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Abstract: Mechanical damage to components of the auditory system is the main cause of hearing loss after exposure to blast
overpressure waves. There still exist some controversies in high level impulse sound Damage Risk Criteria (DRC). For
example, whether average energy or peak overpressure should be used as a main criterion, whether positive duration is
important or not, etc. Based on the free-field air explosion, we designed and established a platform for studying blast injuries in

large animals. We studied the effect of different explosion parameters on the rupture of the tympanic membrane (TM) and
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established a relationship between the probability of TM rupture and the dose of the blast wave in terms of peak overpressure
and positive duration. The free-field overpressure time history was measured by a pen-shaped pressure sensor. The
overpressure time-history curves were fitted by the modified Friedlander equation, thus the peak pressure and positive duration
of the blast wave were determined. The impulse pressure energy spectra analysis is performed on the recorded waveforms to
determine the signal energy distribution over the frequencies under different explosion parameters. The degree of TM rupture
of miniature pigs was recorded after dissection. A two-variable logistic regression was performed on the resulting experimental
TM rupture ratio for damage risk curves in terms of peak overpressure and positive duration. The study found that when peak
overpressure was lower than 170kPa, there was no obvious damage to the TM; when peak overpressure was greater than
237 kPa, some of the TMs ruptured or were congested with varying severity. As the distance from the explosion center became
smaller, the peak pressure became larger, while the severity of TM damage did not increase monotonically. In the 8.0-kg-TNT
equivalent explosion, the severity of TM rupture showed a tendency to increase and then decrease as the distance became
smaller. Through the analysis of the blast wave characteristics, we found that the smaller the distance away from the center, the
shorter the positive duration and the increase in the high-frequency component of the blast wave. The probability of TM
rupture of miniature pigs may decrease, but significant hearing loss and inner ear damage still occur at this time. As a
viscoelastic membrane structure that transmits sound through vibration, the dynamic response of the eardrum may be closely
related to the frequency spectrum of loads. In addition to the peak pressure, the blast wave waveform may have a significant
impact on the degree of TM rupture.

Keywords: free-field explosion; blast wave; tympanic membrane rupture; hearing loss; damage risk
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Fig. 1 Layout diagrams of experimental minipigs and pressure sensors



% x MR, % ZET A B AR SRR A SR TR % x

BLA R YE 73 5 0 1.9 kg TNT S04, BE BG40 1.8, 2.6 F13.2 m L& 8.0 kg TNT 414, I B 1
£ 2.6, 2.9, 3.2 F1 3.8m, 43— ZR 51| HA7 i R 04 (6 2 AR i I () 5 88 178y v e i 200

R T ) 2 83 A T R B 2 [ R 1 v S
TR, A P A R S RO — B, R
2% 1B Fe 2 gl A D BRI, L 20 meg/kg (14551
O /NRURE BT SRR . KRS /N g
I i O i X e LG o= S TP - IS S v 4
Wit A AL 70 9 AR I PR R e, TR R [ 4 i gl 52
BTN R E o 45 T E T B/ B S B
KT DLORAP 1 B, i 2 R s TR R
s (5 PCB137B22/PCB137B23) il [ th B2 Scib/INEDRB G 52 K m s
Y J7, REEMIRN 5 MHz, R IR IRES 220 Fig. 2 Fixation and facial protection of experimental minipigs
BB B, BRSO DR e R —2F
2, RS b TR ) v BE RO — B, HL 7 ) 5 bl AL RE I T L

FEYERT I, Y% F T4 ik T 52 )% (auditory brainstem response, ABR) Xif /INRURE (1) T g Dy R A7 I3,
ICSEARIERTS ABR BIE AR . /N BAE RR I e 22 10 ) B e e i =, 8 T i AR iR . 2%
SEHLIRE, LURLAS (click) Bz 1., 2, 4., 6 il 8 kHz B9 J& 4l 3 A Dy B30~ 3, e RORIBR 2 90 dB, 1%
10 dB 39, 24 BTG LA XE LA BEA IR I, 338 5 dB, 4175 & ] 5153 RUEE T 0 S5 (I 9 B 1]y
ABR B o FRNE S 10 s B A OHE B A RO 2058 T3 . BRI AS T /N LR OB TE R U & |, BLR )
JoRC L 4 7 20K HARBE o T T e S AT T L, SR I 22U, B e SRR g A O T R B
[ & W P AT ORAT, BEAT F 4 L B 7385 ( Scanning Electron Microscope, SEM ) WX i F g & 4 A 411 %1
BN B 5, D B ) S 38 D7 1) % R S, WA SR i L
1.2 BHRABRIERERYE
12.1 &7 BAZ ol &

