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simulation-compatible three-rib physical chest model was designed and fabricated. The projectile representation was first
validated through rigid-wall impacts at 29 m/s and 61 m/s on a controllable gas-launch platform. The measured force—time
histories agreed well with the AEP-99 corridors, confirming the fidelity of the projectile model. Further chest-impact experiments
were then conducted using the validated projectile model at 56 m/s and 86.5 m/s. The measured chest-wall displacements, together
with the maximum value of the viscous criterion (VC,y,y), all fell within the validation corridors specified in the NATO Allied
Engineering Publication-99 (AEP-99), demonstrating that the proposed model exhibits excellent dynamic-response consistency
and predictive accuracy under medium- and low-velocity impacts at or below 90 m/s. The largest deviations between simulation
and experiment were 16% and 21%, respectively. A projectile-hardness scan (Soft/Medium/Hard) showed that VC,,, increased
from 0.298 to 0.336 at 56 m/s and from 0.765 to 0.856 at 86.5 m/s, indicating a more pronounced risk amplification at higher
energies. For rib-spacing levels of 0.8S¢/So/1.2S,, peak displacement/force changed by about +6%/and*ViC ..« shifted by 5.7%—
6.2%, remaining within an engineering-acceptable band. Compared with the Surrogate Human FlieraX for Impact Model
(SHTIM), the proposed model adhered more closely to the corridor mid-line at 56/86.5 nifs and ielded VC,y values of
0.308/0.803 (both within the recommended ranges), whereas SHTIM slightly underestimated\thefiigh-energy case, confirming
an advantage in response fidelity and criterion consistency. Based on the validated settip, systematic finite-element analyses were
performed for four representative NLKP—NS, CONDOR, SIR-X, and RBI1FS—oyer 60=90 m/s to elucidate how projectile
structure and material govern injury risk. Additional high-velocity simulations (100120 m/s) showed that the soft-tissue layer
dominated energy absorption and dissipation, whereas the rib layer experienced rapidly increasing peak von Mises stress that
exceeded the yield limit, revealing a severe fracture risk at elevated, speeds, /A thickness-sensitivity study demonstrated that the
soft-tissue-layer thickness exerted the strongest regulation on total absotbed energy and deformation, while the rib-layer thickness
was most effective for limiting peak deflection; the skin-layer thicknesshad only minor influence within the tested range. These
results establish an integrated experiment—simulation frant€werkyfof thoracic impact evaluation of NLKP, quantify velocity-
dependent and layer-specific injury mechanisms, and idéntifinkey, structural parameters—especially soft-tissue thickness—that
control energy management and deformation, providing support for injury assessment and for optimizing protective equipment
and testing protocols.
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(a) Structural dimensions of the model (b) Material composition of the model
K1 E B S
Fig.1 The physical structure of the chest
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Fig:2 Four typical types of projectiles' structures
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Table 1 Material parameters of the three-rib dummy

At Mk P p/(kgrm™) HEL/NE AN WIS E/(GPa)
B k2 R 1100 0.48 0.001

WAL E R RIIA 250 0.47 0.0015

& PA66+GF30 1650 0,35 15

2 o HEe 2700 0/33 69

Ji ANHN 8000 0.3 190

B ABS 1240 0.4 2.4

2 = 40mm JREUT AR S S0

Table 2 The material parameters of three typical 40mm bullets

Type Part Density(kg/m?) Young Bulk Poisson’s HU SHAPE
modulus modulus ratio
[GPa] [GPa]

SIR-X Sabot 1354 23 0.387

SIR-X Nose 231 2 0.2 0.1 15

NS Sabot 1206 23 0.387

NS Nose 1600 5 0.495 1 0

CONDOR Sabot 1030 23 0.33

CONDOR Nose 328 5 0.1 0.5

# 3 BRETH RBIFS R SH
Table 3 Light quantum bullet RBI1FS material parameters

Part Density(kg/m?) Poisson’s ratio C10 C20 C30

Rubber 1000 0.498 5e9 -2e5 2e5

1. 3 RB R SN HE

ARSERR ] 2 D RES AR 1 & HEAT S AR o i AR B A . B ESRE AR TR A
B OMESG FOIE . WO ARG . RIS AR RE RS SCIRAT, R AR B AR A [
TG . WEOCRE TR EH D, AT RS REAYE. JEESE (KT-YD-
3105L) [5E THITER A, LR REF AL ES, FREHAM a2, JF514)
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“Bi R b g i X (central thoracic region)”HE X, WA AY TE Fi 5 #5210 LAY H 0o i 380 8 N 7 £,
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MEWE 3 Fin, MEA KA AR A B AR e E W 4. AR5 RS0 T HALIN S A bR itk
YU 5 50 A5 20 5 24 o 7 (1) vk P U B, D JiE 5 5 R VT A AN BB O O BRI R AT RER 2
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. . Laser displacement sensor
Projectile launching platform
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. _

Ecl

SR REE vy &

Fig.3 Impact test schematic diagram
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(c) Velocity measuring device (d) Impact device

K 4 4 &)

