 23 X & ¥ — CTHIE L 72.

o ARHHM /) (Isometoric cervical muscle strength, ICMS) [N]
« 5% [cm]

« K [kg]

o ZAERJELED [em]

o MR X [cm]

B.12 NYEAIRFAFEAXA—Z

B RHEES E I 1E HHD (7 =~ 8 S R ) ME %iE puTas F-1) w7z, T o
[X| B-2 I HHD D @ifR %3, ARMEBERICIT 4 HEFHO/N T 5 — 2 7L — P AR E N
THY, FHHEEELZCEETAIC HHD 2 LY Ch s o MENRE L H N % FiET 5
ET74—ATL—MCELDZRAOPERIN, RANHNZAIGT 22 LH8TE S,
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Occipital external protuberance

Spinous process of

Cervical length /
seventh cervical vertebra

(a) pTas F-1. (b) Force plate.

Figure. B-2. Hand-held dynamometer. I[sometric muscle strength measurement device pTas F-1

by Anima.

B.1.3 IEIHmAOAEREE

FEECAT T E EEE T, X B-3 1SR 3 EEE 0 HIE P2 E & B > ORI ) o IE % E i L
7. ZOWELEE T, ESTICHEEIAAEER T 50 74V I IC HHD 238, % @ FHAlE 23
METHMZ L2 X5l onTns, AIERO TFET AL IEM IRV 2fio s 2 L
KXo CTHEERINICH 2TV IEMLEETE, HHD 2{FEOE S ICHHBECX 2L 72 o
T3, Fu b EEHOMEEIZ 500N ¢, HHD ic4: U 2 $hid Lk & omfE Ik L TR 500N
FCHIEVRECTH 5. T/, E FEICITRERICEBE2ERMNZEE L2360 X 5 IcT 5720
DHExHE L 72, MEOLFIERIIN 44kg TH 5. HIENREFIZEBE ICHKE S 72 HHD O F
FCHEHAEDC X o, MEHEOMICKEI N~y -y F EICi\fiickh s, 20
IREED & B ) % F4E L B L5 1A~ % HHD (i L 24 C % & & CHE I % HlE &
3 LBTES,
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- Bolt securing

f Hand-held dynamometer

‘ |

Up and down (J Jan
bl : |

movable / \ \
| |
£ |
Weight (total approx. 44 kg)
(a) Front (b) Side

Figure. B-3. The device for measuring the cervical muscle strength.

B.1.4 SAESHADAEFE

[ B-4 i KEFR IRIERE O T2 7R 3. e KRB ) ME B C I, WIE N R#F 1L HE
FEEE IC3%E & 7z HHD © F A ICHEE2SED K X ) ic, HIEREBEOMICE Nz~ v F—
IRy N RICHEE A2 & H L 72 RRECEALIC 72 o 72 T Bl S OV R T 1) o B A 80 A8 I 13,
HENRF ZH T2~y =YXy FOMREAIER L, JE 77 m o B8 100E R it Eflo
Fr=wvHF—T Ry FOMERZIEET 2 X 5 IciEm Lz, JIER LI E N RE O BEER AT & 1A
b THHD OFE X % L7, OB, 1 4 OHIEEMEE 2 E N RE OFH A P ML I 7«
5 X5 lT o b LB AR L, FEPEIMEE L 725 X5 iR L7z, HIE LB %2 HHD
ICE S i 7 RRE D S N2 52 X IR L, YIIHEIEIC X3 EB A 4E LXK I
L7-. HHD & BEEBOBMAIE X, i BhREIC X ATEESE, (I R I IBEES (2002 A), (fEK
CIIAMETERERE & L7z, 1 [l 72 b o MIEREIZ 3 BT, | AoMIENREICo %, JHill,
g, AME, %O, GRED 4 HHEiconwTEnzn 3\, 4512 BoRlE %217 - 7-.
HIEF M ONEFF 1%, Jdh, R, ZME, A0EE Ue. BERFIZETm 3 Bl oBER RO
5 bk K% % DI EORKFERHNMEE Lz, HlIEIX AF o AR o 11 HicFEfiL 7.