i P R (p-0) IR BLAT — N RRIEIE AR, Y s i Bk i, 6 L-F 2Bk T s 19, 2R )5 2
T BB 9, FE— B ] ¢ 5, R TR BB RS IF F A B B P2, Friedlander™! $i 43X R REAE IR
AU J7 B e ATk

p=pe" (1-1/1") (1
K pg MR VEAE, ¢ 8 IE R RFEEITE], y o JC & 408 AL, X B O 4P, 7 R (1) X 4% B I i 71
] ) B A oo g I 1) 77 SR R A A AR, R R U A L R R B ] R B kP
1.2.2 A HE A oA
Xof R I8 AT Ik i s g R B AR 3 AT, DARR & A5 5 (E R E A RE SR o0 A o Jd e B AR g i
SK 14 768 s B Ak R W %4 (25 Hz~5 MHz) b0 E J3 34 o ok o B Jat 3 1 B SR 47 T AR A RE 1, p 1 =X

%
* 1 T 2

e E7R ko BB 58 05 p(o) R B Bk R R S s TONAE S B, X B T=40 ms; p s B
¢ RAS AP, X BB IR S R TE O R A

FH T HD IR H 62.5, 125, 250 F1 500 Hz LI 1. 2. 4., 8 I 16 kHz A5 451 i & i g, LA KJH T
RN T 125 Hz FIE T 16 kHz {55 U AGE DR IE 2% L62.5 Fl = id Uk #% Hlek. R IE (55 1Y fEtiaE
A Q) RIS e I R 5 AR S AR L A S e A 0 B ) R
3 T o DAk e B 3 A B AN B 1 UH — fh R e



x4 W%, 45 SETH R IGHRE R S RO A LR T Y % x

1.3 ETFiZEEFREIRFGERX R
RN K whts I 250 ik 61477 (blast-induced traumatic brain injury, bTBI) 2581, 3% JEA1 475 XU Hly & ] DL
7N R TEWEAR p, FIE JEFREE 8] 19 B, R Rafael 2509 B354, bTBI i 52 1 th 2% v] LAE 3o St
RTINS 24k
pe=po[l+a()”] )
K po. o Bl BTG EE A LI E S50, H p>0. ASChi@at = (3) XN B s RS04 28 far 1
RS T . SR Sigmoid pREUE R IR

Y(A) =

)
1+e™
s Y IO, JUE R 0~ 1 ZIl; A4 TR p, MIIE R RFZE ] ¢ Sk ] TRk R i 4 22 X
AR A,
A=C +Cn(po (1+a)™)/ py) (5)
KA B po. s BAN, G F Gy RS E HA . 3 e KA AR A 3% S 96 b AT A9 €140 2l ik A7 —oca2 4
[T 3 A, S S SR R XL h 2k, IR 7E po-o B

2 HR5iR

2.1 REIKEEHHE
2.1.1 AR Ao E R A 40T )

B 3 7R T4E 1.9 kg TNT Y VERE B0 1.8 m ALY I2I B i 3748 e i 72 i 2k LA X Friedlander
I RIS P45 R, AT LA Y, Friedlander J5 #2421 — AN 4g ) e B[R] 7y 52 B9 48 8 o fh I i 5 D8
B R AR A IE TR AP LR [H], an 3R 1 o . B8 1 AT LUE H, R0 v B AE FHVE T 1.8~5.5 m P, SC 5l
3 TR IR R 96.3~628.3 kPa, i i IE RAFLEIS[B] 2 1.4~6.6 ms. HHEEE LG MLk (81 4~5) AT L, F
R BB O, R KE ph i R R (B8N, TE R RS R, A5 whs i s L A

600 R1 TERBEZRGSROMAER/NBERIER
—— Measuring point | Table 1 Eardum trauma ratios and mortality
—— Measuring point 2
—— Friedlander fit (eq.1) ratios of minipigs under different
S 400+ . "
= explosion conditions
o
-
Z BIIH%
g 200 F YEZG2Y R0 BRI/ FJRERE T
S ke Bi/m  kpa T E’)‘ﬂ’g‘ B e,
o W e Tl
0r 1.8 511.59+30.68 1.40+0.15 25 25 50 0
1 1 | | | 1.9 2.6 169.97+4.19 2.80+0.01 0 0 100 0
0 0.5 1.0 1.5 2.0 2.5
i 32 96.30+1.38 4.65+0.14 0 0 100 0
ime/ms
N, X 26%* 62828 1.30 0 25 75 50
13 1.9 kg TNT i bErERE 2000 1.8 m ALY
Sz 3 E R 28 L) % FH Friedlander 2.9 528.74 2.11 0 100 0 0
T 5 32 37851338.57 2.98:0.14 100 0 0 0
8.0
Fig. 3 Measured free-field overpressure-time histories 3.8 237.01+1546 4.26+0.10 50 25 0 0
at a distance of 1.8 m away from the explosion center 46 142.13+1.32 5.69+0.11
of the 1.9-kg-TNT equivalent explosion and 55 100.43 6.63