Fig.4 Testing arranigement
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TR BAE SR %, B BRI mm. HALGZEBONK 5% 200 mm. JEFE 15 mm FIHE
e, FERREAFESTA, B mm MR SRR 10 mm BEAE SRS MAE, JREEN 20
mm FXAR 15 I BUAE DL R . e EORE P SRR, R 2SR O A Y T A
TG (Tetrad), AN AT K 5 30 4000 XISt J= 8 n %, P8 c RS 8 1.0 mm. K
HEZ T M1y B85, R\ SOSTHAR S IG (Hex8-R1D), “PHIMIE T 2 mm. BkEE
VYT S 786 (Shelld)y EEJENE 1 mm, T SRARD I, MERSE 1.0 mm. LK
JRE 341 R SEARGX TR BTG, S 28R R SE S mm, JEJEE 10 mmeo AR FEAERH 5 mm SRR
BB LA (B Y AN THAR TR, 43 A ESN 1 mm Al 2 mm A% ST .
HARRIOHE SR S50 LK 4 Fik 5

K 4 RHER MRS RTSHRE

Table 4 Settings for the mesh and unit parameters of the chest model

A Byt TLREH P RS /mm LT 4
Bk 7 Shell4 1 124622
WHLZ Sk Hex8-R1 2 328211
e 2 Seik Tetrad 1 1120013
B Sk Hex$ 5 247786
i JE Sk Hex8 10 127851
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HHFE SEAR Hex8 5 118385
R5 BRTHRBREETSHRE

Table 5 Various bullet grids and unit parameter settings

HRA A A JE TR P RS /mm
SIR-X 3 Sk Hex8 1
SIR-X HFE Sk Hex8 2
NS ik BEIN Hex8 1
NS It SR Hex8 2
CONDOR 3 Sk Hex8 1
CONDOR HFE Sk Hex8 2
RBIFS L Sk Hex8 1

2.2 (FEMRHESR

NORAE SIS 5 B E AT (1) — Bk, AN FUAE A PR e B P RCRE S 36 1 P s Be AR A [R] 1)
1% 580, 456 LS-DYNA R AWM AT RIA . BARG 50 JBERH MAT_MOONEY-
RIVLIN RUBBER ## MR (MAT 057), REWS S BCrE s 75 KWANE BIAEZe M 3 i FFEREAT A 3K
HAZ R HFLERABRIRK AL M E 4587 MAT FU CHANG FQAM (MAT 083), AWl
R IR 5 AL ) 2% 0 5 RE s SCRePER) . I 238\ RAGGHGF30  E&AEL, RSP ERR
MAT_ELASTIC (MAT_001), PRI NIFEERIHULE R4, S48/ TR FEFNAE A A5 35 2K F 4 s M AR Y
(MAT_001) FEATHEIR . Sk AE K A Ji o B 25 5 IR AR A2 Bl 36
MAT SIMPLIFIED RUBBER/FOAM, 32 N3k MATCEBASTIC AEMEAY, 5 28R BAR B S
B BENR 6. ZRIGERFIH TMEE R, MRBEEL A EFTEARMER, (RIE T SRR 5 RZ
S HON NG R, IIIHEFE T 0t 70 mT 8 5 1% S5 i B

6 =AML AR SR E

Table 6 Material parameters of the three-rib chest model used in finite element simulations

B A 15 EMRME R QUSDYNAD WIE p/ MiIRMARRE. AL v
(kg'm™) = E/K (GPa)
Rk 2 MAT MOONEY-RIVLIN RUBBER 1100 0.001 0.48
WML MAT FUKEHANG FOAM 250 0.0015 0.47
Wig = MAT /BLASTNC 1650 15 0.35
B MAT ELASTIC 2700 69 0.33
JE MAT\ELASTIC 8000 190 0.3
BAEE MAT ELASTIC 1240 2.4 0.4
SIR-X ik MAT SIMPLIFIED RUBBER/FOA 231 2 0.2
M
SIR-X ##E MAT ELASTIC 1354 23 0.387
NS 3k MAT SIMPLIFIED RUBBER/FOA 1000 5 0.495
M
INRJEER MAT ELASTIC 1206 23 0.387
CONDOR #f  MAT _SIMPLIFIED RUBBER/FOA 328 5 0.1
Sk M

CONDOR 3 MAT_ELASTIC 1030 23 0.33
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e
RBIFS 3k MAT SIMPLIFIED RUBBER/FOA 1000 0.498
M

2.3 ¥Rt E X
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[ ANFEAEAR T Bl ELAE i R o 3T A nT o R Ak, DRt F
CONTACT _TIED_SURFACE_TO_SURFACE #5&, SCB)Z (R 58 A4l . oA )25 W < 1l B 4
fii ;) CONTACT AUTOMATIC SURFACE TO SURFAC,f#i i GE{ERMOA IR & LML FE . T
B S AR SCBRE JE A 2 ) 4y A R S M2 SR CONSTRAINEDSNODES SET, fRUEME 53748
SRR RN . SRR E . AR SO DR R S R AR
CONTACT _AUTOMATIC_SINGLE SURFACE, {#iiF 4= #5821 R /DA s 5
2.4 WiEpREM TR E

