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Study on Tendency of Submarining and Abdominal Injury of Child

Occupant in Highly Reclined Seats
Zhang Xuerong, Yin Xunmeng
(Jiangsu University, Zhenjiang 212013)

[Abstract] To investigate the motion posture, submarining tendency and the effect of submarining on abdominal
injury of child occupant in highly reclined seats in frontal collision, the dynamic simulation was conducted in the ECE
R129 frontal collision trolley, with the validated child booster seat model and 6-year—old PIPER child biomechanical model
in various sitting postures. The criterion for assessing the risk of child submarining was developed based on the anterior
superior iliac spine of pelvis. The results indicate that when the seat back inclination exceeds 35° in the 50 km/h frontal
collision, child occupant submarines, the abdominal compression and viscous index increase by 234% and 527%
respectively and the maximum first principal strain of the liver increases by 45%, there is a risk of AIS 3 injury in the

abdomen, measures to inhibit pelvis rotation of can diminish the inclination of submarining.

Key words: Frontal collision, Child occupant, Booster seat, Submarining, Abdominal injury

(SIAMEN] skerak, Tribse. L e b AE A FA 1w R AR T ¥ TS 4 S SRR 3 B9 0], TR AR, 2023(8): 57-62.
ZHANG X R, YIN X M. Study on Tendency of Submarining and Abdominal Injury of Child Occupant in Highly Reclined

Seats[J]. Automobile Technology, 2023(8): 57-62.

—_

1 B

il

R, AR GRS SO VR Ay S T IR =R A
AR AR AL EFIE 1, B 1 32 Bl AR A P K
J&, LA B iy 2 LRI L 52 5AistT . R
M7, AL R 2R ZR G T BETCIEAT RUAP b T R ABUAA 2825
TRYLETR DT, LR 5 il T B AL N HAR AR A AL
B A G EmE A T A TR s [, b TR i
A B REA B, TR % B R AR 4

HHASE & N IEH LG, FEsSm e, Rk
B B2 O A RNBE T 48 5 TE 5 Ak 33fe GUM LU 24 o
T

Slusher Z5“PEA T 6 4 PIPER JLEEHEIFE A [A] 254
8 e A A R VRO, B SRR BT, AR PR FR Rkt
TR FEAE 22 5 (0 WSS LR N 3 e 2
Ko XNEZEVHT T A RITEE T X 5 B V8
EORGEE RS2 o Forman 88 “4485% 1 34 1= JEE Fr Hh 52w L
R TRYRIER S5 R A AR M B A L3 A 26 T T

FFEETH S E L FETE T H (G120210029-8)

20234F  ZE 8

- 57 -



SRR A LR B e KA G e e 1) T v A S IR i 5

Sl EaTE I o S IR X/ DA INN Sithe ava
I 3fe DI TR R GEARAY XA ] i R A5 4 bA) 2 g
JO7 TR, IR FARADIR A SE A 31 22 2 fe LR
JHEMTPUREIS 2] A EERTE T AL X) 6 % )L i i
AR RS, 25 R R, LB IR TR S AL T SR
VARV A1 A LA A S o P 45475 XU

TEFE GIBT N VEWETE b, X5 3fe 51 T Vbt ] 2 Ak A B
TR o 2015 4R UG 9 C-NCAP 45 BALIN v i
A TN B S E A IR TR AR, B8
BB TCIE A TV A, H AN R B RAAIE Y
Fe I AT EENE . FE5E A BT UM SR 1
WA B AL B AH X A7 E (Lap Belt position On Pelvis,
LBOP) AU Sy %k 3fe 53 1 v B0 A Ao, RV o JEE s 5
R B B 8 A 3 B R T R e, (ELI 5 i A A SR PR
P, A 5 R R F) B g Bk T BT B 0 6 07 B, 5 W0 0
BB A MR T TEE L. 780, B i
R JRCAAAS B SEANAS RN , 33022 4 T ARFIA) i o2
BCE PR T R A EOR