the fitting result with the
Friedlander equation

: #8.0 kg TNT 4 g KE S5 144 T BE 0> 2.6 m Ak ) #8707 54
P b B 2 S B S A

-5



x4 MR, % ZET A B AR SRR A SR TR % x

600 5.0
" 455 y=0.95x-2.42x+2.
_ so00f 5 )1;220995;3 2.42x+2.68
g 2 4.0F '
% 400 - E 35l
4 E
% 300 E 3.0
> )
> 25}
% 200 | =
o S 20¢r
= 100+  y=5264.42¢13% =
R=0.990 L5y
0 A A A A A A A A 1.0 A A A A A A A A
1.6 1.8 20 22 24 26 28 3.0 32 34 1.6 1.8 20 22 24 26 28 3.0 32 34
Distance/m Distance/m
(a) Peak pressure (b) Positive duration

K4 1.9 kg TNT SHEHEKEAME T BBE B L5 2k

Fig. 4 Distance-peak pressure and -positive pressure duration fitting curves under 1.9-kg-TNT equivalent explosion condition

600 7
. y=-0.39x?+4.98x-9.03
500 F 6F R>=0.996
[+
=¥ %)
& g
2 400 5 st
& 300 ¢ 3 al
5] o
2 k=
o 200F 2
5 g 3t
~
100 | y=4 667.96¢ 077
R=0.965 2r
O 1 1 1 1 1 1 1 1 1 1 1 1
28 32 36 40 44 48 52 56 28 32 36 40 44 48 52 56
Distance/m Distance/m
(a) Peak pressure (b) Positive duration

El'5 8.0 kg TNT MM MF T ABE LA ihk
Fig. 5 Distance-peak pressure and -positive pressure duration fitting curves under 8.0-kg-TNT equivalent explosion condition
2.1.2 kR BAEE UL AT
ANT] G BN SR, A [RIAL AR BT i e A5 5 AR AN [R) Y 1) 0 — AR RE R A0 A A 18T 6 B . Al

0.35

0.30
® ®
= =

oy o 025
g &

2 2 0.20
o Qo
] ]

8 & 015
= =

g E 0.10
S 3
Z Z

0.05

0

@5@5\rf>q§5® \*q‘k&%%%\@&@b @5@5 VAN \*"'\‘,"b“"%&\&&@b
A A%
Octave band/Hz Octave band/Hz
(a) 1.9 kg TNT equivalent (b) 8.0 kg TNT equivalent

&6 AN[EHREE AT AR O BEAL 15— AL e fe AT
Fig. 6 Normalized energy flux over 11 frequency bands from below 62.5 Hz to above 16 kHz at different distances away
from the explosion centers under different explosion conditions

-6



x4 MR, % ZET A B AR SRR A SR TR % x

VUFE Hh, phadi i RS B f 5 FP e/ T 500 Hz A BARAIR T 5 B B AR o T, 1E s S5 22 e [ B, By
A 1) W ARAS Bl o X R W, AN (R TE T 5 5 I ] Fr) v o 99 28 B A AS [ 199 B ek 20 A R, TE SRRk I [
Fe LB RE T o HE AR X8 o
22 BERERWREIXR
22,1 sBAMEH X

S P SR B B O BLAN I 7 BT, T4 3 28, A Bl e T B R A A (18] 7(a)) | SRR
AR I (P 7(b)) FIEEZEFL (A 7(c)) o 2T I or R GE Y SUBI O SL an 2 1 Fzi, T AR, 2 A
A AE I /NT 170 kPa I, SBICHT AR 17, Dy~ i WLARGHEGE, S BUsk BORAS . YU (EDR R R T 237 kPa
I, SR BN R R R A FE I 22 . AN AIR 5 5 30 ) s R A 2 2 BB LR, o 5 R s v R )
1/3~2/3, F B FRW R . WA WELH] Koike 55 72 FHE 24 T 0058 30 A T 42 1) 1) 1) 405 4 DA % i I
VERIR SRR 280 [ O R 0T, R T WA (AR, L35 1 A 7 R B8 O R B 2 B 8 o
7F 8.0 kg TNT i B M S50 v, S50 IR SR8 ™ o e B I 6 A8 O B il N 522 R P 4 g PR AR i

)

