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modeling, mechanical mechanism and protection

KANG Yue', MA Tian', HUANG Xiancong', ZHUANG Zhuo?, LIU Zhanli?, ZENG Fan**, HUANG Chao™*
(1. Systems Engineering Institute, Academy of Military Science, Beijing 100010, China;
2. School of Aerospace Engineering, Tsinghua University, Beijing 100084, China,
3. CAEP Software Center for High Performance Numerical Simulation, Beijing 100088, China;
4. Institute of Applied Physics and Computational Mathematics, Beijing 100088, China)

Abstract: Blast-induced traumatic brain injury (bTBI) is a prevalent consequence of modern warfare and explosion hazards.
In recent years, mild primary brain injury caused by blast waves has become the predominant form of injury, garnering
significant attention from researchers. Due to ethical and technical limitations, human testing is challenging to conduct;
therefore, numerical simulation has emerged as one of the most critical methods for studying bTBI. By combining reasonable

physical modeling with reliable modes, we can quantitatively predict the biomechanical response of the human head and brain
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to blast waves. This approach reveals the mechanical mechanisms underlying brain injury, which is essential for understanding
bTBI's biomechanical characteristics and designing protective equipment for individuals. The aim of this review is to furnish a
comprehensive overview of the current research on numerical simulation of primary bTBI, encompassing advancements in
computational modeling, mechanical mechanisms and protective measures. Focusing on the multi-scale nature of the human
brain and biomechanical modeling of bTBI, this article introduces linear elastic, hyper-elastic, and viscoelastic constitutive
models for brain tissue; development and evolution of finite element models for the human head in terms of brain structure and
mesh size; as well as macroscopic, mesoscopic, and multi-scale modeling methods along with numerical simulation techniques
for bTBI. Aiming at the direct effects of wave propagation, cerebral vasculature influence, and the continuous process of bodily
response, the mechanical mechanism obtained through numerical simulation is analyzed and discussed. The advancements in
numerical simulation of protective strategies for bTBI, including the significance of enhancing head closure and the
implementation of novel structures and materials, are expounded upon. Ultimately, a summary is provided regarding current
research and application of numerical simulation for bTBI, along with an assessment of future development and improvement.

Keywords: traumatic brain injury; blast wave; modeling; injury mechanism; protection
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Fig. 1 Blast-induced traumatic brain injury!”
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Fig.2 Typical pressure profile of blast wave and intracranial shock wave!'"'?
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Fig.3 Various mechanisms and key interactions of blast-induced traumatic brain injury’
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i / B N ”\‘77/ ), Corpus callosum

N

> ',/ ~ : & Z=N  Cerebellum
| | . N C— VORG y
\\ N Diencephalon s AT Frgyp
\ B> / ™
N\= L/ Y Brain stem |
(a) Side view (b) Top view (c) Internal brain structure

IRIN L 7y =N

Fig. 5 Illustration of human brain structure

FOUE S ORI Z (A 3 SRS AR, 1 S 21

¥4 R % (meninges ) , £3,35 A% i i (dura mater) | Scalp
Wk 1% 5 (arachnoid ) A1 4Kl B (pia mater), 4115 6 Skull P L

Fir. SMERRERGRL, U, C A A
WP, P2 2 B0 2 B AVF B KA BB vachnond
i, KA. R —JE R R Piamaer
SSRGS LA . PR AR
- FEE B, 0 AN T, U % K
WORETTHESY, 5 A MO ZN K . BRI R Cerebral cortes

Z ] P 2 L 7 6 i 5 W ( cerebrospinal fluid, CSF), 6 IR i
SRR AR G2 bR A TR 2 R 58 R A8 » Fig. 6 Illustration of brain meninges

FEAS T TE 3 LE 2544 JR BRI 2R, AT bR 4 o),

AN, TF RS T 5, T, e e S /NI R R, B DR MR B R A LR B, DR
B, VAP o BT R AN L /NI T R R ) ARG A, AR R AR RS b i —
Ak BB A5, AL — R BN TR] AP 205 | 1 203 I A LA 4 by 5 B B 2 12 AR 22 T ) 4 AR ke
T8, J2 32 42 v B N T A % 5 AR DB T S S S A, 2 0 U 308 18— R 1, A K ik R 5 4 JHL A 758
PLZ A5 B o BT RIRI/ING, TR  2 55— A R K BRGS0 T R R i 122 i
212 AJmegAbiein g