PR , AR S 6 22 L AEY) )y e A R 15 A A
TR T SIS, ST RS R P L B I8 B S
NS DAL IR R AT B R W B XL E A Y)
AR Sy AT A W AR LT XS
I FHEA T RIE

2 HRBVEEST

21 JLEEMAFRE

A SR HT R M 22 4 F0RURS: 43 B HP O (Centre
Européen d’ Etudes de Sécurité et d’ Analyse des Risques,
CEESAR) S HLA4 K 15 JF & B9 PIPER JLE 9y ) 445
RIM B AR 8 5 X 6 %/ )L AT 1AL E 4
f#i (Computed Tomography, CT) 5 3| , JL & #& AU B &
114.6 em, {85 23 kg, AL 225 E 63 em, FEARIALA 353
AR E AR Sk B g v A R LA o R R L/
I 45 , SHUMEZE ALY Pl MEB A ] 5 L PR IE S5 A4 B, B
P TR AT JERE, PIPER JL 2 A= 9 1 A5 R A
BT o A8 A 25 3 5 P A 6 26, £
75 Sk B B P ey M P4 1 DA A S B T 3
SR, BET PIPER ARifEAl 25 LR AR R e 5 9 19 O
TR ER AL AR 28 AT AS A [FISR AR AR R B LA
22 AERILEEREE

H T AT L v A Ay M O Y R A
B, BT 28 5 Al 0 Uk A — ) LA g R A S Y 8
DA VR R A Y 5 I AR S e A A A, (A5 e

—58 —

A T R . &5 RIS HUKYE ECE R129 74 HUFT
16", JLHE Y e e R A5 R 1k ISOFTX 2 1 2246 7
B [ G SILEARRGRRILA 307 3634~
741,35 260 PSR EIT R 298 553 PTG,

Bl 1 PIPER JLEA: 4 245l
S AT AT AR PIPER JLEE A=) )24 A8 BT
G250 H s B R P A LB T 6, T
IR G A B E ARG I INE LA 9.8 m/s* (1)
TN, B HRE 50 km/h T TR 058 I T e fin 72
B IR I an i 2 s

300
ECERI2ZEM IR , — — = =
r 7

,  ECERI29 AL FBR
/

0 20 40 60 80 100 120
5} 8] /ms
&2 50 km/h IE [l s 2

3 HESEIUS

BT T 1 E TR (7 EASAY WA ALR ] 2507
HEEETPIUA , DL SONB K IBHIE R & 458t sl S LB
o TR S U 28 55°, 43I 5 A KT AR 231 PIPER JLEE
AW A PR B A SR A T L H S AR
PR B RIAET A 1 TR O AL, 4ni& 3 s .

(a)25°FE T F1
3 I A A A
31 TEEBRRESHT
T B A B E SN 2B R OB B 1 R
woE HOR

(b) 554575 10iff



SRR A LR B e KA G e e 1) T v A S IR i 5

S Z (B I AEN AP A B o B4 R A
[FISEFBUA T 20 5 A AR AL, 7T USR], e
U AL 35, 2 R0 a f B RN BB i 2R
TILEGE A, G AT /N TR 285 , X AT
FE AL E R NEIR , Foh R Fe /o 192,

—_—————— e —

~_ B 00 ______3%_s/
——————————————————————————
/ \
I |
| b -z . k :T
: |1}é‘
| |
\ 40 45 50° 55° 7

~—— O 2D

4 R[RIEETFIT I REHEES 5 84 ms 22270 5 A B ARG o7 1

SETTIUAIG R Z 400, AR M R 3,
AR T2 1) L RS (A2 BT ) (RS 1Y, SR AT BR
il LB A1 0282, SRS [ Ja e I el T
Jets 1) b1 ShR RS AT 124l 5 L E ] Al
B ABUIRE, RECR AR . U R R A O 330,
R T AR ST 50 (25°) 28 RN T 153.8% , 25 F
B 1 A2A% 0 220 mm , AT AR iERE TS 00 FA 2505 T 38
T60.9%. R, W/ N2 1 i e &% A 2 A e (I B
] T A 1) RS I MR AK T 1) 6288 ) T UL
RS 5 8T 6 7 S A [ 5 A i (024 78

e L m e h 2.
350 o
— = KT (TORT R
300 | A AR
g
5 250
e
i:_{
= 200
=
150
100 . . . . . .
25 30 35 40 45 50 55
FEFWUA/C)