NISIEAR SC TR G HR R A BEAR Y DL R B A R Y R SE MR BATTHE R NATO #5#E AEP 99 Hi 5473 5
PARS: VPART A BT R R R AT IR . B2, IR UESR T E A S IR B AR AR g 2 — B, K
i NATO AEP-99 1 SIR-X FfAAEMGE (=30 m/sHAEE (=60 m/s) s [X 8] ) S A 08 4IF T 050 15
B, XM B&T SIR-X #HIE 29 m/s< M 61 ‘m/s FEE T XRIMERESAT bl . B S
NS. CONDOR. RBIFS &5 F kAT W P 5 iy higi B 5250 5 Ndompetelo S50 5256 45 SR AT %)
tb, W 7 fin. ERAERIIEIEM B&T Sir-X 40 mm AEE A3 AL, 7F 56m/s + 2 m/s Al 86.5 m/s +
2.5 m/s PRWEETT, ST AT TR A BUE 0 B . AN E T T T 5 IRE AR
5, iCMOBERI - B 2k, JFRIE AR TREE VO, 3E— 2B HEL VC e VC il X TR IE N7 28
(I RAR,  FH 2 s DX S R A N G R C () 5 1% X RS S (33 v IR FR S, A VA IR 52 45
S IAZ O FE RS, AN R BERLA [FT PR E FE A7 B T 3k 8. 3R 9 Fiow

Fe 7/ P0Fhs R E Ry A3 h Ml B IS IF S HUT B

Table 7 Verification eonditions and data sources for projectile models under rigid-wall impact tests

R WA (m/s) IOAEXT 4 FE R bR BEHT
SIR-X 29,61 W B AEP-99 Frif it it S R AT FE
LIk
NS 60 Wi B Ndompetelo et al. 91 3§ J R AT FE
SEIREE R IE
CONDOR 63 NI B Ndompetelo et al. 191 5l FU AR A FE 4
SEIREE R IE
RBIFS 60 W1 B Ndompetelo et al. 9 G AR AT FEPE
SEEG g IoE

8 N [FI AL B ot T

Table 8 Impact conditions with typical velocities of different projectiles
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75 FHIE i (g) HE (m/s) B/

1 SIR-X 32 56. 86.5 JHt) 35 362 AE
2 SIR-X 32 60,70,80,90 345 73 A

3 RBIFS 6.7 60,70,80,90 ekl
4 NS 41.9 60,70,80,90 WES T
5 CONDOR 27.8 60,70,80,90 W45 73 A
6 SIR-X 32 100,110,120 e S e J8

R 9 =R EE SURE T
Table 9 Sensitivity analysis of the thickness of three key materials

P HRJEE (mm) PU EE (mm) EEE (nm) JEE (m/s)
Cl1 0.8,1,1.2,1.4 15 10 56

2 1 12, 15, 18, 21 10 56

C3 1 15 8.10,12514 56

2.5 MIHEUTSE ST A

IR P BUE AR (TSR, AT 70 SR — PP S0 6 I A ZRL B8 T 00 T O e 17 R A i

SEHT o
2.5.1 BAFMMSE

TENI S T &R, 05K SIR-X B AL FI Mg R TR E N 2.0 mm, 0.5 mm 5 1.0 mm,
X EEAS RIS T (s 77 - B TR 2R S (B 2T« 45 AR BH, MM ®E <2mm K, LRSS
IEEETRRE, EZER/NT 8%, U5 B L RS O SISk (L 5. 3R 10D,

1500 =

K

1000

Force/N

500

0 1 1

—2mm
——0.5mm
Imm

0.5 1.0

Time/ms

(a)29m/s

15000
Imm

— 0.5mm

— 2mm

10000

Force/N

5000

1 i 1

0.4 0.6
Time/ms

(b)61m/s

Kl 529m/s. 61m/s LTI T AN kg R ~F STR-X 80 A W 335 ook 1) g — i 1) gl 22 %of Eb

Fig.5 Comparison of force-time curves of SIR-X projectiles impacting a rigid wall under 29m/s and 61m/s
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conditions with different grid sizes

10 AFRFEE RS SIR-X SRR by (068 g AR 22 5=
Table 10 Peak Force and Relative Difference of SIR-X Projectile Impacting Rigid Wall with Different Mesh

Sizes

TH RIRE RS (mm) WEE AT (N) HIAEMIR R (%)
29m/s 2 1441.067 —3.12

29m/s 1 1485.636 0

29m/s 0.5 1522.777 +2.51

61m/s 2 13545.99 F2.14

61m/s 1 13822.44 0

61m/s 0.5 14098.89 +2.03

2.5.2 PARRAR A P A St

£ SIR-X #HLL 56 m/s F1 86.5 m/s HthiJliH Bz TOLT, 20 nxf e kz . A RE . g
FERE 2 mm. | mm. 0.5 mm =M, BCBOBEAL RS 2R, AIRBUE(E . SEAREH, MRk
B BHLE. MEEME <2.0mm B, UBMEEAES, MBEBEZNT 5%, RFIEHERME
Ui e TR SE (L 6. & 1D,

gi b, ARSCPTIE RS R AR GBS IE 0L T DS, SRS 1 L2 TR I BRoR % e E ER EH AR
ARSI fr b R 22 LRI AR PR AR BRI R, TAERRR R AN . XS5 RRIE T