TR L ZINF L TR0 i A0 G £ R 2 20 2R T B, P2 BRI A3 SR R SR A, AT ER R 2R A
FE R (1) PR e o 4, 1 /08 J6e o 40 i (microglia ) A1 S 57 40 it (macroglia) 21 A, KBS B 40 i fu 5. B
JB2 5T 41 il (astrocyte ) . 25 1 5 4t i (oligodendrocyte ) F1 % 45 5 41 il (ependymal cells) , (2) 1 £8 JC4H il
(neuron), WM&l 7 FIr7R o /NS0T 40 L OAZ 58 /0, T A AN RO, 437 76 R I R B 45 A, DB AT ) 4 i A =
A RTE I 53 S sl 5k, Kt 2 A B AR 98 1 40, 67 5% DR 19 S 98 S g FHRE AR Ak 477, S Wi B A2 43 11
M TE SR YL I, IR Az AR H B E B A0 M e R AP 2 RS A0, ELAR 3~5 pm,
BRI, MK BV 2K 53 3 0 538, R 70 JEU0E A 28 4 6 174 B AR R JHG 2 J =2 1], 2 S 45 1 4 ol ol
ZoANML VR o /028 J5E 03 40 M P FRLAAR /D | SRS /D, BT Ao 0 TR AR TR RIA R A 22T b, BATTRT LAY
5K LI, TP CRER , GO PR B 220 50 Ao, [l M (5 S A Rk T TR, & A B0 M TR A2 1 ST AR
YA, HESAE B 2 N, DRI INE W, FEB IR B I B T 24410, Bk, ik S b 28 Jie i L 8% v JE 2
RN TE 4 T i, (e TRV ] 32 22 B 1 — A 2800 0] A& R Rtz % (1 3R 55101,

227 (neurons ) /& FL W] 2447 (1 B 2R A0 L, & 11400, AR NG S Ak 2= (55 sl 2 b 2, AR MY
MZTTINE 8 IR . ENAER/N BRI S A E R AR L& R ), (AR A AL 45
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o IR b, B2 TR o 40 K 1A (soma) 0 DA AR A 23 SR Y 22 S8 20 i, 55 HC Al 40 i 14
DXHIAE T 5 M %€ o B 5 (dendrite) 2 HE I ) JE 5 A6 , 200 o AL T A AR, AT R0 2 S B 2 il
BE— 2B R UAN BN FEEL (29 2 wm), BR OB S B0, A 188 1o L5 figh 2 s He ook |1 A 22 0 ) LA
R 22 vh Bl SR IA R AL T B0 AR 2 AL . 2R (axon) IRFRAER, SR £ 055 — B i) B
ARAIRTGE, T EAT HIR A 22 ST A BT 7 A ) 2% Ay b sl A% = A 2T BN o R K
MZITTIIRN A O, FIRYALEOK, K AYTTIE 1 m LL b KRB 5 B4 2 1 868 (myelin sheath) {3 Fl,
I S — il e IR 2SR R, A B ) B 5 R B R AR A 4 T Y DG B A9 4 283 23 (nodees of
Ranvier) FTWT o 415 &5 A7 LU 58 B 20 (9 40 22 2 4, 3o 2 — Pl IR SRS A, A Bl 22 0 i 4 i 5 AR 5
Hh RO SR A S S 0 N A AR S A P A SR SR, O R s R R LIS, IR RCE 2 i 4
NI B2 i ol R AR S5 Ao 22 9 0 5 B AR B ik (synapse) , 2% fish & M 22 SRS I I 37 P, 7
X AP ZETT R B2 5 55— T8 B 5% 2 M AR Ak, 5 Ak 8] B 2408 20 pme ST, B
MU M AL B S BT A HA M 20 A, IR RE S BT HAl s 22 0 S M . XMl 2250
(8] 9 52 P L T TS, PR A 22 TR, B ST R A B A DX Ko (5 B o A, o 28 DT 2 1