K5 AS[RISE A B A A R A2k
100 1 250 = = 30° - ---35 —-—d0° .
9o | === 457 —===-50° —-—--j?:./"‘j;;;’/:;

< g0t P it
= N i
fm or .- i .
& OFTIIINITIT T _
50-““"""_';,"”/
40

0 20 40 60 80 100 120
I5f 6] /ms

L6 AN [vl 4 i A 100 0 I 2%

SETF A ARSI, ) LEE DL U 2R A At b Al
PSR R R D A A R TR R R T R AR
HESE)E , sif A C 8 A BB LE ALY, F B Al
[ AR S AR TR Il 6 8%, JL 2 A ARG 3 J3E Ay v 1) i

20234F A8

WA B AR SR 0 AU, LB A ] Rk A
U
32 FEEIRGAH

FEAEE AR (22 42y in48) i, J 38 1 47 6 T AR
Shy T R 405 R b, S P 4 L R R I R
JITEE . R L R T W, I 46 R B R
29.1 mm, WE{E I ZIAE 56 65 ms ZE 47, ML IE 36 R J1h
48 kPa; )5 th T4 4ty HB:VE T ILIEIEHE, 23
0 45 B 2 RS A , A S5O R (0 £ ok HE 0 4 H 5k
B KAH 65.5 mm , WE{E R 20755 90 ms 7247 , H LuAm e
SETFIAA (25°) B AR R4 e R T 234% , G I
J12491 kPa, 7. & 8 it 7R KA IS8 0 2 0 T R

45 5 KA 2k
20 250 = = 30° - - - 35 —-—40°
— e m 450 =mmme500 —emem 55
g
£
]
g
=y
&
=
-80 L L 1 1 L )
0 20 40 60 80 100 120
fisJ [ /ms
E17 SRVt (0 e R e i 2
1207 250 — = 30° - = +35° ====sd0°
100 f ===eeee 45° === 50° === 55°
< .
2 st 7N,
R K
B 60 A
3 L
= 40t
201
0 20 40 60 80 100 120

HF [F]/ms
(518 NIRRT 0 AR B AR B g i
Viano i it )7 (ARAREREIS AR TR IR 0 Hbs
#E (Abbreviated Injury Scale, AIS) 15 i 5 &5 F 45 Lb 1) ¢
KL 5 BB B eI T 4, nT 53 6 2 )L
#AIS 5 IEA RS LR C R -
Su=-2.48+12.71C (1)
o, Sus A 18] 00 08 95 € A B R 4 LG, BRIV ¥ s
a5 5 A 4G 5 R 1 LU
P AR 4 e =X (1) AT 45, S50 8 il Ay Bt L8
I A, HE R ATS S 2.9 9%, N VA7 AEXT LB IR i
TS A5 2 A A ) XU
Pl S A S IR A 4 A G, S
FRASTE AR IARIOCR  REHEIN 18 T AR s 5E
Wi, YRS PR HOA S 1 m/s B, 4 #Ea 25% A HER
— 59 —



SRR A LR B e KA G e e 1) T v A S IR i 5

HEAMIET ATS 4 RSB IR RS Rk -

A== 020 .

