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Neck protection design for pilots under high-G impact

ZHANG Ziwei, LI Bingchu, XU Junhao, YANG Lihong, GAN Yi
(School of Mechanical Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China)

Abstract: To address chronic neck injuries in pilots caused by repeated high-G impact, a design
methodology for cable-based protective gear based on a head-neck-protective device coupling model
was proposed. Worn between the pilot's head and shoulders, the protective device's efficacy was
influenced by human-machine dynamic interactions, necessitating consideration of coupling effects
during design. Based on Lagrangian dynamics, a coupled dynamic model simulating the coordinated
response of the head-neck region and the device under external impacts was established. This model
analyzed the influence of key device dimensions on the dynamic response of the neck. Subsequently, to
achieve an optimized design, the neck injury criterion (NIC) was employed to evaluate the protective
effectiveness of the device at different mounting positions on the head and shoulders. Finally, a human
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head-neck experimental platform was constructed to validate the optimized design results. Results

demonstrate that the coupled model is applicable for device design, and the optimized outcomes

effectively reduce neck injury risk. This design approach establishes a protective device design

framework encompassing human-machine dynamic interaction processes, offering new insights for

similar protective device designs.

Keywords: neck protective device; coupled dynamics; optimized design; head-neck experiment;

particle swarm aigorithm
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Fig.1 Schematic diagram of protective device

2 KHEBRIET

SRl R S BN LG - B P
K, FUHTBLAE A B 5 8 18 32 vheids - 1w N a7 3k 3
S NIMARh ALY BIRDE B R T, K
MR 3 AWIA,  H A WA ] 38 2o 35 58% BH e R 5L
Y BCRE 0 o b AR 5 B JE 2R A00E 2o 0 R
L SE R
21 LFER

wE 2 s, DAAIRES — Bt (T1) 556-E 30
HE(CT7) HEHEAL A —3HE (C1) 5 L AR 4k
Beak, R AR 802 8, I 7E X AN BCRE A
A HEERH JE R B NAR WL B85 1 .
1]

Sk AR Ab
i st
-

2 LH-BrEERAEE
Fig.2 Head and neck-guard coupling model
TER AR A rh s e 0 7 26 — MM, i
TERA I B PR TC IR, 5 4B XS R A i 51
HEREAL 7Sk U AL A B H RIS 1R AT B

A1, NMPHHOIEFF RO BEEFFXT RN RO 2
KB AL 2R, JLEC Tz S B Y — i

Bl 2. FORERTREN S, Hhms
HIE T AR ; &G RHREELAE; RATE
FREOKBE s [ 0 FEEE FIEEFFE.OER; L b
BERRKE; ¢ N FEETENME; ¢ LI
BIME; LABEEKFBEIHAE; K, K HE
HEAL NI R G, Gy MR REL B
B R AL A SRR A5 H A B B A S
B S AP PR B AR R R 4
TE N B 5 R AL | SR O B S AR AR
R WW, Wy, Wo) FIHEFR R 0(0,04,00)-

B o N 1154 S I | TR e I = VAP S 1)
SR, R m, TEF R
my, ERFFITEA myo BCHE A 5 1 L TR AR X

N RGEHRE, FHJE WAL N FERL T, W=k Bigh ) o
TN
d(0T\ (0T\ oU -
a‘(a_ql)_(a_ql)+a_ql_Ql’ l—1,2,3 (1)

A g B SRR, S ETEEFAE . 6
IR Ly T HRGENIBIRE; U N REIHERE;
O, NI ARRSF I15 g R )T AR T8

TE b a7 Ak Sk SR Y ) JE Al L A Bl A e B
XSk SR, PR IR TE R R LA S )E
2110 21 = 0 5 1 N s 1 N R A o A VA4
WIBEAR A, Bl 42 B8 7 AR DR D0, AT /)
S L Bh AR B

SRR RN S FUE R R, A AR R
W, kbELRE""G("Xe Y Zg), Bitrd:E
ki o "H Xy Yy 2y, R
SRS v, Zg). TH Me R TC B SRS, A
HAAR R O AT AR 4 o 18 DSk BB s Ay Ji A
[IAHRTR O F, PrgAE Sk MiE B s i At CH Xy,
YiCZy)o FTLAARKRZR W R B ks A Sk 1 i 4

5 H RN
WH YR YGT|[ °H
_ (2)
1 0 1 1
0 T
WG =| Rsing| +lLsin(¢) +¢) (3)

Rcosey + 1 cos(¢y + o)
K, VRAIRR W 5ARR O ZIAI e HIE



9 o B TR 2 2 R

2026 4F 5 48 &

1 0 0
GR=|0 cos(¢i+¢2) —sin(¢;+¢2) (4)

0 sin(¢;+¢2)  cos(ér +¢2)

B4 e B AR RS T U B, HARE
TE—E PR N H o A AR, SOk H R
poELS v B 5 d VRN S S 1 R E AE 4 £
BN L, PLRMEKEN x (>0), WIEREN
K, Zigpidih R, W

Fi=Kx (5)

FrRAVEH T IE LK 01 EEHA T

K ITH AT RN

WYS _ WYH

QY:Fl

VO XWX 4 (VY=Y ) + (V25— V7

WZS—WZH

QZ:FI

N X=X+ (VY=Y ) + (V25— VZp1)?
Mi=ln 03+ 02
(6)

Zi b, PP E SR HANS REPiA% I H
IR
15 )
dr\ 9L 0L 0L
$(or) (or), or
de\0¢g:) \0¢1) 0
—Ca¢1—Cb(¢2—¢1)+
QyRcos ¢1 — Ozl sin ¢,
sfir) o)
de\ 0¢» 0¢y)] 0¢y
—Cb(¢2—¢1)+ QyRcos ¢r~
Qzbsing, + Mg
KX, ¢y das LA, ¢o L XTSI —Fr 4L
22 WESHPHA
TSk 30 2 RO LUAR R, AR SR TR 7 R 5
BN SRR R TE S R T 2 A A
JOTRHAE, FEFE R BRSNS o B XL Gk #E
B R, SaBER A, KRB S
[UEE R EVSIED G Ay dl = BT A = R7-8
T VB PR v N

(7)

1 ¢ 1 ¢
V== @i=dai) + - > (A= Mg+
i=1 i=1

(¢max,i _¢max,0i) ( 8 )
e ¢ WEIRIPSLEUAE; ¢ N H bRk S

FE5 A AAREHI LS B 22 H s Ado; F B Am Sk 3
FAREZEMH s Prmaxs MBI S S BE I KAE 5 Grnaxcor
S BRI B KAl i RN, =1 FoRk
AR, =2 FRRTEBAE

Bt R FRERIEIE, R AR ME T, &
SN R R A . B IR X AE N A, BIAR
PSR YRR AR R PN T
e FAE y B, A B BR A, B P<y, FIHE

B PIFRARIT
D — 2
. Z(Xi,j—xj) (9)
=1

1
A NORLF ORI T SR DO T Ry 4R
RSN
Bk 3 PR
WAZE:

NS e
*ﬁ?ﬁ—i&f{ﬁ?ﬁ%’ﬁﬁl

=|
M=

1l
—_

P=

1

Ly i

SRR TG :
— Wk SR e itk
e A

l {

SHTRL T3 L o PSS TR T 7

AR S 2

3 MM FREZREE

Fig.3 Flowchart of improved particle swarm algorithm
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Fig.5 Helmet discrete schematic diagram
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Fig.6 Schematic diagram of the head and neck simulator
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