B.2 AEXNRE

FEER A N MIE K Cix, BARAY: AF #EH 15Y — 7 ICE T 2 KA AF F— 2D X vov—
9 % & AF BiHEGAER D 70 20 kB 3 A 2 MGUCHIE 2 FE L 72, AR T, BENSR
T AFBEIEICIEC T4 207 — T L CRHili L 72, 77— 7 o805k, i1l
TEFEMERFIC AF BB % Mk L <17 o T b BEbiiRBios 2 fE UL Lo MIENR#E % Group A (3 4
AET 14, 4FEETF 1A, AR ANAF F— 2 EE 1 4), BB 1 AR5 O HIE
RE% Group B (1 F4ETF 3 4), AF % 4 FHHHE L 728858025 & 0 MIE Re 13580 & ke L <
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(a) Flexion. (b) Lateral bending. (c) Extension.

Figure. B-4. The posture when measuring cervical muscle strength.

fToTWARWHENRE % Group C (3 %), AF BHERER D 72 Wil E N HR#E % Control (= v
P —ARE3 L) EHMEL 7.

B3 EBEASFEHRAERR

FF, K B-1 KHENREOKE, HBES, HEERBED 4 50 G ARNREEDHIERE %
AT, REICOWT AF EFH (GroupA-B-C) tav ru—aAfEclkigd s, #FEHT
81.8 £6.6kg, = v Fr—AFET 60.2 £12.1kg TH Y, ETHO ST BEELE N L2305
3. ¥77, \IHBEEHEICOWTH FEFICHIRT S L, EFHT402+1.4cm, =2 b o —A g8
T 355 +2.8cm L WIHFERTH o 7. HIBEEMHICOWTHEFHO LY R WHRE %
HLTW2EEZ25., ), HEFEICO WL, EFHET13.940.53cm, 2v Fa—A#T
14.0 £0.50cm TH bV, WMRFMOZEIR oA r o7 T, BHENRE COH R & FHRH
R oMBEFRENZ 0.02 L Aa b, GREFEFRSCHEAES 2V E WIERICR -2, 7L,
R S IZMERFO b3 2 RIEERM O T ICc X VIIEMA B cm At L CL 5 729, H
HRIOUEHRAENKRE o 2 BERTHR LHMBE S ICHMHBAR R WO R
REEZOLND. LD oT, AEBRCHEL TR S oW TIEHEENMEL, EHEX
% O 725 2 4T 5 I I3 O BIE FiEE R T RETH 5.

B.4 FBHAENREC L ORAEBHNE

AR ITHE TR o N2 BHENRE & & ORKHE A NME% K B-2 ISR,
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Table. B-1. The list of subjects data for maximal isometoric cervical muscle strength measurement.
Subjects were 170-183 cm tall, 73-94 kg, and 22-24 years old.
Group Player Height [cm] Weight [kg] Cervical circumference [cm] Cervical length [cm]

Player 1 183 94.0 42.0 14.5
Group A  Player 4 168 73.0 39.0 14.5
Player 5 170 85.0 40.5 13.5
Player 7 182 83.0 39.0 14.5
Group B Player 8 178 86.0 40.0 13.5
Player 9 175 77.0 40.5 14.0
Player 2 179 76.0 42.0 13.0
Group C  Player 3 173 77.0 38.0 14.0
Player 6 180 85.0 41.0 14.0
Control 1 0 58.5 36.0 14.0
Control  Control 2 0 73.0 38.0 14.5
Control 3 0 49.0 325 13.5

Table. B-2. The result of maximal isometric cervical muslce strength.
Group Player Anterior [N] Posterior [N] Lateral left [N] Lateral right [N]