Neuron Microglia

Ependymal cells

uy\§

7 B SANRR 2T A

Fig. 7 Illustration of neuroglia and neurons

AXOI} ) Node of Ranvier

Nerve fibers

Dendrite  /

8 PT84

Fig. 8 Illustration of neuron and intercellular communication

061101-9



543 4 BE B, A TR EE BT T A 2L BB % 6 3

— R TE FRLJrd 0 1] S, T R B0 4 45 R AN D) BE AT b 4 S B T R B DG Y B, b 22
bt 2 Wy 28 ] S B 28 S D RE R, i PR A B A ST i et 2 S D UL PA) 28 4, AL I JULIE SO I 2k, R
B VR S B A2 WL, B L T3 T 2R 08 2 32 2 R 0 T 2 2K A% 3 o sl Y DI, W] 51k Bk, B2
FET .

AR R 11 i 191 = B L 2R 2 m R, R AT B2 2 gt 5] O LART ) SRR, A A TR A9 1 B U A A
AR BIAN ), B AR U RN 2R X 2 i LA % a7 A 4 BRI 28 G B A, TR 34
B RUJRE 2 0 DR 1949 5 LS 7 7 A TR G R 52D e ) X 4 P RUBE A 7 ) B AL, 0 5 A [
FUBE 22 8] BR300 5 26 APF, T DS AR ) R 1o A v ) I B RO AR B (5 8 o SR, st vl LAl ) S 30 s
P BAEAS R A B RUBE 1 25T TBI R4 M5 BIL I
213 AJmay AHAEA

SR T B0 i RS L RO B Sk B I F BT T AN IR A5 8% el AN R B A A S, 0 B
PRI S, e 1101~ 280 BRI X TR R | A R AR DA fik S S P R LR BB R, AR T
AR/, 0T LR 7 B0 0 AR S RER A o TN I 4 20 S phy K R, B IR SR AR, TR AR
R, AR T B T 0y IR, I LRI AR LR RN AR, AT ) 274 D YT 0 S H 4
I T AT B 6t 5 P LA R B AT A R ] T R ) R BT, e 0T SR P 28 A R A A ok 3R
MR (TR AR, M 2, {8 R o A 358 M 2 ) 19 F1 2245 0 o

£1 MEEASEENS K £2 MERASREHNSE
Table 1 Craniocerebral hard tissue/organ Table 2 Craniocerebral soft tissue/organ
material parameters"*®*’ material parameters>>"!

WHAS EWEgm?)  MPEEEMPa YA ORIE 418V I/ (RETRY MY KMy
e (kg'm™) 1/MPa  {H1: BE/ R AT KR

3 1200 16.7 042 #HE (kgm?) GPa fiii/kPa HiiE/kPa
SCHK[46
S CE8) 1710 5370 0.19 B s r0e0 219 10 2 0.0125
i 1412 6500 022 Ciit47-48] HFF 1060 219 12.5 2.5 0.0125
& [47-48] ) SCHRE50]
e 2000 15000 022 T 1060 2.19 225 4.5 0.0125
AR 1300 1000 024 /M 1060 2.19 12.5 2 0.0125
i i 1130 315 0.45 KIT 1040 0558 1.66 0.928 0.059
SCHk[49] )
A5 i fis 1130 115 0.45 HIT 1040 0.558 12.5 2.5 0.059 -
L SCRR[S1]
ke oA 1130 22 0.45 BT 1040  0.558 1.66 0.928 0.059
PN S 1130 31.5 0.45 /MK 1040 0558 1.66 0.928 0.059

Xf TN T W 7, RS AR RS T TSR FH T S Maxwell BE8Y AR A 5t 2800, 85 )45 7T Prony
PR

G =G+ Y Giexp(-1/T) (1)

K G R KBTI, G By DI s, «, b st As ]