(a) Without obvious damage (b) TM congestion (¢) TM rupture
7 RSS2

Fig. 7 Classification of damaged eardrum after explosion

222 FEEBEBEAENG K

FIHZ (4)~(5), DARE H 0 (AN IE AR 22 18] O 3 A8 6, WP 3R 1 o S 30 T A5 1) 35 RS e 24 8 i 47— 0T
W ST, a5 NE 8 iR . SEUEME W R : a=20 ms'?, f=1.2, p,=67 kPa, C,=2, C,=—8.12,

X 99%. 50% F1 1% I MESR, 2 1 wpfi i X /N T8 Sl Rl 28 JXUPRS: ol 4, 1) st 6 S 5600 45 7y
B Horp, anlEl 9 iR o BEAR O BE A8 K, BB R I M I, IE R LT [ . VST I RO R
FILAE H, 1.9 kg TNT 245 450 S0 v, 35 JE 50 0 M 4 B ke O A 1 TR, TI7E 8.0 kg TNT Y i Ak
S, S A AR 3 B o R P P K S Bt v AR A R RN S WL B (R R — B, [l
HRUREA HE 21 5l A 58 B8O R B A BRRRAE

10°

o . 1% TM rupture
1.0 F —— Logistic regression 4 50% TM rupture
Experimental data 99% TM rupture
<
0.8F © 1.9-kg-TNT case % 10k - 1.9 kg TNT equivalent explosion
4 8.0-kg-TNT case D -4 8.0 kg TNT equivalent explosion
0.6} Z
>~ & 10
04} ]
o
4
02} B!
0
L L L L L L L L L L L 1 01 L L
-8 -6 -4 2 0 2 4 6 8 10! 10° 10! 10?
A Positive duration/ms
&8 3@ 4R 1S3 Y/ N B Ko bl NS SR
TR PR L el AiiEe
Fig. 8 Logistic regression calculated probability of TM Fig. 9 Risk curves of TM rupture of minipigs
rupture of minipigs caused by blast waves caused by blast waves



x4 MR, % ZET A B AR SRR A SR TR % x

23 it

FIER 3 i il 0 R ORI B | R R A | A SRR I R A (TORD -2 R4 B w
P4 v ek Tk 2 A S8 A0 v DO A6 5 (7 U L 45 5 - 25 o T 194 7 s 0 1 D) oo o D) 0 P 0 - o it
P D0), JF R s O (9 Dl e )0z PO BRI, T R R — N B 2 i S R AR BT e KU
HEWTS SR A AEAR Z2 400, G140 : HE BR e B it i J2 7 R | 1F e R L o] (] J2 5 7 28 A Ik o ade J2: 1< Jik
PR GRS AT ARBFSE PRI T S EAEAE T AP S . 7F 8 kg TNT 4549 [ F S8 00, BB A] 45
JE VAT it A R D 1 ) 78 R RO BE P 0/ ) T BRI B8 5 o AE B HRR 0> 2.6 m (L B, BV BUIE R 50%,
SR BN 0%, FEILEN 25%. MR N 628.28kPa, 1F JEAFZEMT W]y 1.3 ms, X — i i BF
JE DU /NS S0OOE, E0 AT R B 2 . Bl O B RS K, A B/ INERE SR T S I . AR RO R
2.9 m &b, BLRERE LR 0%, R 2K 100%, ULHTE HWE(E Sy 528.74 kPa, 1E RFFEEAT AN 2.11 ms, TEME
OF 3.2 m Ak, B7 R SR 5 F 100%, 7ELRCEE 3.8 m Ab, 85 ERE 2R FEARE] 50%, T8 IR A 25%.

SEAE S — R R AL, Sl A B RS E S b it N E . Cullis® e T o
i 5 S5 R A BV FH 5 e PR 2R AR R KT Y b R Sk BB R T 0 R SRR A RN S5 R i S 2
FOREAR T o Bt vy ot 9 A 4, HORE R WA AT, 18 R DX R R 7 i, T2 TR e A Ac A, R 7 i o o 30k 286
f (R BE AR R At & AR T ARk . ABIFFE 45 R (1] 6) L REH 1L B4 A AR, B 00 iz, IR MM B 2 o Lh
R o SR, A2 B G AL HAT — FR 91 [ 50 00 AR 0 A0 256 B AH I A I S A 5, 854D P o 1 A4 i T v o e
RE LA B S PR g X rh B2, PR, B 7 R R (R i, v e P AR T2 TR A X 45 ) % o 7 72 A S
R . AL, SR R BT B RE . JULPR R A B, B — R g ebie i, Ynpik
U5 1 1E e AR 252 B ] 55 485 ) 4 355 S S0 A b 050 0 i, 287y 10 38 o A 2 e 85 4 P AT P IR A, DTG /N5 A
AU X SE ML B T — R A A 2 A o R ) B 05 R ] I AR B ) SO T AR 1 . BRI
W U0 I B ML T B — 2B 9T . — D T, AT DA I S 56 I o m A R T L 2 e Y R AR R[]
A o R A Sh A5 R s 55— T, T R R B s s A e} sl A5 B 0 R AE 1) R O