P B TR AT SEE
o 7 \ 20
— (]}_Smm 6&@
— 2mm

Displacement/mm

10

Displacement/mm

1

(X}

Time/ms

(a)56m/s

1 2
Time/ms

(b)86.5m/s

Bl 6 56m/s. 86.5m/s THL AN R AR RS FRO Mg B A5 42— 1] il 2
Fig.6 Chest Wall Displacement-Time Histories at 56 m/s and 86.5 m/s for Different Mesh Sizes
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R 11 ASE RS RS I B A7 A U AL AR 0T LE 45 2R

Table 11 Comparison results of peak thoracic wall displacement under different grid sizes

T4 W& RS (mm) IEEAF (mm) HHRAEMEZE R (%)
56m/s 2 11.03 -4.0%

56m/s 1 11.49 0

56m/s 0.5 11.94 3.9%

86.5m/s 2 18.23 —-3/8%

86.5m/s 1 18.95 0

86.5m/s 0.5 19.93 +5.2%

2. 6 BhlE] B SR

R = R R AR AT S B B R R R PR 11 22 S 0t Jlg 2 A A ), AR SCEE R R A T LART ST
MBS TES N RMBEEAALRIRIE T, ARSI A e SHATIE b . DA (] #E
Se=78m NBF, 4RI E 0.8S) (62.4mm). Sy (78,0mnDV 128, (93.6 mm) =Fi77ZE, IE 56
m/s 5 86.5 m/s PRI E T IT R HE T . JOBERARAR RS RN S, B SUARRAE
ANF) Ty R RRIE E

R RRY, AFEIEEE T i B RE A7 B it £ 5 efih 77— (] fh 2R R AR RS B3R —3,
(BRI LB FE R 2B — e £ 5. WE 7S B 8 i, METRUE S, MMiEER/NE 0.8S,
B, HREN BV H FRIREL) (AS5.2%-05.3%), HfllG(E )1 T2 (A5.3-A5.9%); 11 AN BEIE K5
1.2 Soif, FIRBIEMH EFAL) (A5.9:06.2% e FEAMIEME JIHI N (A5.8-06.0%). X—ILRFKH, JH
PEIEOCAR S TS B30 N, SER R, phab Bk A AR, A EEIE/IN I e 1) £
W, 5 B A TR TS o

H—B gt (W3R 1297 FEAF0E B N BEEENXT VCona BRI R LN (5.7-6.2%), HEfk
AHAE T TR AT 432 V0 B A o UG AT WL, = ISR AE 25 R U TR) BE AR Ak 5 1) 7 5 A% s AR 5 0 S i 0 A
¥, Bk T HAE MR AR s A s b oh I 7T G B AR f

12 AR BE ) 2 B AR A

Table 12 Summary of the main indicators for different rib spacings

MhdnE e e En MR R VE(EZER WEAEE  AIBRER VClk AVC (%)
(m/s) 1N (o) (mm) (%) (m/s)

56 0.8 So 2045 -5.3 10.5 -5.3 0.290 -5.8

56 So 2160 — 115 — 0.308 —

56 1.2'S, 2285 +5.8 12.2 +6.1 0.327 +6.2
86.5 0.8 So 9980 -5.9 17.9 -52 0.757 -5.7

86.5 So 10615 — 18.9 — 0.803 —
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86.5 1.2 S,

11250

+6.0 20.1

+5.8 0.850 +5.9
—— 125, S5
So 10000 | ——0.85,
2000 [ — 0.85, ———l.28,
< &
LE 1000 uo" 5000
0 - - 0 —
0 1 2 0 2
Time/ms Time/ms
(a)S6m/s (b)86.5m/s
7 %Iﬂﬂbl‘ﬁﬂ&ﬁ?ﬁ‘]%ﬁmw‘ Tl
Fig.7 Contact force-time curves.at d 7ﬁt rib spacings
s & -=-= Boundary e g
s x So _,-’-’
, 20— ],250 ’/"
" ' \< 0.8S, s
“S \:E 15 T
—g; ; 7 'g.m- T . al
a G, B 7 2
0 AN 2 o .
imehms Time/ms
a)56m/s (b)86.5m/s
Pl 8 AN JEh AL EE T i B BEA #% - I [) i 2%
- Fig.8 Chest wall displacement-time curves at different rib spacings
IRBUGUESEER AR
3.1 BaABHRBY KX F 385G IE
D SGAE F AT FORR 5 i B A A e — B, SR B&T  SIR-X 5 HLEA 29 m/s Al

61 m/s 73 Alphe NIPERS, @ ) 4E AR SR AR b s 77— (8] i 26 5 FR oG 05 B85 Rt AT 3T b (L
9(a)s (b)). AR EIR, (HHSIEM T N354T NATO  AEP-99 H SIR-X #UAIGIE&E i, —
HVGAE TN 7Y R Z I HITE 20% LA o [RIk, B s AU 28wl i ask Wi 14 BE 2 g 22 50AE . 3dE—2D