TERAFCAGOUT , W 225 B IR A LA AE R 5 AT . Mendis 5552 SR ORI ZH 204 BRAZ I i)
O FR) 52 6 5 e oA A A SR AL R, I R T BROCARANL o K7 Ml 2 2 sl R A U D B oL 45 1) [ 1k
FIAS R 45 A B, SRR 5P A AR T AR 0 28 RE oI R K R M R A AL o 0] fili 4 2 4 [ o
AN T T2 R A ) R B RIS S8 IR, (R — g AR E R L5 PR, 58 T N 45 A B A K
SCHRARGEUESE 13X — sl B4 AR B pR KO 5 (B A7 72 ML AL BE PR AW (B2 5 (R B AR i iR K0, B4
UYL 55 R I B 7 3 (IR R AR R, 78 R PRAICRAE 1Y J2 RUTE AL IE S B b BT AF R e B . 78 A
PRECT LA I G0R, IR HOE A7 026, s 2008 0 $88E BoE XA 580, %3
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S5 MR T ok BB AR UG N () 0 AR RE pR AL . K ZBUE LT, Neo-Hookean 158 U 5 S U6 45 4 (19 400 G5 e 22,
BEAE A el AU rh ) BRI X AR SR AE, @ SCR FH ARG i AR —Bfy Mooney-Rivlin &7 H
A 2 DMEZEL e ECE IR LA 7R A A N R DA BRI A U ARG AT A RO YRR i
AR e AT DARTADURE 53 2% A I 7 -1 A8 il 4k, (H AR R 5 B T 2 AT HIR A, (Rt 2 1 AR e 1 oK A 2%
B, FTRE S R ECEXENCS . Ogden® #4317 N AR ANAR 1 2 ME2H 5 1 2 1 7% BE R BSCR 1 E M: [
B e N7, iR ARE 2T S HL S B | 28 DR S8 XU K SE IR g R v & R 4. BT, ATERS
P R 43 Mo 2L 23 7 2 5 dl: , #oR T Ogden AU HEATHL G 5452 Ogden 158 B4 48 11 T A
FLARZHZICH, 3 A | IR A M LI B AR AL TARAF AP E o AN, Yeoh BEBU R TS B AL & L &
B | TR RV ER T, X R A A ) 2R AR B A R, X — s A B T Kaster 555 X B AR A
JRIBTHAIESE o FEECRTEOE 2100 13 25 BE oK 80 H 18 B0 BT 2H B, Rashid 4559 S 1 BIFS8 86 fiki 2H 21 1)
BB YU 5256 b B9 REE, ] T Fung-Demiray #8), IS0 T S 56 B0 5 1508 B0 E H 4 B9, R
BFUEW] T Gent 155 AUFE R i 40 SUEASTH (A )P L o Chud S50 X4 AT 5 R R i 2 2L 647 T3R5
AEFNPLAR S, 45 T 45 ) R AR X EOR Z TR G R . LR R SRR R B A A W A LY
FRMEAT Ry, SR, U AR ) 45 SR T LUR 25 5 Mg AN BB B R A b R R L A5 1 SRR 1

ST

®3 MAREBMEAMRES K

Table 3 Classification of hyper-elastic constitutive models of brain tissue

ES RS AR E BREL TSR
Neo-Hookean W= % (I -3) CoRMRLHEL, 1M N AR NS i
- o NI, C PR R AL
Mooney-Rivlin W= Z Cij(Ii =3) (L -3)

Iy EHRIEAAS

i+j=N
Z i N
Ogden w:}jg(w+gugug R JPBPRRRL Ay . 0k R L
k
k=1
N
Yeoh W= cin-3 COMMMERL, 1 WA R A f
i=1
Fung-Demiray W:§}GQM%7Q C. COMPRIEEL, I WA AR bt
2
e o
ARt Veronda-Westmann W = C| (ec3(’1’3) - 1) +Cy(IL-3) C,. Cy. CONMBIREL I LN AEANAS i
Gent W= _% In (1 - I‘J_3) L<Jn+3 WRIT, AR BER B, 1ok LA AR
Chui W= —% In[1-Cy(I; =3)+C3(I; =3)] Cy. Gy CORMPRFEEL, 1 RN AEA S 1
BaTEat W=-CIn [1—c2(111+1‘21+4‘3‘—3)]+c3 (111+/1‘2‘+/131—3) G Co o . b BB
1 A 3N 1 2> 3 ’
Gao ) e ) Sy e
w=c, {eq (et _1} #C (4 + 251+ 5 -3) Mo Do h g AL L

