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Abstract The enhancement of truck mounted attenuators (TMAs) crashworthiness is an important way to protect vehicle
safety. A new porous structure was generated by Voronoi algorithm. Firstly, the influence of the parameter, the seed number n,
porosity of the structure p and irregularity a of porous structure on geometric topology was studied. The mathematical model
between the specific energy absorption and the three parameters was established. Then, by the finite element method, the energy
absorption of the new structure was analyzed, and the reliability of the mathematical model was confirmed. The optimal structural
parameters were determined by orthogonal experiment. Finally, the new porous structure was filled into the TMAs as a sandwich,
and the crashworthiness of the vehicle under three working conditions (forward collision, side collision and oblique collision) was
discussed. It is found that the new porous structure can effectively reduce the peak impact force, and its energy absorption
performance is far better than that of traditional TMAs and cylindrical sandwich TMAs, which can effectively protect the safety of
crashed vehicles and drivers.
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Fig. 4 Influence of mathematical parameters on the Voronoi structure
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Fig. 5 Meshing of the Voronoi sandwich structure Fig. 6 Loading way of the Voronoi sandwich structure
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Tab.2 Contact relation between the components
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Tab.3 Elastic modulus values for different irregularity models
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P9 FT 7R A X Ry () LR RE ST 5 51, B
0. 6 B, 2544 1) b W B v Al O o 235 4, B0 (B 3k %)
1 320. 6 kJ/kg;a=0.3.0.4 F1 0.5 &5 78 52 S0 7]
FEAR B FE W REAR S o= 0. 7 2544 1 L W BE AR B T
HALPUFPSEFRE /N, S5AT T v S 1y A 2
ATLVE Y, a=0.7 BFE5 M 78 32 IR ik F8 v, & A 98
TR DX AE “ 4507 59 D)5 Ab A= 38 Ik 3 DXk
BN, WRESCRAME, X T a=0.6 &5, L8 H
LUK REE o T HAL R 4544 (B e i T Rgi g B b kg,
FEERS BRI & A B U1 A%, SE I 7 A A K B AR TE
R RER R, 78 TR I, X —FoR g gty
JIFA AR R M, a=0.4 F10. 5 257832 R 1Y
JE AR A A WA [ B A B R S B, S B0 R
BV IE S, b RS 28R 4k, PR BE RE B IOE AR
RK.

N
4r 1320.6 EA
1199.58 1215.3 1226.05

1145.82

0.3 0.4 0.5 0.6 0.7
AHNE Irregularity

PO 254t R L RE

Fig. 9 Specific energy absorption of each structure

LEWR A Specific energy absorption S, ,/(kJ/kg)
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R T E R JE S AT IR T 3 S5
A BN SECE 5 A IBUE, AR B SE R X SE 2R
PSR 2 5° 0 g RRTR K X — R
LORMELASZERAY , F5E B R 2 I R 2K R e
BRI R 20 WA, PRIHCR T RS8R0, A
D BRI A BN B AR IR A5 R A SCHFSE Y [R) R
J& 3 R 5 K, e ] 125 IEAS#R, Wk 4,

HRYERT ST, S XA R B o 5 LB p i
TG, T Sy, HIY 25 AN B H0W AL, WK 10
T R A ARSI B SRS D R R R e, T LA
P E A BB A — Sl 2 AR PEL G ith 245 1
HAEARFBAET Sy 1689 K/, DTSR H R 7 o
Pofie

A 2R H Matlab H (%) Custom Equation B[ f#
H z=f(x,y) WREIUG B — Kl 4, Ky b A0y
z=a+bsin(mmxy) +etexp (—wy’ ) o Bt PIE AL H
—ANIE G B PRI U, DT A 1 At 4 B
i, KM Custom Equation J7 % #l & 0 5% 22 °F J5 Fl
Sq:=8.323 W R R,,..=0.998 5, ULF W
Se THS RAE VLG ARG, BCHs 40045 it i DL &1 10,
Sep THEIREK AR AZ Z AR Z W52, 22 90 M 44
G RAF IR R AW RE PR . AT BTl
AR RBOCR A

S., =13.59 + 2.783 x sin(8. 458xmx) +
(- 10.44)exp[ - (- 7.575y)%] (4)

< SoeStokaee

K10 Bl g
Fig. 10 Data fitting results
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Tab.4 Orthogonal experiment