13



B F 5 & &
Explosion and Shock Waves

Z: M AEP-99 Ji & AWARE, {FH] SIR-X #4155 LA 56 m/s 1 86.5 m/s 3 & %of B A5 AL kAT i ifs
SREGRE 5107 B 1 R EEAL AR TR 2k (B 9(c). (d)). SR ER, WEEE THRA KT8 NI E
R, A ES S25 (  R A RHRZE 0 5N 16%A1 21%. WdEFrEA R VCOLE R WE 8, ¥
AEP-99 HU5E %2 4 X [H], 1k B RS K oA 3153 ) o] SEARAUL LS 80 g e . AR R

(VC)max =max (Viscous response)=max (v(t)e C(t)) (1)
dd d

w(t) = (t) ,C(t) = % o

VC(max) = max[v(¢) ® C(t)] = max[ dc(llit) . % G

Hordr C( AR R 4i &, do AP B E, d(o e st (i s A2 5%

A, 22 Ndompetelo P SIS S5 R, % RBIFS. NS. CONDOR = F 3 .43 71 LA 60—
63 m/s JHE PR NI MRS, S bE 22 4405 B S E6 ) I 8] K A RSt el DA, CUnE 10 B, S 3L
HR 5 HSLBIR IV G 1T, PR ZEBRT 20%, I0UF T T8 G007 vk 1 dE A T S

2500 25000
______ —-— Boundary A A— - Boundary
. / 8 Simulation \ I Simulation r-‘.\
2000 [ ;," \ —=—Experiment 20000 v/ \ 77 EXperiment i !
/ \ [
/ \ Iy
- ! \ - | K
1500 |- S \ 42000 ! \
Z / \ = [ \
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8 Y \ 2 ! \
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2 . ) 4 I A
1000 |- ¢ = | 10000 [- :
! P \ ' I \
! e \ \. / ! \
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500 | e ) e 5000 [ = AN
I 7 -~ c—— d .
1/ \ o . s g ! \ k-
/4 \ S ) P e - ‘ \
0 1 i L. —_—— = 1 -
0.5 1.0 1.5 2.0 0.2 0.4 0.6
Time/ns, Time/ms
(a) Projectile force fespenseicigve at 29 m/s (b) Projectile force response curve at 61 m/s
25 —=
——--BoundaryA_ /N, ' Y  om»— L+ | 777 boundary ,.f-*"" .
Simulatign simulation SO —
S —a— experiment -
1oL " Experiment 20 | P -
‘,.,
£ a L
E g e e
E ':é 15 F /,' P -
E z a P
o 7] / P
E o ’ P
- [a} /, 4
K’ ,'I
r
I P
L
r
,/'
=== -~ 1
0 1 2 0 1 2
Time/ms Time/ms
(c) Chest displacement curve at 56 m/s (d) Chest displacement curve at 86.5 m/s

B9 i B R B IE
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Fig.9 Verification of the chest physical model
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Displacement/mm

60m/s H g
— Z
1000

SNew
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(a) RBIFS projectile force response curve  (b) RBIF§ prijectile displacement curve
— > D, &\
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g
= 3000 \
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- : .- v/, W : .
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(c) NS projectile fi ; %yw (d) NS projectile displacement curve
_ y 30
o— Exjfbgmemy’) —a— Experiment!*!
15000 - Simuihen 8 Simulation
20
Z 10000 -

63m/s
r—

Force
Displacement/mm
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M)

A

A \ Dy el , M : : Lo
10, %5 A1 E 5 Ndompetelol? 5256 45 H 48L& 36 IF
Fig.10 Simulation of €ack projectile and verification of the results through comparison with the Ndompetelo®! experiment
313 SIR-X AN T HSIREART R AL LIAME VC g X EE
Table 13 Comparison of Simulation and Experimental Models under SIR-X Projectile Impact with NATO Standard VCiy,x

HE (m/s) VC(max)it%) VC(max)

IFPN | /M HUE AL WG
56 0.32 0.28 0.308 0.312
86.5 0.85 0.78 0.803 0.844

3.2 5 BEMBERMIIE S

Dk — AR I B = M R A BEAS Y S FE AL B, AT 7T ade BN 0 3 1 S 7Y i 8 5 A AR Y
SHTIM[28] (Synthetic Human Torso Impact Model) fEAXFELXf % . SHTIM C.fE1b#) AEP-99 HEZETR
SERCAIE,  BENSECHERG T AR T S S fa s, PR B AR .

Bl 11 AT/ Sem/s 5 86.5m/s LT, AMFFAMRIITHEALYE SHTIM 14/l B A7 # - ) it
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XTI, SEHRFH . FIE IR E AT AEP-99 I8 E BTG Py, (HARR LR W BN B 5
JER HF 2R PR N B B B vy, B AR RN S U S IR W . AHELZ R, SHTIM B 2R 7EWAE I BEAFAE — 21K
filr,  HLEW B S R 2l 20K .