ST v S IR A A B g L, AT AR H BT R 4 W g 4 2 AN N B EE SR AR 43, A R 10 B
o 10 JB7R 8.0 kg TNT 45 1E 410 T BEARC 2.9 m A0 By /N YRS AR SR ETT 5 9 ABR T 7 181 7254k
DL ot B 40 SEM EE . v LUE Y, %875 ABR BIfH_L T+ 40 dB, @45 T J1 #6158 ™ 5, 2 kHz DA L4l
ABR B {H _F T+ 40~ 70 dB, [m] st 08 i 1) 5 349% N T 21 it (inner hair cell, IHC) 55 4hE 41 /it (outer hair cell,
OHOC) iy . E i . X — PR WENIE T Xie 254 Fl Littlefield 2505 $2 i i &5 R R L RIWT /7 Thfe i e AR —
IS, B 2R BN R LA W e SR KE VbR ic ) . Amrein S5PY 5 1, BV IE A LA [R] 4

120

—s—Normal

100 - —e— After blast

80

60 r

ol R

20

0 : . . . . .
Click 1kHz 2kHz 4kHz 6kHz 8kHz

Sound stimulation SU8100 3.0kVx1.80k

ABR threshold/dB

(a) Hearing function changes (b) Hair cell morphology of the cochlea after blast

K10 8.0 kg TNT b KA F T HEAR A 2.9 m AL/ NV REKE RIS W ) S REAY SO USRI HE B AR AT 25
Fig. 10 Hearing function changes of minipigs at a distance of 2.9 m away from the explosion center of 8.0-kg-TNT equivalent
explosion and hair cell morphology of the cochlea after explosion



x4 W%, 45 SETH R IGHRE R S RO A LR T Y % x

Ji, e 7 RV B BT 8 o Koike S5 $i H S IRAR SR T LA A o B (4 — M & 15 1 PR 4P BIL A
S5 630 T B A T AL L R 8 R RSB BT H WA B ) 75 T, S5 BB - 28 0P R P R A P ) BELBE DS TS, A
AR5 7 RE AT LAAL 3 0 P FECO . dp SR R AR e Y, T 3 IR N R, IR A AR Ak A PR
2 P EUR ) PR RE R BLEAL B I AT B 5 LA S H 0 o 3 2 S BN ™ EAY [R) R, )40 W R Y
37 1[5 77 JE Y 0 2 45 (ELRE , SR 20— R AL 7, I A Fr A i B2 ) ol e 2 o S R
2L, hn: EAWIFE 8 kg TNT i (SR S8 b, BHARG 2.6 F1 2.9 m AL, 1B TRFREEMS [A]J, R T
e, BCA B IR 2 PRI, A AR i | R T R )RR F 28 (451 /s AR e 7 A Y o i B
ok BT %8 T W E S BE SR UL AG I 69, 7E B 5 B AR P R BRI TR o IR AT — MRS 2 T S R
2, R o 32 B 280, A B AT b AT AR5 B2 il P ) S A2 R R (IR T SR e B () 1Y AR S IR AR
JEANBEAT D R IWIWT 52 2 REA 2K AR B AU AR IC Y, SO IR 2 vh il 0 5 B A SR — 28 . by e dnfr 5
SN AT K7 B 1 e 128 2 1 A W5t 28 G2 A ML A 475 SR 7 BEAIF S, 30Xk T o) W ik o 7 B80T 0 904 2 14
FE JSCHIL A 195 75 BIL o) 22 5 B

3 & it

LT H i SR A, SO IR T RS R R B, TEAR RO TR R — R B A B
JF W L R T S A 5 P [ s 2 190 o B 0y 00 o T AR S /N AR L AR DL 45 R, 4R Y
EEN GRS SR R &AL bR e NP A WIS s i VAN AR S ll = e E R 770 i DRSS ER I SOAEE
SN A) B SR REAOC &R o BRI A IR IR T 170 kPa, SCIRICHI 5075 1 rh 378 Fe 0
KT 237 kPa I, #8073 S5 58 ) AN [R] R JBE W) BB A SR ML o i 5 4B P T, T W (B RC (L
O3 7 A P O R Bt 2 BRI o 3 e o 9 2R R O A T R R AR T T P R S I [R]
W RE T o5 FUARH RSB, /0N 5% S5 AR AR 3 ] BB S T AR ARG, LRk, 475 4 H B S 25 4 T 48 2 AR - 4
fio bR TR UEAE, wholy P I 0 A ] R X S50 RS AR SR R SR SR A 3 o AR D e g IR AR LA
P40 W 58 2R GE IHLRIAT 75 2 — 2P 09 o ASWT T 00 kK A g v ok 20 A 0y A 0 2880 17 v A ) o) 5 $2
5%,