75 AR SIS T2 FFs AR FLEA T2

Number Irregularity o Porosity p Seed number n Number Irregularity o Porosity p Seed number n
1 0.3 0.90 100 14 0.5 0.75 300
2 0.3 0.85 200 15 0.5 0.70 150
3 0.3 0. 80 300 16 0.6 0.90 200
4 0.3 0.75 150 17 0.6 0.85 300
5 0.3 0.70 250 18 0.6 0. 80 150
6 0.4 0.90 300 19 0.6 0.75 250
7 0.4 0.85 150 20 0.6 0.70 100
8 0.4 0. 80 250 21 0.7 0.90 150
9 0.4 0.75 100 22 0.7 0.85 250
10 0.4 0.70 200 23 0.7 0. 80 100
11 0.5 0.90 250 24 0.7 0.75 200
12 0.5 0.85 100 25 0.7 0.70 300
13 0.5 0. 80 200

WIS RANKNEE o SFLBRR p 15 H e i
A A AT EE Sy 0. 54 5FLERER 0. 70 BUE T /Y
Spa=16.372 9, 5 FRITTE LS RIEAW) G

it Matlab #0453 A G AT LR, S, (ERTR
HHUELE «=0.55(1& 10 T x 4l) p=0.7(E 10 i y
) BRI BT T N7 B LR TR R K, A IR 2 B A %
15 b Fha s, FIFH AR R0 72 0] IS B EA TP A
BAHE a=0.55 p=0.7 .n=100 i, %F i f Voronoi
e JREER LR g de oK MERBIRAR
3 TMAs Z537ii1E

3.1 #REIRmE

R TR 56 H R Voronoi & 2 85 74 1 Wz BE A, 48 SC
JESE a=0.55 p=0.8 .n=100 W} XF 1 A Voronoi J& /245
M UATSEAE R A RE ¥ HRTTTTE | TMAs 2544
YRS/, HAESEK 1 800 mm, FE 1 800 mm | 5
500 mm, fAj 4 R Voronoi 3¢ /2454 , LR SFT R
£ 1500 mm . % 1 000 mm . 5 300 mm, TMAs HEZ2i&
K 1540 mm. 58 1 040 mm . & 340 mm, JEFE K
2 mm, HAMER 2% JTG/T D81—2017, JLAHx
RN 11 Fios

E 11 B8 Voronoi J&)2 TMAs 451 = ZiAR 1Y
Fig. 11 A new 3D model of the Voronoi

sandwich TMAs structure

AU FARXT: P A A FROGAR TR 56 R AL

Bl A8 A A P Ry [ Al 0 (NCAC) #3719 2
AL PAST RN 25 037, BN AY Voronoi — 4k
FERY A HyperMesh H %] 437 T AR I 4%, BT 45 50T &L
Hh 65 520, TMAs HEZE R ] whi BE 4 g 1, s oC e AY
FHPUIESEEI0, M ITTECR 29 399, TMiXt T 44
A BRI BT | 2 B 0 4 a5 4 [ A o B R
GIE i, ouRR LI se ot ., BRI Ui
R /N T 150, K /N T 4, ;e KA KT
135° e/ IMAKT 450, 8 46 — MY R onEE 7E 5% LA
W, B/ NAITKELE 5 mm 247, R4 RORS WLIEL 12, #1
BESERIRER R 1 s 8l

ZE4% Car

B s TMAs

V& [ % 48 Back bracket
[E 12 FEH-TMAs RiE R G H FRIcE R

Fig. 12 Finite element model of vehicle-TMAs collision system

AR SCHEST R - B TR R R SRR 1.5 ¢ /AL
B A i PR AT IE R DR R RRE A R E N
60 km/h,, Ji5 [ 42 76 25 5w 15 o) ke 3 S EEAE
WETE TMAs J5 3, 29 R HAE » oy 2 7 1 F B AL Al
sl o,

R TR AR T B R R T SR S IR AR
XoF 20 55 97 4R A5 A ) 2 i e LR S A% fk
Z ] (R BE A R A 0. 2,
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Tab.5 Collision process contact relation

75 K A
Number Name Contact type
, AP FI A 22 ] 4 # CONTACT_AUTOMATIC_
Contact between vehicle components SINGLE_SURFACE
) TMAs #5784 2 18] f) £ fi # CONTACT_AUTOMATIC_
Contact between components of TMAs SINGLE_SURFACE
3 B 5 TMAs 22 8] f 1 fist # CONTACT_AUTOMATIC_