F 14 B4 T RBIEA R T IR KR AEN VCOwe TTUVER], ARBAYLE 56 m/s Fl 86.5
m/s LI R VCla 235105 0308 A1 0.803 m/s, ST AEP-99 HEFE K HI{E X 18] (0.28-0.32 m/s
A1 0.78-0.85 m/s), HbrfnE XM EE—%. T SHTIM [ VCl. %A~ 032m/is 5 0.77
m/s, HHTESRE AL FRAR T XIE) NIR, fFE—EiRE.

g b, AR SRR S RmR I ALA RS A AR — 2 T T Y
PETIA SHTIM B, Mk — e 1 HAEJEE A b i 495 T VP Al b AR AT S8 1 A 12k

—-=-= AEP-99 Validation Corridor s === AEP-99 Validationy€okgidoy e
Proposed Model Simulation gt Proposed Model Supglafigh,” -~
—— SHTIM Simulation 4 20 F — SHTIM Simulatign N’

N

T
~

Displacement/mm
Displacement/mm

Time/ms Time/ms
(a)56m/s (b)86.5m/s
B 11 =REAl S SHTIM 76 56 86.5 m/s it (¥ BE A7 R — i) il 28 %6f Le
Fig.11 Comparison of chest wall displacement - time curves between the proposed three-rib model and
SHTIMat 56 m/s and 86.5 m/s
14 ZINIRPARAY S HTIM 88 TH R VC e KT
Table 14 Comparison of VE/ sy values between the proposed model Simulation and the SHTIM simulation

under typical impact conditions

Impact velocity (m/s) AER 99 VCp.x range SHTIM VCy,y (M/s) Proposed

(m/s) Model(VC)max (m/s)
56 [0.28-0.32] 0.32 0.308
86.5 [0.78-0.85] 0.77 0.803

3. 3 BNREHEAE & T X WA 538 R O 22 M

R PP A R SRR P O TR A 28OS R 2 0], AR SCAEARFESRAL S LAAT o o A NS s FE AR 24 T
KFH B AR 7 20, K R SR S A A A 2 R A R (Soft)s Y (Medium) . i
(Hard) =84, BEAKRIpbrdEnz 15 s, Hb SIR-X /& AEP-99 HItnifES %o, feffiEr bt S
PrdEfl, [RIUEIEEL SIR-X # R AEASLIENT R, 7E S6 m/s F1 86.5 m/s PFPHLAYFRE T ~, THEEE
eIt ama B2k, 5 AEP-99 HEF A FEBREEAT AL, W 12 fis. #E 56 m/s LOLF,
RS B IR AL R I 237 N AEP-99 S EREN . Soft B IR ARXF2%, 1AF|EAEAIFE
Pt A5 Medium  fiZR/E N 5ER= EWI&s Hard  SRAUHTZR M BE R TE BEUY, 7 2 6 (E %
TR, SR EERMPEER. £ 865 m/is LUK, XFhEFEIMIE. Soft LMLk &AL
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TR R B, RSN, H BT RS, I EE 2 KA TR R A Medium  fil
LT rha AL E, 5 AEP-99 WS Hard #UORLHIZRAE FTHBCE IR OUBEN, A8 B 88
2 e il B 20 S R 453 43 AU o

PHE VCna (EMIZINZER 16 Fiok. £ 56 m/s T F, Soft ALK VCpnan=0.298,
Medium=0.308, 7% N AEP-99 #:#[X [A] [0.28-0.32] W; 1fi Hard AN VCpax=0.336, HiLX
i) ERR, IR ISR THRG R . 76 86.5 m/s LR, Soft I VCpuan=0.765, MEILT
AEP-99 #EF£[X [] [0.78-0.85]; Medium=0.803, 17 T [X[i]P; Hard=0.856, WIS T X [A] Lift. X%
HH A R AN M LT AL RS 7K, S AE vt S B T R0 4 IR () TR A B8 D RS

15 FRHALAEE LRI 5y
Table 15 Classification of bullet hardness levels
il BE R4 7 WE v E (GPa) K/(GPa)
Soft (%) IR 0.20 1.8 1
Medium () Hik 0.20 3.6 2
Hard (i) s 0.20 7.2 4

2 16 AR [ BOALE PRI R R I VG 55 AEP-99 [X IR L

Table 16 Comparison of VC,,, under different projectile hardiiess\levels at two impact velocities versus AEP-99

ranges
R R =T D2 VCinax (m178) AEP-99 [X ] R VENIX [E]
Soft (#) 0.298 [0.28-0.32] P
56 m/s Medium (91) 0.308 [0.28-0.32] & (FEZR)
Hard (fifi) 0.336 [0.28-0.32] &, EEET ERR
Soft (#) 0.765 [0.78-0.85] 5, BEKT TR
86.5 m/s Medium (H) 0.803 [0.78-0.85] & ()
Hard (fif) 0.856 [0.78-0.85] &, BEET RRR
———— Boundary o --—-= Boundary P -
Medium S Medium s 3
0ol Soft 20 Soft it
Hard L Hard ol
s St i oo
a a ra /,"
0 1 2 0 - 1 2
Time/ms Time/ms
(a)56m/s (b)86.5m/s

12 AN[R) S B2 3 ALAE P AOA B2 R I BE AR I AT T2 55 AEP-99 11 57 JRx He
Fig.12 Comparison of chest displacement—time curves under different projectile hardness levels with the
AEP-99 corridor