B E 3 Hk:

[1]  GAN R Z, NAKMALI D, JI X D, et al. Mechanical damage of tympanic membrane in relation to impulse pressure
waveform—A study in chinchillas [J]. Hearing Research, 2016, 340: 25-34. DOI: 10.1016/j.heares.2016.01.004.

[2] GAN R Z, LECKNESS K, NAKMALI D, et al. Biomechanical measurement and modeling of human eardrum injury in
relation to blast wave direction [J]. Military Medicine, 2018, 183(S1): 245-251. DOI: 10.1093/milmed/usx149.

[3]  GAN R Z, LECKNESS K, SMITH K, et al. Characterization of protection mechanisms to blast overpressure for personal
hearing protection devices—Biomechanical measurement and computational modeling [J]. Military Medicine, 2019, 184(S1):
251-260. DOI: 10.1093/milmed/usy299.

[4] LECKNESS K, NAKMALI D, GAN R Z. Computational modeling of blast wave transmission through human ear [J].
Military Medicine, 2018, 183(S1): 262-268. DOI: 10.1093/milmed/usx226.

[5]  BROWNM A, JI X D, GAN R Z. 3D Finite element modeling of blast wave transmission from the external ear to cochlea [J].
Annals of Biomedical Engineering, 2021, 49(2): 757-768. DOI: 10.1007/s10439-020-02612-y.

[6] BROWNM A, BRADSHAW J J, GAN R Z. Three-dimensional finite element modeling of blast wave transmission from the
external ear to a spiral cochlea [J]. Journal of Biomechanical Engineering, 2022, 144(1): 014503. DOI: 10.1115/1.4051925.

[7]  BRADSHAW JJ, BROWN M A, JIANG S Y, et al. 3D finite element model of human ear with 3-Chamber spiral cochlea for
blast wave transmission from the ear canal to cochlea [J]. Annals of Biomedical Engineering, 2023, 51(5): 1106—1118. DOI:
10.1007/s10439-023-03200-6.

[8] JIANG S Y, SMITH K, GAN R Z. Dual-laser measurement and finite element modeling of human tympanic membrane


https://doi.org/10.1016/j.heares.2016.01.004
https://doi.org/10.1093/milmed/usx149
https://doi.org/10.1093/milmed/usy299
https://doi.org/10.1093/milmed/usx226
https://doi.org/10.1007/s10439-020-02612-y
https://doi.org/10.1115/1.4051925
https://doi.org/10.1007/s10439-023-03200-6

x4 W%, 45 SETH R IGHRE R S RO A LR T Y % x

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

271

[28]

[29]

motion under blast exposure [J]. Hearing Research, 2019, 378: 43—-52. DOI: 10.1016/j.heares.2018.12.003.

JIANG S Y, DAI CK, GAN R Z. Dual-laser measurement of human stapes footplate motion under blast exposure [J]. Hearing
Research, 2021, 403: 108177. DOI: 10.1016/j.heares.2021.108177.

BIEN A G, JIANG S Y, GAN R Z. Real-time measurement of stapes motion and intracochlear pressure during blast exposure
[J]. Hearing Research, 2023, 429: 108702. DOI: 10.1016/j.heares.2023.108702.

GAN R Z, JIANG S Y. Surface motion changes of tympanic membrane damaged by blast waves [J]. Journal of Biomechanical
Engineering, 2019, 141(9): 091009. DOI: 10.1115/1.4044052.

LUOHY, DAI CK, GAN R Z, et al. Measurement of young’s modulus of human tympanic membrane at high strain rates [J].
Journal of Biomechanical Engineering, 2009, 131(6): 064501. DOI: 10.1115/1.3118770.

LUOHY, JIANG S Y, NAKMALI D U, et al. Mechanical properties of a human eardrum at high strain rates after exposure to
blast waves [J]. Journal of Dynamic Behavior of Materials, 2016, 2(1): 59-73. DOI: 10.1007/s40870-015-0041-3.