o7 AR 3B X M A b WA AT oM 25 7 A B RE A . Rashid %PY FE 30, 60, 90 A1 120 571 R AR
NG L AT T B I, F R BT YIR J1 43 5k (1.15+0.25), (1.34+0.19). (2.19+0.225) Fl (2.52+
0.27) kPa, M 7EHL A b A B8, 6 5 I 748 28 0% T i, 10 2H 280 g S AN A, 7 30, 60 A1 90 s~ i A8 7 2%
T, B AR AE Ry 0.3 B T ARR ) AEAE B A Ak, ANl 9B it R . Prabhu S5 i F N IR A AR BT R R
TS MR 50~750 s A8 HE R AR T 1Y SR AT Oy, G SRR W, 5 I 2H 20 02 0 AR ARAH DG, TE
M AR N2 2 S R R A AR B Y
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1.4

8
4 Average experimental (30 s™") 4 Average experimental (30 s™)
7 r— Numcrical (30 s™") 1.2 = Numcrical (30 s™)
s 6L O Average experimental (60 s™") O Average experimental (60 s™")
< —— Numerical (60 s™) 1.0 F=— Numerical (60 s
6 5| o Average experimental (90 s™') &0 o Average experimental (90 s™) 1 L9
?n 4 == Numerical (90 s™) -' La % 0.8 = Numerical (90 s)
- (i LA o
g i' gl 5
1 ; Ll 0.2r .
'_".--"_ 1 1 1 1 1 -_' P 1 1 1 1 1
.00 1.05 1.10 1.15 120 125 1.30 1.00 105 1.10 115 120 125 130
Stretch Stretch
(a) Experimental and numerical engineering stresses (b) Experimental and numerical forces

9 AIFINAEHART I G R T il 2™

Fig. 9 Tensile load-deformation curves of brain tissue at different strain rates™>!

SEPrR b, BNZHSUR AR BTAY, Hrh OB B A 2% 1] S AN ORI, T B T RRE IR S T A R
F PR 2T 4, TELTHE D7 0] b AW B 2 B e, HASH B A AT THE OGO R TRV fl T e B 5°F Al 5%
WA AR, 21 4 Bl 1F 22 T 45 1) [R) PRS- 1, o7 DL R R & N AR BE R B 38 . Colgan 551°% 2k H neo-
Hookean #5781 5 SCN /A% RE pRAICHE [, K i 2 2 SO £R 4, 2% )5 9 ook B 4% (diffusion tensor imaging,
DTI) 5 % 4% 1 1% (magnetic resonance imaging, MRI) #1125 & i iA i 2 A998 L0V . Chatelin 257 SR T
— PR B J7 v, M DTI 2341 1 12 24 AN KB H R 2 2R 4 i m), LB EE A ik i) A R T 0 6 e ) 2 1
wr SR R R R . AR 25, Cloots &Y AEAT T A WL RUBE K 4544 I T Colgan S5 AR AU
Sahoo S AL AT AR R R R | T DTL AR 8045 10 5k, USRI R B9 Fi i< . Giordano S5
HE—2E BT Cloots A5 AR AL, i i HL 545 ) ] 4 A 4% 1) S AR 2D O RS ADL 8 2R, T LA 1) S k2 0 fii
LR LR 17 7 A AR DR RS2, > 7% AN I 114 2% ) S PR I, AR 23R, R BOUHSZ B

IR W55 7K M R T, — A IR O Al YR ik S P A A A T A A 5 DU Mk
WO N R SEAS R AR . Baeck S5 RE MR I 23 30 S AR Ry eV Pk AR FIAL A4 ), I £ AT FE AL,
BERAW], NS RE . von Mises [ 3 RN AN Al AL o 24 0 W00 S P SR R A AR, a2
FRE LA ] R4 ) Rp I, (RS N80 R T B DDA B Gl TR AR LR T 0.48)