Player 1 216 354 377 385
Group A  Player 4 158 296 283 292
Player 5 208 331 253 279
Player 7 229 304 233 278
Group B Player 8 159 324 252 276
Player 9 151 290 217 268
Player 2 151 244 254 298
Group C  Player 3 114 211 306 320
Player 6 202 243 203 206
Control 1 115 253 201 227
Group D  Control 2 93 146 157 177
Control 3 80 158 115 140
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Table. B-3. The result of IMCS / weight.
Group Player Anterior [N/kg] Posterior [N/kg] Lateral left [N/kg] Lateral right [N/kg]

Player 1 23 3.7 4.0 3.9
Group A  Player 4 2.1 4.0 3.8 3.8
Player 5 2.4 3.8 3.0 32
Player 7 - - - -
Group B Player 8 1.7 3.7 2.9 3.1
Player 9 1.9 3.6 2.7 33
Player 2 1.9 3.1 32 39
Group C  Player 3 1.4 2.7 3.9 4.1
Player 6 23 2.8 23 24
Control 1 1.9 43 34 3.5
Group D  Control 2 1.2 2.0 2.1 24
Control 3 1.5 3.2 2.4 2.8
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Figure. B-5. The plot of maximal isometric cervical mescular strength.
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Figure. B-6. The correlation between maximum isometoric cervical muscle strength and cervical

circumference.
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(a) Flexion. (b) Lateral bending. (c) Extension.

Figure. B-7. The posture when measuring cervical muscle strength by MMT.
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Figure. B-8. The plot of maximal isometric cervical mescular strength obtained by MMT.
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Table. B-4. The mean values and their standard deviations of the cervical muscle strength obtained
from the 10 times cervical muscle strength measurements conducted at different dates and times
for each subject.
Subject | Anterior [N] Posterior [N] Lateral left [N] Lateral right [N]
Subject 1 | 236.6 £21.5 364.5 £25.7 339.1 £21.0 373.2 £30.2
Subject2 | 194.0 £12.3 287.2 £12.7 280.7 +18.3 258.1 +£18.9
Subject3 | 119.4 £11.8  212.3 £9.1 201.0 £28.4 183.7 £31.6
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Appendix C FE €7 )LD
C.1 AfKFE £7J/L THUMS

Total HUman Model (THUMS) (% b 2 & &) & SHH R iF 55 23 4L [RIBH 7 L 72 B B s afe
BLREFMHAEFE €7 v Ch 5. (K 1-2). THUMS I HEH RS oLl B &
LTERENZAMEFE £ A4 TH 5. CT AF vy VDT =25 E%H0TEBEO AME% BE
KT 2 X KERENTEY, IAh & oNHMAMKD FHE LT3, THUMS Ver. 6 €5
NORERNRIE, HE 175 cm, RE 77 kg, Filt 30~40 R OKERMEL oTwd. Fi,
2019 4EICfERK & 7= THUMS ver.6 TIRAAIE T A b FEE X T\ 3 B9,

THUMS (3 BB HE R IC BT 2 AMEISEZ FHIT 2 2 L2 HIME LTWw 5720, —fiRAVIC
EREMEAZ SR T GREC X 2 EPEINAZFEET AL o T3, BffkitEC
7 =2 vEH R THERD Y, FFREEICHINSEC 2. ERARO X 5 5 FEHRINERH
28 1 FIC b i 72 7 W TR < B WX REART R T B o T BIEN A R i E 2 FEIT T 5
TEHRTEDLD, LOVKZRKMAT -V TOFETIILV L OFIEREZE ST 2. 207
», THUMS b EHREEH 2 1 B 2#z 2 X 5 RRKR A 7 — v 205 1 IZFHREFRH 2 R <
moTLED &I HENRD B.