17



B F 5 & &
Explosion and Shock Waves

3.4 MR EEHURME S

AT LA R S Imm. A LEEE 15mm. B 25 10mm JRE IR, 75 e
Fr A 2 R E S RTINS 2R #7220 %A1+40 % =Rl 2 i) B A S AR o,
A PR T BB T PR S IR A Rk, BRALZL. WhraTeae 2 D R RO KB .
HAERWNE 17 for, @B 13 95 RR SR ae SRR R AR SR . RS RER, &
HAZ T X e R ORI AR T A IR i o B35 . 43 SUR B H-20%38 I +40% 0, SR A
3.556 1 WERRT 2 5.306), HAMELIN 49%; [FIN, fHRHEH 12.0 mm f£2 9.6 mm, FKHKHLE
FERIIEINREH ORI T RE R . ZMREAR . FIAE Eon, WALRES AR, RRKHRENE
PR oe R, JEREERERIN 1%, TREEIEHN 0.03 T, FEREEFHK 0.0725 mm, W AE 4 B sl BE RN 25
P FRETT T CBEAE o W )2 R BE 7 A o B o o7 5 S LR, (A RIS A A 4. i &
FE H-20%$2 T 2+40%00), KR AEM 4.018 T FH2E 47061, $-TH4 17%; S ABEENAT 13.3 mm ¥ &
B2 8.8 mm, Ui HAMNNE R F BRI NI BERNPTAS T RE )T B KBNS Pl e T34l
g, RPMBEMHILRAZTE . By b3 S5 T RA R 5Tk, (AXDEREE R IR G IR, Mtk
T, WRZE B P IR bR e/ o 24 B R S B H—20% 14 I +40% 1 , I AEAX i 4.088 )
T2 44261, BRFEMASHC T, B 11.4mm BFE 10.7 mm. 6355473 0 2 3 4R At % m
SR, XA B R AR £ A e S 1R 454 A PR

£ 17 HREERL G ZBIRIIRAR

Table 17 The relationship between material thickness, yayiation and various indicators

A JE AR, AR B B R BRI (mm)
Rk -20% 4088 11.4

eIk +20% 41298 10.9

KR E +40% 2426 10.7

WHL R -20% 3.556 12.1

R Z +20% 4.884 10.6

R LZ +40% 5.306 9.6

s 2 -20% 4.018 133

&= 20% 4.424 10.1

&= 40% 4.706 8.8

i ERTE, MORE BEBURME I ST 7R 1 =R BARAN R E GOt e i L AR AL . R R TR
TR AR BE ST, PIEEAE 1.0 mm: AR EERWEERA B EHI 3 FINER, NEgE
PR SRR BERBELE (I 12-20 mm) LFETREERIEREL: U8 2 5 5 ) Vi o 7% PR A1 )
R, W] IE AN T RS HEIE R R KD . AT BIRSEE, EISE PR = I R G B AL
PR TR Z R Z BB B, BLH 2 NATO VCU. $61EE B SRIF R T AE A
M S NI AEY I JE AT R A
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5.5 15.0 :
m  Skin ®  Skin
e Soft tissue y=4.19+0.03*x ® Soft tissue
A Rib R=0.994 A Rib
50 F Soft tissue fitted line A y=11.55-0.0725%x ——Rib fitted line
- Rib fitted line y=4.22+0011*x | = R2-0.971 Soft tissue fitted line
3 — Skin fitted line R2=0.990 * S5t : — Skin fitted line
45t &
(]
2 3 y=11.14-0.0115%x
Z v=4.20+0.006*x 3 R2=0.989
o} 2 g
£40k R*=0.997 g y=11.25-0.04*x
E Z 100 F R*=0.985
£ 2
35k
L /0
3(} 1 " 1 " 1 " 1 7.5 1 1 b @ 1
=20 0 20 40 =20 0 20 40
Thickness variation/% Thigkn&ss variation/%
(a) Effect of thickness variation on total energy absorbed (b) Effect of thitknéss warigfion on maximum deflection

K13 AR E R BUR i 2k
Fig.13 Material thickness sensitivity curve

3.5 EiEAE T RERAYAE R 53 4

£ 32 g SIR-X 5 AL LA 100-120 my/s 8 B2 s S 2R (NN EL A e b, =R S5 Mt i 3l e R B
BEM RSN 555, NERNARNRE A A4 (a), WAL ZAEMN LS 0.3 ms B H
DAgE AR, DA O AL B XIS Z O 1) A #G/07, ms I, B SN AR L E) 0.10 4, IF
7£0.8 ms /et — PR R 0.18, RUTHLRRHMEAEREIL BN, : BEJS 1.0 ms J5ARTT IR 18 3
o A 1.7 ms RHIEREF 0.08 LAL v REAR X, U SR BEAS ph i AR v R H T B RE R IR
MBATZEMEM . LT, WE R RO ARE AN L) 8.5x107 (H1E] 14 (b)), HFEA SRS
THRHLZ) 0.2 ms, 0.9 ms B IR, BES7E1.2 ms—1.8 ms BARLRIE A Z ) 10782 5%, AIE LA
PVEARTE N T, RAEAEFFSIEVE R

0.3ms 0.7Tms 0.8ms 1.0ms 1.7ms

Effective Strain
1.917€-01
[ 1.704E-01
1.491E-01
— 1.2786-01

= 1.065E-01
= B8.518E-02

6.388E-02
4.259E-02
2.129E-02

0.000E+00

(a) Equivalent strain time history of soft tissue
Effective Strain
8.563E-03
[ 7.612E-03
6.660E-03
— 5.709E-03
= 475703
— 3.806E-03