2 o) JE S e 4 3 1 R B35 Do) JE R 4 55 C(e)
RN R R 440 2R PR b R IR PR

KTVEIT, LI RS B (RN 0.19 mis,
WAL P 2207 55 60 ms 2o A 5 WS, I ORGP 48 B ik 1
220 20 J7 LG 2 TR O, 7R 565 1 e b 20 2 e iR
KRB , e KU A 0.69 m/s, & A AE S5O5E 1T
FAIF AR LR TS AR S K T 527% . AR IR RS
PEWEN, 8 A 1 B LEEE T ALS 3 F A XU . 119
JIE7R A AN TR AR 15 A 1o A R P R 22

1.0

M LEEAL FARERE T A (25°) B JHEAIE RELAIE 5
IR 1 e I3 — 2 A2 530 R 33% . 22%  17% , FFIE B K
S— AR B AR 1B, R A R Al LE KT
FEIE A = BPEC, WU S R3S — F 0 A B A 5 &
2 i O T 5 i, PO R R B — AR A A
Jik bR A AL 5 S RE T A A 2] 4000 RV K
A JFRIE CRELIDE | D P e R — AR A R 31%
219%.22% , [T o KBS — =5 vy 748 o7 8 7 AL T R 538 L
POl A B I B KB — R A A A S e
2 AL s Ak 5 45T £ o S5O, JFFAE JLAIE | O 1
R — AR 35k 48% . 26% . 26% , T e K5 —
NS B AT R R B, B 2 L IR
JFRIEAR TR 385, MER A o R 55— =4 oy 728 {8 A 1 i i

25° — — =30° ===== 35° - - - = 40°
e R b IR RS — R 7 e
Tw 0.6 F .
E o4 LN,
£ L
| Pl A B YA 25 LSS 98 3 B4 A 7 1
£ 0 #B, SETF MU 40005 , Mg FEUE IR RS — &
02 Joj AR i 2 A b R DRI 5% R AR T 7 A B B A
04 , . , . . . ] SN o
0 20 40 60 80 100 120 e M, SSCHE T (0 A o A B KA — FE AR bR SR
BTl /ms A T T 45% , 1B 10 7R S AS [) 4 75 40
B9 AR AETS A B SR M e Al 2k HRHE AR B KA — AR
Fx1 EHMEREAE—FTNTRE
T HHE) 25 40 »
s AR TR
J:)%480 4 I (%480 4 ' (%480 4
0.4270 04132 0.4384
0.373 6 0.3945 0.3829 r
0.320 3 | 03317 - |0,337 4 4
0.266 9 0.2833 0.287 1
B lgegﬁ ol oz
-0:]068 =0.1198 =0.1125
—0.053 38 = 0.054 16 —0.054 13
—0 —0 —0
1k:0.3305 F£:0308 7 1K :0.480 4
Node 6511981 Node 6511981 Node 6511765
e R e
0.262 5
02625 0.262 5
3002 F%# Fm
01750 oTer s 01831
0.145 8 01524 0149 7
B Shdo a2, Sad,
-0:058 33 '—0:057 79 =0.060 21
—=0.029 17 —8.032 05 :8.030 04
- -
- Bk 0. Bk 0.
iﬁi oot N 508658 ;ﬁ St
BB, 2600 202600 B 2600
0.2311 0.2275 02325
0.2022 0.207 9 02167
0.173 3 0.1757 0.1702
IO.]444 l().1513 |0.1526
0.1156 12 1229
(=43 008667 008736 0087 33
= 0.05778 =0.059 03 = 0.058 02
— 0.028 89 =0.029 47 = 0.029 37
—0 —0 -0
k10168 7 e k:02186 :K:0.260 0
Node 6714092 Node 6713827 Node 6713886

4 JLETE XU Ly 4 ) K2 EIGE
41 JLETEREE TS A
T H AT R A E 6 ) L2 3 B AEAE— 22
JRa R s X LB SR T i R TR e S
— 60 —

B ARHE SRR BT X LAY R ST T L
VXU PEA I
<0, K Fig
o-
R, Qun HTEDN 10N, FEAF T %% 05 Q e 408 =)
wOE R



SRR A LR B e KA G e e 1) T v A S IR i 5

FRARAR 2 LB A QRN AR B B

50

I

S ENAE%
D oW A
S & &

—_
(=}

25 30 35 40 45 50 55
FETTBUNAC)