¥ 72, THUMS % 2020 £ 1 HicEENFL I N, HEEBWCTCORBERAEEL o T3
[20]

C.1.1 THUMS EZHAETIL

# C-1 12 THUMS D&EHEHHAE T L OFMiHEOMEZ /R 3. THUMS TiE—2 DA%
FAPEED A= TRHEREIN TV EEAYH 22, £C-1 TREHHRETALEZHKLT 22
N—tomWHEOAEHEEZ R L T3, (B2, MgEFLZE (Sternocleidomastoid msucle)
DRFAE FAAIAWIERE 246.0mm? 253 2 0D 8— F TR I N TV 2720, £C-1 T
1% 246.0 x 2 = 492.0mm? &\ 5 MR IC R o T 3. ) AT T L O MRS Z &5 L
7= BEERHAFRT IS 13 4026.4mm?2 TH 5. F7-, FEKE i BN L OB i ke, ¥
BRI O AT 12 2 N F N 345.6 mm2, 1198.4mm?, 2482.4mm? TH 3.
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Table. C-1. The names and groups of the 23 muscle models included in the head-neck FE model.

PSCA stands for physiological cross-sectional area and the unit is mm?2.
Muscle groups Muscle sub groups Muscles PSCA [mm?]
Digastric 67.6
) ) ) Sternohyoid 116.0
Cervical flexor agonist muscles Flexor agonist )
Mylohyoid 120.0
Stylohyoid 42.0
Scalenus medius 136.0
Scalenus anterior 188.0
Scalenus posterior 105.0
) . Flexor synergist 1 Longus capitis 144.2
Cervical flexor snergist muscles .
Longus colli 82.8
Rectus capitis anterior 25.2
Rectus capitis lateralis 25.2
Flexor synergist 2 Sternocleidomastoid 492.0
Semispinalis capitis 552.0
Semispinalis cervicis 255.0
Extensor 1
Iliocostalis cervicis 173.5
Longissimus cervicis 223.5
Splenius capitis 494.4
Cervical extensor muscles Splenius cervicis 143.0
Obliquus capitis superior 88.0
Extensor 2 . L
Obliquus capitis inferior 195.0
Rectus capitis posterior major 168.0
Rectus capitis posterior minor 92.0
Extensor 3 Longissimus Capitis 98.0
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C.2 THUMS @ PID #filiC & B FnE M EREFE
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Figure. C-2. The local coordinate system of head and torso.
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Ro1 Ry Ros| =[ezx ey e€2:] €12 ey 61z]T (C.1)

Ri1 Riz Ris
R =
R31 Rz Rss

G CEME(THI R %, [ 2% T 720 FEEROEEE< 2 F A & EEOKA E X
BRI o BT 5. LT OR C3 MWz~ 2 Fn & EEEHE o 55 % 5

@ = cos ' (Ry1 + Roa + Ras — 1/2), 0<p<m (C.2)
[0,0,0]7, p =0,
1 T
Rss — R Ris— R Ry — R 0
N — 237271up [ 32 23 13 31 21 12] ) <<, (C.3)
T
ﬁ[\/311+1 VR +1 Rszs+1], p=m,

BRI, FEECRDAEEHELR 7 v n & R—AFEEROEER 7 v [elw ey elz} D
RIS L ClEfME o 235 2 b ©, BEiAE 0 2k (K C4h).

0=lerx ey ers] my (C.4)

2T, ¥R bovn it 2 DDRFTEESR D 9 HE BTl AL O J P R R TE
FEINTWw3, 2% 0, HEEOBEMAE 2E 2 25461%, KB ORTEBER CREEEX 27 F L
nBNERINDS.
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C2.2 TR 7-BAFIME 0 1wt L <, HIEBEEME @ 226 OfF#AE e %3k, PID %% H
WCHlflE w 2HEHT 2. UToRXckobns.