1eid £ 0L 4R, B 40Uy 2l i 520 S RN A 2R ) 2 e e ik 1 B8 22 10 DA, 33Xy BE kG
B A AS K SR 7 T B o SR, 7R TBI HBEAT B ADLINS 475 9K 2988 1 Ml b £ A A A58, (A Dy i 21
WA R 52 2% BE S TR0 o R TR R R 9 K BRI, SR ke M 2ot o P A6 2 B 408 RO A 33 )
AR X 7 RO A8 58 v IO 78 3 1 anfr o B4, DU 2R FH B O AR (i 2R M A Y, 5 T 353 45 SR T e 3
AR IR iy 2 o AR A4 5 A 2 B0 B0 AN Wy 5 P A A R AR R B0 52 0, T 0 30 WY RO 607 2 67 D R X 7 B ) B 300
Ogden A4 X0 i 5 M5 45 A W DR EA TR, SR B 1005 S80I PE U AR 25 3 BUC B 25 IO 2 TR TR
AR — A UC HAh, BRASFIRERIAE, A7 BRITHY BT | WIS I HEA | VT AR A 25 25 0 R AL 4
AFAERZ R, e BT AN A S SE S AR i 137 9 5 1) £ K7
22 HEMRE bTBI it HER

bTBI F AR DL 5 28 N7 0 S AL A Sk AR A, o — 8 EAT W AR 315 . b i I R B ol
K A% R AL A, 30 SR P RCRE SR 45, X TR X DB A% 4 T R T LR T 2854 A1 o0 s A, 0 4% i 88
PE AL o SRR 45 1 1 UK 7R 2T VR T T B0 2 e, SR T RIS B H SRR ER o TR T A
B R TUART AT, a6 200 R FH A 445 R O s A, Sk PIASE 5 Ao A R B2 R S 1 I 4 88 HE AP T S ) 113
JEAHERT . DA 20 T4 90 AEAUHHITT IR, ARl A IF ST A BAIB AP ST T — R 51 Sk AR AT FROTAE B, Hrp i
24 BRI WSUBIM (Wayne State University Brain Injury Model), KTH (Kungliga Tekniska Hogskolan).,
ULP (University of Louis Pasteur), SIMon (Simulated Injury Monitor) A1 UCDBTM (University College Dublin

061101-12



543 4 BE B, A TR EE BT T A 2L BB %6

Brain Trauma Model) %7570 55c SEAREHY (%) 2 37 TBI BUE AT B T JE Al . — Mok b, 72 WSk At
TR AT SR P S T ARRE ) 2 B, R — 2 i A AR A S 0 T LTRSS TR, SR i 1 22 W 45 i
2, SR FH = 2 SR T e BT T LTRSS RN R A3 S R TR 4 o 2% 4 B0 T R Ak bTBL i SC i
FOASEARL, n] LUE B, A (1% DA% R e b/, SR v T4 3 () 20 5 R £ B Bt Bk 2 5, DT 14 it
B MR MR VR, B34 A I R 25 L MR K, R I A R G R AR S5 R, R A BR T
R (1) 2545 A0 AL B B4 1) AN TR 2D o o A R i A K DA R B Ry, T L R
[F] RSUASE A0 5 A 240 1) A B e ABE TR, DR Oy iy o 2 R v 7 A s A R 1 o ) 5 A4, Ol T i 30k 2 i
T PRGRFAE, ZUR /N A R o X T BRIC 2k, AN TE 1 MR RUE 2D
10 B ICA REFE /AT 0 ELAA IR P AR I o DRI kE, DA R a3 b vl LUAR B, Sk A A 114 245 g R ik
52 2%, AT ORBRORS 20 o AE AT IR T T, B R R ) S A o SC I, ST AT S T TR 1) Ui A S 0
ST D) £ A8 o B TR N 2 B0 AT BN 78 43 A0 B IE FIAR AN . T TR MR I e i T, AN 6 mm A
T RS RS il e s 0 A T = TSR Bl -