Contact between the vehicle and TMAs

SURFACE_TO_SURFACE

3.2 #R5iHe

TMAs 4548 55 42 & RO S 56 P d 1 2 B GB
11567—2017, LA IF filf 2% 14 4 191, Al 48 & 68 & R
148 kJ, W REFMVIRAEX/NT 10% , £F & i L 72 T
PR bR e, Rl o AUl 20 B T, BhRE R
W N H AR IRE] 0, UL 13, 33 J2: R A ZE i 1 il
5 R — s O ISR B — R SRR . BB T K,
TR AR 3 R SN RN W A Ak S R RT3 N R R it
FERERESFIE, LBREM R RE AV INAE, I RE 5 B
HRER) 95% , i E: T Voronoi J2JZ 1 TMAs 45H4 [ 7ilf
R REAE AR N,

FIIH] Ls-Prepost J& 2 B, 4 U455 - s 12 48 il
RGN ShAAETY B AR LR IE, B 14 RELT
BERERE WAE S ARG TMAs 250 1 78 v i 4540 sh 245
AR N, AT LK B G AE H Y Voronoi 3 )2 TMAs AY
PP R IAN Bl A8 Rl A SRR R, TMAs 8548 20
IR B A s AR N ZE A T G T TMAs -t s Tl il 1k
TR AT RECHS , IR vh W REAE . T A

(a) IERE

160
140F
2 120p — B1fE Kinetic energy
8 100} —— P8 Internal energy
8 ool — & Be R Total energy
& — ¥>IERE Hourglass energy
oy 60F — MW BE Sliding energy
# 40
20+
0 . . ‘ ‘ n —r
0.00 0.02 0.04 0.06 008 0.10 0.12 0.14 0.16

R A Time /s
K13 fibfE RS RE R
Fig. 13 Collision system energy

AT Rl B S R R PR A
B oir s B R R O B R B T R 3h T g
B O A s | UL 15, = RPRETE A R R B9 42
AACKES iy o B B KA M 14. 36 .12, 24 F15.27g(g =
9.8 m/s>) , G\ Ik i fr KAE M 9. 68g,11.29¢ FI
6. 65¢g , AR I [ FARE PSR 1 409 HOLE .

HRYE NCAC 1Y A5 | 4 50 04 (B Alf 48 ) AN 45 8 i
180 kN, Ifij A< 3C i 1 114 By 48 48 7E — i filf 48 % 144 T 3
T R I EE SR, L gl 48 g W {43 0l R 174,27,

(a) Forward collision

(O3
(b) Side collision

(c) §lnlk
(c) Oblique collision

B4 =Rk TO0 T AT B Bl K s

Fig. 14 Vehicle running track and gesture under three working conditions
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[ . 180

~ 15 —x-PEEE Z 160l — IEA Forward collision

© x-acgeleratlon D —flf Side collision

E — - TN ) g 140 — #HE Oblique collision

& 10F y-acceleration < ok

= .2

£ = 100}

8 5r g 80}

2] & oo0f

! 0 / 2 40 F

By V 20

] 5|

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
I} 1] Time /s
(a) IERERE I 170 5 E

(a) Horizontal and vertical acceleration

of forward collision

—x- IR
x-acceleration

—y-m

y-acceleration

i
W =3

I
=

I Acceleration/(9.8 m/s?)

_15 1 1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

I 18] Time /s
(b) P REAE AT v ek BE

(b) Horizontal and vertical acceleration

of side collision

— XN E

6 x-acceleration
—— y- T E

y-acceleration

N RE Acceleration/(9.8 m/s?)
|
[38)

-4
-6
—8 L L L 1 L L 1 L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
I} 18] Time /s
(c) RHRERE J7 17) Jr 38 BE

(¢) Horizontal and vertical acceleration
of oblique collision

15 =B TE0T 4 ARG TT 1) ik B
Fig. 15 Horizontal and vertical acceleration of the

vehicle under three conditions

149.23 138.98 kN, L&l 16, & 16 (JLUE T, =
Tt 2 0 lf 4 A KR AR ), 824 0. 04 s 24736
SR, BT TMAs 925 F R ERe 1 B . Bl AiE
BT R, A TV 22, UL TMAs 2544 Ja 748
DX 5k & A o R, T T BB N R A R AR Y T il
EAMETE 0. 1 s Z 353 0, P M s sh il 3, of B
BB T TMAs 4544 .