ENGLES W G, WANG X L, GAN R Z. Dynamic properties of human tympanic membrane after exposure to blast waves [J].
Annals of Biomedical Engineering, 2017, 45(10): 2383-2394. DOI: 10.1007/s10439-017-1870-0.

LIANG JF, LUO HY, YOKELL Z, et al. Characterization of the nonlinear elastic behavior of chinchilla tympanic membrane
using micro-fringe projection [J]. Hearing Research, 2016, 339: 1-11. DOI: 10.1016/j.heares.2016.05.012.

LIANG J F, YOKELL Z A, NAKMAILI D U, et al. The effect of blast overpressure on the mechanical properties of a
chinchilla tympanic membrane [J]. Hearing Research, 2017, 354: 48-55. DOI: 10.1016/j.heares.2017.08.003.

LIANG J F, SMITH K D, GAN R Z, et al. The effect of blast overpressure on the mechanical properties of the human
tympanic membrane [J]. Journal of the Mechanical Behavior of Biomedical Materials, 2019, 100: 103368. DOI: 10.1016/;.
jmbbm.2019.07.026.

CHEN T, SMITH K, JIANG S Y, et al. Progressive hearing damage after exposure to repeated low-intensity blasts in
chinchillas [J]. Hearing Research, 2019, 378: 33—42. DOI: 10.1016/j.heares.2019.01.010.

SMITH K D, CHEN T, GAN R Z. Hearing damage induced by blast overpressure at mild TBI level in a chinchilla model [J].
Military Medicine, 2020, 185(S1): 248-255. DOI: 10.1093/milmed/usz309.

JIANG S Y, GANNON A N, SMITH K D, et al. Prevention of blast-induced auditory injury using 3D printed helmet and
hearing protection device—A preliminary study on biomechanical modeling and animal [J]. Military Medicine, 2021, 186(S1):
537-545. DOI: 10.1093/milmed/usaa317.

SHAO N N, JIANG S Y, YOUNGER D, et al. Central and peripheral auditory abnormalities in chinchilla animal model of
blast-injury [J]. Hearing Research, 2021, 407: 108273. DOI: 10.1016/j.heares.2021.108273.

DEWEY J M. The shape of the blast wave: studies of the Friedlander equation [C]//Proceedings of the 21st International
Symposium on Military Aspects of Blast and Shock. 2010: 1-9.

FRIEDLANDER F G. The diffraction of sound pulses I. Diffraction by a semi-infinite plane [J]. Proceedings of the Royal
Society of London. Series A. Mathematical and Physical Sciences, 1946, 186(1006): 322-344. DOI: 10.1098/rspa.1946.0046.
IYOHO A E, HO K, CHAN P. The development of a tympanic membrane model and probabilistic dose-response risk
assessment of rupture because of blast [J]. Military Medicine, 2020, 185(S1): 234-242. DOI: 10.1093/milmed/usz215.
YOUNG R W. On the energy transported with a sound pulse [J]. The Journal of the Acoustical Society of America, 1970,
47(2A): 441-442. DOI: 10.1121/1.1911547.

RAFAELS K, BASS C, SALZAR R S, et al. Survival risk assessment for primary blast exposures to the head [J]. Journal of
Neurotrauma, 2011, 28: 2319-2328. DOI: 10.1089/neu.2009.1207.

ZHU F, CHOU C C, YANG K H, et al. Some considerations on the threshold and inter-species scaling law for primary blast-
induced traumatic brain injury: a semi-analytical approach [J]. Journal of Mechanics in Medicine and Biology, 2013, 13(4):
1350065. DOI: 10.1142/S0219519413500656.

KOIKE T, WADA H, ITO F, et al. High-speed video observation of tympanic membrane rupture in guinea pigs [J]. JSME
International Journal Series C Mechanical Systems, Machine Elements and Manufacturing, 2003, 46(4): 1434-1440. DOI:
10.1299/jsmec.46.1434.

JENSEN J H, BONDING P. Experimental pressure induced rupture of the tympanic membrane in man [J]. Acta Oto-