2.854E-03
1.903€-03
9.515E-04

0.000E+00

0.3ms

(b) Equivalent strain time history of ribs
Bl 14 100m/s 3T % R S5 H I 2 2N A2 i e

Fig.14 The equivalent strain history of each layer structure at a speed of 100 meters per second
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(a) Time history of rib maximum equivalent stress (b)Comparison of energy absorption at different velocities

15 myidah o T s oSO A7 M 265 IR RE IR =1
Fig.15 Maximum equivalent stress curves and energy absorptien bar ehartunder high-speed impact

TERMIE Von  Mises NI FEH (A1 15(a)), 5 I80BE OIS R BLH s J5 B ) S48 (R AE: 100
m/s B 46 H OMPa, % 0.7 ms BKF2 110 MPa, WEAE I 084170 ms X [A], £ 140 MPa J5 1% %[l 7% ;
110 m/s B [E] B BLUEAE 2] 150 MPa; 120 m/s I {F /23851 45210 MPa DA b, 2 35 0 i) o 6 25 e i
PR (100150 MPa), KT 105 m/s Wi Coe AT KM B 4. =2 M ZR7E e fE 5 & il —
RIS TR, S et R 1 e B8R % S E iR B I SN B =8 115 . Re st ottt —
B B T S AL, I 15 (b)) FR: M00wm/s 264 T, BMALRZWEEL 9T, IhEEL4 31T,
FERREA R 0.3 110 m/s IS EHAZIRFETHE 127, MIEZE 47 120 m/s BPRALE2IART 15T, 1M
JEAL S T, RAKIH4ERRTE 0.3-0.4 Jo BEE RS 10 m/s, RALZWEEIE ML 3 7 GEIE 30%
PLED, WraWeaeiisgmm 17 GEig25-33%), 1R IKZB AT 0.1 T (£920%). 1X— UL,
BAH 2R E R SRR R OK T AR SRR AR T 4 K Z o i, W I DA/ N AR T 2 5 IR RE, K
JoR: B s ] g 12 A7) B2 o o

gx b, T RSB A B I RE B R T A SR R RS R = R D R
Z 5% 2 2R FRAE . i RN 10 m/s, B oK SR RN S RN 2R RE 43 i
A B 2B AR A DB R R PR Ok, (HEMIR I 105 mvs Ja, WE o Kk AEE
Pro Bk, FETLFALGIIE AR BV ERE, RBP4 . BRIRM S0 3 XS i 0. AR
93 AT AR B AL A T LR R N B A AN A I SRS A (1) S A AR B AL T RS ) S B AR AN A T
]
3. 6 A EE A RAHE T HIRER R 1A 53 4

ST 1 1F 9 (Abbreviated Injury Scale, AIS), PAK BirlIA\SZIGE IR S 45H 1 AIS 5
VCpax T XS H12, K NS, CONDOR. SIR-X 5 RBIFS PUF il 78 ) 35 iy 5 H1.20 1) LA
60+ 70, 80+ 90 m/s LN IR A FEAT e 0 3, IS REVEAEN] VC U AIS>2 45 XU Hh 25 S 1
BRGNS BT R AT v 355 A 2081 WKL 16 VOS5 AIS>2 MR e rT LLE H, 7Y
oL SR 4D O 50 v o 4 2 AR B P R 25 i v, EUARSTRISROAL R I T A B 22 ek . TR R
(60m/s) LR, NS ALK VC okt E, AN AIS>2 W MEE ik s, 215 0.12; CONDOR X
Z, TAMEEZ) 0.11; SIR-X Al RBIFS S AR, M2 A28 0.10 FI/NT 0.02. Bl 5 w8
PEFRTEEE 70 m/s B, PUAPSR AT R ) VC O AIS>2 i/ HE < B 248 K, b NS 345 CONDOR
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SRR NER 3 BIE 2] T4 027 F10.23, i Hh S AR SIR-X # AL 27 0.18, RBIFS AL
WARFAR (£70.03), KA RBIFS SALLE AR S5 A 0T i B B 451 477 1) XU Bl o 7 B ps ik P 1)
80 m/s 590 m/s T, FALMIFGNER O H BT AIS>2 BIETEE (VCOL~0.8 m/s,
P(AIS=2)~0.5), JuH & NS #ILTE 90 m/s 2/ VC BN, HAGHER Eik 0.80, 1A% ™ & i
f5i7K~F; CONDOR 5 SIR-X 7 [FFF# & T 273 35 21 0.68 F10.57, 1 RBIFS /A% K.
MWEEAREEHRE , NS BHALK B ER A, REWREKITGM B, HageEOR, mhdpe R bR,
SEMEET LR, VCUL M AIS>2 MR IGA SR T i . M, R IR & ) RBIFS
HALEARTAE T RIS RS, ARBARAL RS A IR, B VDL A % — H A
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Explosion and Shock Waves
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Fig.16 The probability of injury risk from different projectiles impacting the chest
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Fig.17 Cloud didgram of the maximum equivalent stress of the ribs in the chest
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