T4 B 2009 FLURETHEZRIZARE bTBI 125
Table 4 Modeling of bTBI based on the feature multi-block technique since 2009

R BORSH [598% ~H/mm R A RRIE
I S IR, 6 ] R 5% 2 PR - T M AA PE BCAE PR
S 1 AHIARL F (R )5 E1 TR IR (LR )5 I (R b A ) i St
LAY, 3 7 TUAE BRSO AR
00 st gy o KL DGR TR BB sk
worg R KR, St U UL, /DT BB e
e BT (S BIEVAR ) OB ) i
0112014 SCHR[85- Wi 10 SR, WSUHIM., JHASLES
87.31] S 3~4  ACHIRRY, (L) R T, T /N (B ) S S
\ I HBHEIRY . 5 [ [ 5 A - HSHM A P
2012 3CHR[88] AW . e e b NP ot
AMRL, TR . ORI ); LR (R | o ); Al (BERAE) S SR
RG] BRI 22 6 B -ICBM 201 1% :
y 30 71#%% P@ch;?m‘m Hﬁ*m : Aizﬂl%EEf* - .
2012 SRES) AR, BRI BRI KIS AR .
i Bk Gt ’
e SH PSRRI 2 R 5 - A A .
2014 GO AR R B HE R DA ) S
b B (L ML) s I (L Rt R
SRR AL RN 37 K F-NDSUHMAE Y
| i %1131‘% ‘Lﬂw mc%‘ i - .
2017 RO AR Sl TR RN, G /N S e
i SRR )5 IR (BT S
T e N BB
ST 1 MR, TR Wl NI (R ) s (B RAE) BT R
SR, T A Sl B
. it s PO IR AL EAD o
2019 CHR[94.29] AR S /NI T bR e ) S, Ok DI, BRSO, N
It 23 i St

e SR SRS Rk (L) s BFER CIRZS T 72

. Wish: 2.5 kAL BT 24 - S W 2 BRA
2019~2020 3CHK[95-96] . N o . . e .
kAl AN AL [ kB, I BT CRIERETRAYE) s IR GRS )

Wi 6 SRR SE[E 50 A IR ST WOk TR M A R GE A PR, B BEIR 1S m PSR

2021 SCHR[39] . . - . _— L . o . e g
Si: 0.1~2.3 AHKREAY, e (st ); sk, ko, k. HR . IR GRESRME ) ; KO (BB stk ) iy spgpseseon

i 6 S TR PR AMRBIALE - GHBMC v1.5
2022 3CHR[98] St/ AHIBIRL USRI, Bk /NI . PRI, TR Sk B S CRE )5
0.55 MRifE . BERk A5, 52 | BRIk AR (et )

JHAk
I G S 000
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H AT, B oEak i A Sk A B TR £ 28 RE A% 3 28 I 2 4 AR 2 AR TR A5 00 7 0 A 28 A ) I TR ARAE B .
DL ER A RUEX B 50 1 430057 AR 55 1 Sk A 78 (GHBMC MS0) A, W&l 10 AirzR, %A AR 3 F
FRIE ) 2 B AR AR, B 02 1 Mao A8V &, IF BN — R 9 Sk i dii o 238 h e 6 T 35 S Imak %491,
FH A 56 35 o 07 ) ASS AR I (4 6 A L B i L R KT NG A B L e e g R TR S e N . H R
GHBMC M50 Sk # #5780 £ 25 & e 3| v6.0, B8 2 i it 4.6 kg, H /5155 B (AL3E A . A B ) 3k
B A FREERAT R GHAT . DA A S ME L S AL B ) | TR ULPA L A A L gk
[N S S NS SN DI 173 1 N [ < RGN 1158 =5 = S = 5 N 0 N Y I o EZ:0 v 1
T /INAE L O RN AR 3 RN BRI /NI A . B 246 829 AN FRITALN, B EE 164 226 K
TR SR BRI, 82 581 NFEHLIG N 22 S —4E BTG . Fl B rp ) N 4 2P 2ok SR FH 56 A0 AR 114 A
HEAT LI, o A 35 S5 A1 23 ) DAY 108 S I e DX B 29 ik 5 R 40 0 Al i B e 2 > R kg 2f R 22 111 114
NI MISENIESE TN i CIREUNE LR 1N e LR o e w4 S L s ) s
A i 2 2R AR AL T 5 9 300 SR 2% A, I 0 DR R PN ) 2 e