B0 5575060 A o P o A 35— R A

Hr Quuin<O, JEAFAIVE I T2 LR R T 4
Q>0 , AT B B R HT LB, P A A QBT
AL L PR, Qua /N, T RN, 2T
TSR

Forp | B SRR AR FR A SR ARG T P DA
T3 T RGBT B Ik 30615 R 4 T T Dl o i
MU E SN o B ST AR SRR A AR R B T L e B
HARARIF ) R BE ) A R AR AR AR RTE
[ V- 1A N SR B 72 A5 AR s 31, AT 11 TR

B ZE R A &

4.2 JLETEREIEG A& N A6 IE

ANEEEE WA T 0 Q8 b5 A&l 12 Frs , B 1 12 7]
DA AR RE TS 00 AR 22 A5 i W IR o w25 5 0
I KAMZEAE T mm LA, 0T L2006 5 Q. B T 100 £ 38
MG, RUDLE TN, SEEmMm T 35905,
Qun>0, TR K A, 3 2 BT /R S AN [R) 5 35 {1 £ 1sF )
Qe SV H T

100 p .
250 —e=— 30° — — 35° = = = = 40°
80 F—=-—d5° =m==me500 mememsse
7
L e N
60 4 _ N -
E " "f \\\ —
£ 40p N ‘ Pt LN
E%Tlﬂ RV Vg A P
= 7
&

0 20 40 60 80 100 120
[5F 6] /ms

E 12 AESES A I Q3558
20234F  ZE 8

K2 AREEAFE Qo B T EHIET

G Quin/mm Tﬁé s Quuin/mm TFEF
/) Fl 1) F
25 -8.7 = 45 42.9 =
30 -3.1 & 50 54.1 =
35 -0.6 i 55 75.6 =
40 24.6 =

X5 (5 EL ) ] b WL ] 1422 Al 5 A AR A
JIASEEE—E, 5381, A T e A et TS e ) S RS
RS LS U 35 RS Y 5 AL et il APASIE
kA . EIREERYGIE T AT i LR XU T
AN IE R o

5 #RiE

AT 6 % PIPER JL 3 A= 9y J) 24 B R {E ECE
R129 5 4R AT T 50 kan/h 1 T RIEARE S 254540, 1
XHLEAE Yy 2 RS 1 A B T i R LT
TS HE I I F HEA T T S0, A3 2 LU T 4518

a. B SETFFIUAA IR, JLEEHEHT OB B S I HL
TEAE T, TR S B A A T R R 5 A T A
i 35005, JLZE AR e A R R A R, R A
TEJR ) B8 ) LB S50 AN i A AR 1) XU , 3 4o 41
T ) I T i A BIR A 0 A 1) 62 4% 3 24K
YRR L8 ) AT/ L2 T v a3

b, T2 B FE LM, NS I
25 B ARG PR FE B0 50 LERRMESE TS 5UAA IR R T 234%F1
527%. T TR 2R T IE I B R A, FFPAIE e KB — =
07725 LA HE S T 1A B S8 I0 1 4596, Xt B ATS Bifie,
AT T I ALS 3 R O XU

ARSCIRGE T RAGUHf 38 e JAE g v L B 3fe 57 )3 B 8
SH TS VLR ER A2, WS
Gax i DIV o e R e VAN DI I =9 AN R il
HEN, J5 2 X ) LA A 1 o e Ay A T P
THRE it — LT

2 % X #

[1] BOHMAN K, EL-MOBADER S, JAKOBSSON L. Effects of
Restraint Parameters Using PIPER 6y in Reclined Seating
During Frontal Impact[J]. Traffic Injury Prevention, 2022, 23
(Supl): S123-S129.

[2] NAKANE K, NOJIRT M, MAEKAWA R, et al. Analysis of
Abdominal  Injuries Caused by the Submarining
Phenomenon in the Rear Seat Occupants[C]// Proceedings of

the 24th International Technical Conference on the

Enhanced Safety of Vehicles (ESV). Gothenburg, Sweden:
-6] -



SRR A LR B e KA G e e 1) T v A S IR i 5

NHTSA, 2015.

[3] RAWSKA K, GEPNER B, MOREAU D, et al. Submarining
Sensitivity across Varied Seat Configurations in Autonomous
Driving System Environment[J]. Traffic Injury Prevention,
2020, 21(Sup1): S1-S6.