e(tn) = P(tn) — 0(tn) (C.5)

tn d
1Am)=kpdm)+kﬂ/ ehMT+kD&me (C.6)
0

T T T, ty[sec] BIRAEDKLITH 5. O(t,) & P(t,) TR ¢, 1B 2 EROBEMAE, »
LU, HIEEBEHAETH B, 0(t,), P(t,) EDICIWITORI PrlihoTEY, TLTLOD
W5 x, y, B ROBEEAE TS 5. FHMoLE, x s m Mg 1,y il o3 )
Jilal, z WA EE S M OB A 2 R, e(t,) [IREZ ¢, (IC BT 2 BEEIAE 0(t,) & BEE
BRI T 4 (t,) DIRZETH B, X5 A—& kp[rad™], kr[rad~'s™"], kp[sec/rad] iz N Zh
WHlr4 v, 8orAy, Morr 4 v, B X o> Ttk E > T2, BEE & RO
Bfio5 &1 Z 241 8.00, 0.00, 0.300 &7-> T2, HEEBIEMAEITYIBEMAE L 2o
THY, Zo PID FlfHlCIIVINZERZ MR T 2 X 5 ICiEEE 2 2L ¢ 5.
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’Ui(tn) = Zrijuj (tn) (C7)
J

1

si(tn) = 1+ exp(—Sv;(t,) + B)

(C.8)

ai(tn) = A; + Cz’si(tn) (C.9)

T, AVT 7R FZENTNOHNERL T3, HEHOH0EE, Willc 46 fE
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HEZETH 5. ryy ZBEEBEB O KT L CZ N TN OBHAIEKT 2 H &2 ED 7 b
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€6

Table. C-2. The percentage contribution of neck joint.

index i rij(right) rij(left)
Muscle name ril 1i2 113 ril 1i2 1i3
right left | +: right flextion +: flextion  +: left rotation | +: right flextion  +: flextion  +: left rotation
-: left flextion  -: extention -: right rotation | -: left flextion  -: extention -: right rotation
Sternocleidomastoid 1 24 0.35 0.30 0.35 -0.35 0.30 -0.35
Scalenus Medius 2 25 0.50 0.40 0.10 -0.5 0.40 -0.1
Scalenus Anterior 3 26 0.50 0.40 0.10 -0.5 0.40 -0.1
Scalenus Posterior 4 27 0.50 0.40 0.10 -0.5 0.40 -0.1
Digastric 5 28 1.00 1.00
Longus Capitis 6 29 0.40 0.40 -0.20 -0.4 0.40 0.2
Longus Colli 7 30 0.40 0.40 -0.20 -0.4 0.40 0.2
Splenius Capitis 8 31 0.35 -0.35 -0.30 -0.35 -0.35 0.3
Splenius Cervicis 9 32 0.35 -0.35 -0.30 -0.35 -0.35 0.3
Semispinalis Capitis 10 33 0.30 -0.40 0.30 -0.3 -0.40 -0.3
Semispinalis Cervicis 11 34 0.30 -0.40 0.30 -0.3 -0.40 -0.3
Tliocostalis Cervicis 12 35 0.40 -0.40 -0.20 -0.4 -0.40 0.2
Obliquus Capitis Superior 13 36 0.30 -0.35 0.35 -0.3 -0.35 -0.35
Obliquus Capitis Inferior 14 37 0.30 -0.35 0.35 -0.3 -0.35 -0.35
Sternohyoid 15 38 1.00 1.00
Mylohyoid 16 39 1.00 1.00
Rectus Capitis Posterior Major 17 40 0.30 -0.35 -0.35 -0.3 -0.35 0.35
Rectus Capitis Posterior Minor | 18 41 0.30 -0.35 -0.35 -0.3 -0.35 0.35
Rectus Capitis Anterior 19 42 0.40 0.40 -0.20 -0.4 0.40 0.2
Rectus Capitis Lateralis 20 43 0.60 0.40 0.00 -0.6 0.40 -0.001
Longissimus Capitis 21 44 0.35 -0.30 -0.35 -0.35 -0.30 0.35
Longissimus Cervicis 22 45 0.40 -0.40 -0.20 -0.4 -0.40 0.2
Stylohyoid 23 46 1.00 1.00
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THUMS (2 35\ TR Hill BffiRE 7 S oM EFfEEZ G L Tw 3 F 7 AR TRH
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C-3 IZ Hill BffiAeF A TREE Nz | RICHAET L O&R %2/7R 3. Hill BN
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Figure. C-3. The muscle model of beam element with Hill-type muscle model.
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FCE = Fmax X Oé(t) X fTL(L) X fTV(V) (CIO)
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a(t), BRETANDOR Ly FH LIHKEST 2IHERRI DA T =Y v 77 7 7 & frp(L),
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Figure. C-4. Normalized contractile Figure. C-5. Normalized contractile
muscle tension-muscle stretch ratio re- muscle tension-muscle contractile ve-