Corpus
callosum Thalamus

Cancellous bone
Cortical bone CSF

Bridge vein
Gray mater
Corpus callosum

3 ventricle White mater

White mater Lateral ventricl
Scalp Gray mater ateral ventricle

Brainsten 3" ventricle Thalamus

ventricl -midbrain Brainstcn Brainstem
CSF . -midbrain
Brainstem Tentorium Cerebellum

Cerebellum

Spinal cord

(a) Front view (b) Sagittal view (c) Coronal view
Front view . . Sideview A7 2
Fiber origin Fiber direction
/ ‘ * Fiber
1 ) (N
Bo | - o
(d) Frontal and side views of the subcortical white matter (e) Corpus callosum and brainstem

FE 10 RERARBRID 50 B 50 AE S Mk 8 (GHBMC v6.0) U
Fig. 10  Global Human Body Models Consortium 50th percentile adult male head model (GHBMC v6.0)!'*”!

UTAFEA, BFFEN BT ik A ek 2 408 7 (T8 M il s B 7)), A O S B bTBI i R 2 — . 5
WK RACAT AR B, P Tl e AL, Il T 1) B W BE S, A A A% 1 SRR I AR,
R B 75 R BRE R IS AE T P B A RS R =2 e 3L 4% 1] S PR, S st BR ) 17 A BROTASE L X /5
AR O R N RE ST o Ly SFUON JF AT — 07 10 25 16 S5 P 230 - A A RS T, A IR TR ) A Sk A 7
4 B2 2 A Y R B ASE AU NG 2H 2PN b 2 £ 44 1) D7 1) AR S IO, 1 — 205 i R AR 2R 1 A ) I E R
ORI GE J) o ML SRR S o A 9 £ i A5 2 J50T L F) 25% 1] [) PAE J v A By, i 1101 B,
TR LT HE I TT 1M BT 328 ag D518

Xt FRRAR 3 T4 1, il 5 21 HEAE A 0 A AR AT IR T A B ST s X T, 25 RN e T
BRI ) 1] o O T READUR S AR A A5 i SRR, RS S 2T 4 A4 I BE %A 2 5T Mooney-Rivlin A4
149 722 E PR

W=C, (11—3)+C2(12—3)+F(/l)+%(Kan)z ©)
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xH. C ¥ Czj'\:] Mooney-Rivlin EX Y | i I, I Fiber-reinforced
composite model

ARSRAR AL T F () AR R 27 4 Ty 2 PR RERY | Brain tissue — ;
PR, A AT YRR BE 5 K A RE B AT SR B |
i, J N AR

B 2T 2 AN RE AT s 40 48047, >4 £F 2 Bt
AT, 2T 24 F9 30 56 45 25 pR ROR il , 4 21 4 fif
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Fig. 12 Histological sections of a typical cross section of the brain stem and their representative volume element model!'*!
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Fig. 13 Axon models with different wave characteristic
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Fig. 15 A computational framework for multiscale modeling of TBI!'*”!
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Fig. 16 High fidelity reduced order human anatomy geometric model!'*”!
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Fig. 17 High-resolution finite element model of head embedded in axon fiber bundle!"'”’
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Fig. 20 Contour of brain pressure and skull deformation during frontal blast wave!'”
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Fig. 21 The influence of cranial surface strain on intracranial pressure during frontal blast wave!''"!
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Fig. 22 Bending displacement of skull and axon fibers under 600 kPa overpressure!'”)
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Fig. 23 Differences in the peak maximum principal strains
between the detailed-, reduced- and no-vasculature models®™’
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Fig. 24 The pressure on the body and brain during a frontal blast loading
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Fig. 25 Biodynamic simulation of articulated human body subjected to blast wave!''%
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Fig. 29 Comparison of brain injury of different head protection combinations!'*"!
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