[4] SLUSHER G, SARFARE S, FALCIANI C, et al. Analysis of
6YO Pediatric Human Body Model Kinematics and Kinetics
to Determine Submarining across Naturalistic Seating
Postures|J]. Traffic Injury Prevention, 2022, 23(Sup1): S111-
S11e.

(51 XK 2=, p i, KRR, 45 B T i B i A R OC Ay 2 bk
X0 EEBOR, 2019(11): 26-30.

LIU Y Y, LU J, ZHENG H, et al. Research on Finite
Element Modeling Method for Anti— Submarining Analysis
[J]. Automobile Technology, 2019(11): 26-30.

[6] FORMAN J, MILLER M, PEREZRAPELA D, et al. Investi-
gation of Factors Influencing Submarining Mitigation with
Child Booster Seats|J|. Traffic Injury Prevention, 2023, 24
(1): 75-81.

(7] K2R, XIPH:, SR AT Je T AR LE ) 122 A7 RO AL Y

AR ARG SHEARA. IREHR, 2022(10): 30-36.
PEI'Y S, LIU Z, ZHANG S Z. Parameter Optimization of the
Restraint System Based on the Finite Element Model of
Human Biomechanics|J]. Automobile Technology, 2022(10):
30-36.

(8] 147 AN ALY Xob 7R 2 ) L3 3fe 5% M i A 5 5 iR AT 52 [ D).
Kt KHBH R, 2021
BAI Y. Influence of Different Sitting Posture on Chest and
Abdomen Injury of Six— Year— Old Children[D]. Tianjin:
Tianjin University of Science and Technology, 2021.

(9] H I PR A H AR W ST 0 AT FRZS W)L C-NCAP 45 BRI
(2021 AERRO[S]. Kt o E VR A H AR5 oA B
2020.

China Automotive Technology and Research Center Co.,
Ltd.. C-=NCAP Management Regulation (2021 Edition)[S].

- 62 -

Tianjin: China Automotive Technology and Research Center
Co., Ltd., 2020.

[10] RE5, X0, RV AR, 4. 3 BT V{0 1 ] o DU 1 F

R 54 T AR, 2014, 36(6): 694—-698+693.
TANG L, LIU J H, CHENG P L, et al. A Research on the
Judgment Criteria for the Tendency of Occupant
Submarining[J]. Automotive Engineering, 2014, 36(6): 694~
698+693.

[11] BEILLAS P, GIORDANO C, ALVAREZ V S, et al.
Development and Performance of the PIPER Scalable
Child Human Body Models[C]// 14th International
Conference Protection of Children in Cars. Munich,
Germany, 2016.

[12] GIORDANO C, LI X G, KLEIVEN S. Performances of the
PIPER Scalable Child Human Body Model in Accident
Reconstruction[]]. PLoS One, 2017, 12(11).

[13] ECE. Uniform Provisions Concerning the Approval of
Enhanced Child Restraint Systems used on Board of Motor
Vehicles (ECRS): ECE R129[S]. United Nations, 2013.

[14] KuH, XUR 755 H O SthZe PR AL KB T
W) IR R 5REFR, 2016, 7(2): 202-209.
ZHANG X, LIU S, YANG L. Submarining Mechanism for
the H Tl 5th Female Dummy and Anti-Submarining Plans
[J]. Journal of Automotive Safety and Energy, 2016, 7(2):
202-209.

[15] Z=ifp e, JH e Ix, BUiib, 55, ARZEBLAHR RGN 6 % L
IR B RCR AT TS 08 TR A, 2021, 11
(4): 272-279.

LI H'Y, ZHOU B B, RUAN S J, et al. Study on the
Protective Effect of Different Types of Restraint Systems on
Chest and Abdomen Injury of 6— Year— Old Child[J].
Journal of Automotive Engineering, 2021, 11(4): 272-279.

(FifEgmis A B
ECRAICE] F A 2023 4E2 H 16 H .

nOoE R