lationship. locity ratio relationship.
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Ly FI L & h(L) DBIEER C-6 I0RT. ALy FIH L2 1.0 fHETIE (L) 1E 0 1w
L 725729, KBERICX ZHHTITNE 0,

Fpp = Fhpae X h(L) (C13)
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Figure. C-6. Normalized passive muscle tension-muscle stretch ratio relationship.
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D4 ODFETRINSG., THUMS M OANFE DO NMRTEZE FE €7 4 CTRIREER DMP %
20x1073 L LT3,

Fpp=DMP x PCSAx LxV (C.14)
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C.4 AKEZEA S — Hybrid 111

Hybrid III & (3 HEIEO@E 2R T AL NI AKL I =271 T, AMEDBEKIC
YT 28nzeEL 77 AFy 7 CHEL, Zhz2E 5 WEHMEZ 77 25 v 7 Famc
Bt L72bDTHL. TOMNMEL I =TV IEEDMD - 7-BRiC, FEEO AR TEES) L
FERIC 72 2 X D kel hvcwn 3 B

Z D NKEZE X 2 — Hybrid I Tix, FE €74 P QB h T3, M C-7 i 2 D
Hybrid I FE €7 v %733, 1 2H (K C-7a) %, Hybrid Il OfEICEFRICED WK X
W75l 72 FE €7 (LSTC NCAC Hybrid III 50th Dummy, Hybrid III ¢4l FE €7 4) T
#»%. Hybrid Il 7l FE €7V OERBUII 45 TTTH Y, SN EDEFRFICR D X5
FIcEBEINTEY, FEA Yy a2 bl WFEE®TF A ERoTWw3,. 2O FEE®FAICEW
THIFEERIH SN TS DIFEERDK 3 BICH7z2 177 5000 BEDOEK T, ET L
D KB/ 1IETE TR TR S LT 5. Hybrid 1T #54f FE £ 7 413 Hybrid 1T % iV Cf7 - 72
KB R 2 EBEICHRETX 25742 >Tk Y, Hybrid Il ZHv727 4 — A FEEBROH
BABMEMBHTICE ) PHIT 2 2 LA TE 3720, EEBRIC»H» 2 EHPKMZHIRT 2 2 & 23T
ERN

b5 —JD FE £7 A2, K C-7b /"3 LSTC Hybrid 11T 50th Fast Dummy (Hybrid 11T f&
%€ FE7N) TH2%. Hybrid Il fii5 € FE 7V 3EHH a2 b 12 % 72 0 IR 3R % 0
5L, »2, MEEZEDOELEE% L L2 FEEF AL %> T\w5, Hybrid Il fij 5 € FE 7
D EEFEUIH 4000 &, Hybrid I F5fll€ FE 74D 100 770 1 FREOEEH L > T 3,
¥ 7z, Hybrid Il fifi% € FE 7 V& 0 2 MRS 134 1500 H 9, 2 41iE Hybrid 11 f 5% €
FE 7V D REREB DK 40 %12 H 7= 5. Hybrid I 554l FE €7 v & H~C, Hybrid Il % &
FE 7V CIEIAERICN L THHAERDOEI GBI KE L, 20, AvvadfuETLER>T
BY, fHEax MR E N TH3, L LS s, Hybrid T 354l FE £ 7 ic e~ 2 & f@#r
K3 5.

(a) Hybrid III 50th Dummy. (b) Hybrid III 50th Fast Dummy.