https://doi.org/10.1016/j.heares.2018.12.003
https://doi.org/10.1016/j.heares.2021.108177
https://doi.org/10.1016/j.heares.2021.108177
https://doi.org/10.1016/j.heares.2023.108702
https://doi.org/10.1115/1.4044052
https://doi.org/10.1115/1.4044052
https://doi.org/10.1115/1.3118770
https://doi.org/10.1007/s40870-015-0041-3
https://doi.org/10.1007/s10439-017-1870-0
https://doi.org/10.1016/j.heares.2016.05.012
https://doi.org/10.1016/j.heares.2017.08.003
https://doi.org/10.1016/j.jmbbm.2019.07.026
https://doi.org/10.1016/j.heares.2019.01.010
https://doi.org/10.1093/milmed/usz309
https://doi.org/10.1093/milmed/usaa317
https://doi.org/10.1016/j.heares.2021.108273
https://doi.org/10.1098/rspa.1946.0046
https://doi.org/10.1098/rspa.1946.0046
https://doi.org/10.1093/milmed/usz215
https://doi.org/10.1121/1.1911547
https://doi.org/10.1089/neu.2009.1207
https://doi.org/10.1089/neu.2009.1207
https://doi.org/10.1142/S0219519413500656
https://doi.org/10.1299/jsmec.46.1434
https://doi.org/10.1299/jsmec.46.1434
https://doi.org/10.3109/00016489309135768
https://doi.org/10.3109/00016489309135768

x4 W%, 45 SETH R IGHRE R S RO A LR T Y % x

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

Laryngologica, 1993, 113(1): 62—67. DOL: 10.3109/00016489309135768.

K TT . A bl B BUIK BLUVT S AN T EE Zh BE B T A B R 5 AR HERT ST (D). HE IR Rl ZE % B K 2%, 2022, DOL:
10.27001/d.cnki.gtjyu.2022.000239.

ZHANG J Y. Evaluation techniques and criteria for auditory and vestibular function impairment caused by blast shock waves
in guinea pigs [D]. Chongqing: Army Medical University, 2022. DOI: 10.27001/d.cnki.gtjyu.2022.000239.

AMREIN B E, LETOWSKI T R. High level impulse sounds and human hearing: standards, physiology, quantification: ARL-
TR-6017 [R]. Affiliation: U. S. Army Research Laboratory, 2012.

CULLIS I G. Blast waves and how they interact with structures [J]. BMJ Military Health, 2001, 147(1): 16-26. DOI:
10.1136/jramc-147-01-02.

PADURARIU S, DE GREEF D, JACOBSEN H, et al. Pressure buffering by the tympanic membrane. In vivo measurements
of middle ear pressure fluctuations during elevator motion [J]. Hearing Research, 2016, 340: 113—120. DOI: 10.1016/j.heares.
2015.12.004.

XIE P P, PENG Y, HU J J, et al. Assessment of hearing loss induced by tympanic membrane perforations under blast
environment [J]. European Archives of Oto-Rhino-Laryngology, 2020, 277(2): 453-461. DOI: 10.1007/s00405-019-05710-3.
LITTLEFIELD P D, BRUNGART D S. Long-term sensorineural hearing loss in patients with blast-induced tympanic
membrane perforations [J]. Ear and Hearing, 2020, 41(1): 165-172. DOI: 10.1097/AUD.0000000000000751.

FAY J, PURIA S, DECRAEMER W F, et al. Three approaches for estimating the elastic modulus of the tympanic membrane
[J]. Journal of Biomechanics, 2005, 38(9): 1807-1815. DOI: 10.1016/j.jbiomech.2004.08.022.

PRICE G R, KIM HN, LIM D J, et al. Hazard from weapons impulses: histological and electrophysiological evidence [J]. The
Journal of the Acoustical Society of America, 1989, 85(3): 1245-1254. DOI: 10.1121/1.397455.

Rt ki =)


https://doi.org/10.3109/00016489309135768
https://doi.org/10.27001/d.cnki.gtjyu.2022.000239
https://doi.org/10.27001/d.cnki.gtjyu.2022.000239
https://doi.org/10.1136/jramc-147-01-02
https://doi.org/10.1016/j.heares.2015.12.004
https://doi.org/10.1007/s00405-019-05710-3
https://doi.org/10.1007/s00405-019-05710-3
https://doi.org/10.1007/s00405-019-05710-3
https://doi.org/10.1007/s00405-019-05710-3
https://doi.org/10.1007/s00405-019-05710-3
https://doi.org/10.1097/AUD.0000000000000751
https://doi.org/10.1016/j.jbiomech.2004.08.022
https://doi.org/10.1121/1.397455
https://doi.org/10.1121/1.397455

	1 方　法
	1.1 搭建大动物致伤平台
	1.2 自由场爆炸载荷条件
	1.2.1 压力时程曲线
	1.2.2 冲击波波形分析

	1.3 基于逻辑回归模型识别创伤量效关系

	2 结果与讨论
	2.1 冲击波载荷特征
	2.1.1 超压峰值和正压持续时间
	2.1.2 冲击波能量频谱分析

	2.2 爆炸致鼓膜破裂量效关系
	2.2.1 鼓膜创伤形式
	2.2.2 冲击波致鼓膜破裂风险曲线

	2.3 讨　论

	3 结　论
	参考文献