Figure. C-7. Hybrid III finite element model.
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C.5 AF#HEAANILXY FFE EFI

C-8 I Biocore LLC 282AFA L T\ 3 AF Bt H~nr 2 v + @ FE €74 1 o —fil %755,
C-8 DE T NI, AF Bt~ 2 v I Riddell Revolution Speed Classic > V) — X ® 2016
FETAVEFEETAMICLEDDTH B,

TDO~NVAy FET N, shell, foam, facemask, chinstrap @ 4 DDA AAED S -
TefiE e i o T3, Shell iZ, ~Vv Ay FOIGRICHT-Y, BB EZTINT 5 72 Il
REWEEE 77 2F v 7ML Tw2 Bl FE 70T, Y v 75534 1.5 GPa D
PfkE % oTwz, RIC, shell DNEICH 2 == F VALK Y 7L XY 9075 5 REMH
foam T, shell 2> HHHER IR D 2HES 2 F O T 2% #1235 5. Foam (3 2 J§ OEMEM 23 EH 7 -
THERENTEY, shell iGEWHIOfE (VA4 ¥ — 1) otk SEHE BT 2Mlok (L4
¥ —2) offitEicttRTKRKEL{R>Tw%, FEETALTIE, LA4¥Y—1%Yv273%0.20 GPa,
LAY —=2%Y V7% 0.020GPa D7 + — LM TET LI N T WS, X 51T, facemask (ZEH
HERET 20 ofkElo~ 27T, FEE7 LTk, ¥ 7% 210 GPa Ditkfke L T —
LERCTHEINT WS, BRI, chinstrap 13, ~L A v b ZIEEICHEE T 2 7201, FEERIC
WET DV ETHS. FEET AT, MHEMEE > — P~ EPRTiREhTns. 2o
~ Xy b ETAOEIRBUL 141,007 T, EREICOWTIE, VU v FEEH 100,144, > =
NEFRD 46,870, € — LEFRA 366 LigoT3.

shell

foam

facemask
Figure. C-8. Finite element model of 2016 Riddell Revolution Speed Classic. The model has
141,007 nodes and 100,144 solid elements, 46,870 shell elements, and 366 beam elements.
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Appendix D FBEB{EE 5T
D.1 AIS X7 —I)L

GEOHEEEZTERBMICET 0L, HERATF—ALEWIEZHBH 5. GEFGCX A
WHNBEERT = LTl BT X7 — v Abbreviated Injury Scale (LAT, AIS) 725% 3.
AIS (3, fREIEOIEGL, ENE, BEEEICHESXGELIHMT 25 ch 5. HIEREE, %
BIEICOWTIZERE L2\, AIS CREFOEEKZ 1 2256 6 D 6 KFI§CaHix L5, AISI
R, 2 (X EEAE, 3 IXEESE, 4 XEE, S5 I¥ENE, 6 R EEW T 5. HEHEEICE TS
AIS 227 offl% % D-1 icnd B AF Sifihic A3 2 G EDOL C 1L AIS 227 T 1
52 THY, KifFFETIE AISI-2 DIEEEEZ R E T 3.

Table. D-1. The example of abbreviated injury scale

Score  Severity Example of head injury
1 Minor Headache or dizziness
2 Moderate Unconscious less than 1 hour; Linear fracture
3 Serious Unconscious 1 — 6 hours; Depressed fracture
4 Severe Unconscious 6 — 24 hours; Open fracture
5 Critical ~ Unconscious more than 24 hours; Large hematoma
6 Non-survivable

D.2 HIC

HIC (% Versacel®! 28425 U 7= BHEF E.O A IR 2> & SHES BB 3T 0 F 4 % Tl 4 2 SHE 5
EFHMIEECH 5. HIC IZAToA D1 Ickhkovbins,

HIC = max [{(bitl) /tt a(t)dt}

22T, at) \FVEAE.C O =& R ERIRE, ¢, to [ZMEE L R OFEED 2 D Dl
NERL, t) <ty THD. EFNEE DR IIENEE G ©, RO HALIE sec TH 3.
HIC ZRET 2BEE, avva—2ic k2w il EIC X o T D1 ofErimK L 7= 5 K4l
t1, to ZFERT 5. AFCTEHBGELFIRIC X o TIE SN ARSI (t — t1) ZIEHEGE
FRANGEE o Fe e & R3S, 1986 4Fic, NHTSA (3 SE RO E S ANEE o Frhe ke (t — £1)
D ER% 36msec ICHIRT 2 2 & ZIELAZ. L2 LA S, ZOHROMIES S 2003 FEICFH
Jalx & 0 IERE R G EFHmESE . U<, Kl (fo — 1) Z &K 15msec & L, % OKfD HIC
M50 X—k Y RANVBYR RS S—k v XA NLIEICE T 700 2R RV L% HEH%
SIHEDOTE L D 72 P KFecld, Fgehf (tp — t1) © LR% 36 msec XU 15msec &
L7z HIC ZXAld 3 7201c, ZhZ i HIC36, KU, HICIS ¢RFTZLicd 5. KixX
o BEEE E Al < 1% HIC15 % F v 72,

2.5

Uz—tn] (D.1)
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A D2 KUK D-1 i AIS2 I Y T 2 HEFHNOHEICHW LN EE Y X 7B %R
T, ZoEEY Z7EKIIA D2 DXy ICFHEERHO BEOMAEKcEEINS B 27701,
p=6.96352, o =0.84664 TH 3.

(D.2)

In(HICI5) —
P(fracture) = N <M>

g

1.0

—— P(fracture)=N (w )

Probability of skull fracture
S
()}

0.09 1000 2000 3000
HIC15

Figure. D-1. The injury risk function related to skull fractures.

D.3 BrIC

BrIC (2 0V F AR R IEE © X 5 R AMEMEIGAES © M i v & 3 NG E I < H 2
04, BrIC iz D3 ick v EH I 3.

BrIC:\/< ‘“”’”>2+<“y>2+<“’2>2 (D.3)
WxC WyC wzC

ZIZT, wy wy w, TTNENHERITELRRICH T 5 x B, p i, z Bh7 R O BHE O iR
KAEECTH 5. FHEFHEOABE ORI rad/sec TH S, 72, weer wyo, weo EENT
NoOBRICE T 2BARARETHY, ZhZN66.3, 53.8, 41.5rad/sec L7 >TW3, &
ZT, RRMHEE w,, wy, w, DWEHFEIZ2EY OFHFEIRINTWS. 1 DHD, FHEE
/7 17 D R R 53 D3RR & T o 72 RE D Wl 5 7] D Al BE By & I B 053k, 2 D H23 &
TR D A HRE RS DR KEEZ V2 5iETH 5. BrIC 2% L 7z Takhounts H DL Tlitk
& D F T H O R DR AKMEE AV 2 T EAHTE X 0 DMK FEO T AO0H 0 b A
2 GFEELE CSDM LBz R eI hTnwb,. 22T, AfFEICE T
b [FERRIC, BT 1A O R 5 O R % AV % 7535 C BrlC 25 L 7=,
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72, BrlC offfEHF Y 272X D4 RO D2 10Rd. %27L, EARCTOHEET —%
BIROLNTWDE Z Eh 6, AISI+, 2+, 3+ 5+ ICBITEV A7 H—T713TXTAIS4+ DY R
IN—=TETLICAT =) V7 EINZbDEHRoTWE,. TD)bZYDBEEAfTbILZd D
13 AIS2+ DIEEY XD ATH 5.

P(concussion)ais;+ = 1 — exp

P(concussion)ajsy+ = 1 — exp

P(concussion)ajsar = 1 — exp

P(concussion)ass+ = 1 — exp

()"

()
s 1 - (- (22)") o

(")

()7

1.0 = —=

.a . ./‘

= / %

e Il ./

g J /

£ r/ — AIS1

M H :

< 0.5 A AIS 2

ey Y ——= AIS3

s | e

moq) i 2 3
BrIC

Figure. D-2. The injury risk function related to brain injury.
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