AR BEHL TMAs R sy 19 55, 4122 3 B Bsf ] A2 1k

0 n n n I 1 I n L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
B 18] Time/s

Bl 16 AR BE T B 1 ) 2k

Fig. 16  Collision force curves at different angles

Mk, WK 17, & 17 ATLUA L 7E 0.04 s LT, 3
JERR, WIS TEAL TRl A2 JE B Be s 10 0. 06 s LU il
A ST, R B, R T 0, T AR AR
TR EE ST 1..06.,0. 85.2. 06 m/s, FEAH
EZRREP AR T 2 m/s IILE .

2.5r

2.0F —1EME Forward collision
— it Side collision

L5 — 2} Oblique collision

HE Velocity/(m / s)
j=)
[

-2.0r
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
ff 18 Time/ s

17 ORIEA T AR

Fig. 17 Velocity curves at different angles

S A R A 57 AT E D [l (R R ) T
PR R RS /7 LA M2 TMAs 2540 i KOKSERi %, B A%
45 B )2 DL & Voronoi 3 JZ TMAs 454 59 hin 5 i |
R4 1 DA SRS B S B e % 6 v

XTGBT & B, FE RS D, A5 58 TMAs 2549 &
i PRI ZLRR Y |, B L R 0 B 8/, TMAs
SERE SR AR T W RE R W T R PR, G i A R R
g REREULEGEBIARE, WK 18, If
LRl 25 ARt 7oA PR Il SR A # . T Voronoi 45
Fyka T S5, TMAs Z5 R W) B T35 O A 9 1) fin ik
FEBESR I Tt W (E T ) 10195 . AH AL 58 TMAs, B
il e 2545 1o Jn 33 B AR T 50% 1 Voronoi 3 )2
SN B A e 2 n B 4 Al BE AR T 22.46% |
37.97%F1 70. 98% , M\ W {E Ailf 48 g % Lt AT DA &
PR, 15 45 5J )24 5 i %) 1E RlE Al 48 77 W {EL7E 212. 06 kN
Ao ARG Bl 1 7 W {E AE 184. 99 kN, A}l lf 13 7 1
{H7E 215. 02 kN, ##12 T NCAC R e, X 424k &
e & 2 1 WM K B9 Bt i, 1 2E T Voronoi 3£ JZ Y
TMAs 4516 A RO 1E Al 0 {8 ) AR % 174, 27 kN /2
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A, WA WEAE T AR 149. 23 kN, Rl 4 {8 7 A
% 138.98 kN, M KPRFE T 4Kk R E &4, St
[F1H}, Voronoi 3¢ JZ TMAs &5 #4F Y filf 18 7115 2 T 4%
T+, AR T X g i WO, KL B8 EAH LA 1%
45 TMAs 25 K- e KB A — A4 F A&

[l AR UE BT RLAE | AU 42000 1 B 3 B R [
IR Y 7K 157 % b R B 23 52 Wi 2 AT 07 A it T 44

LN BL, T Voronoi e J2 TMAs 544 25 & [ 2 A 1
HIRLE o

*x6 fEZEXES Voronoi KEFHIEEITLL
Tab.6 Comparison of the traditional sandwich TMAs and the Voronoi sandwich TMAs
4 1] o G 1] o i . N
| PRI AR e (E R ) KRR
Horizontal acceleration/ Vertical acceleration/ . .
N 5 Peak force /kN Horizontal displacement/mm
(9.8 m/s”) (9.8 m/s”)
fesi P Voronoi fest Voronoi et Voronoi fiest Voronoi
Tradition Drum Tradition Tradition Tradition
TEl
.. 41.73 18.52 14.36 15. 13 9. 68 212.06 174.27 682. 70 135.91
Forward collision
. Wﬂmﬁ. . 45.55 19.75 12.25 24.72 11.29 184.99 149.23 546. 86 89.91
Side collision
RHf
51.21 18. 16 5.27 35.16 6. 65 215.02 138.98 514.45 109. 29

Oblique collision

(a) IERE

(a) Forward collision

(b) fm ik
(b) Side collision

(c) R
(c) Oblique collision

18 2455 TMAs A [a] £ B2 REE 4824

Fig. 18  Collision vehicle’s attitude of traditional TMAs at different angles

ZE I, 3T Voronoi 32 )2 ) TMAs 254 19 1E 1 | i
Bl ARHRLE R PEAY 22 oh S DO REVEN S PR S5 [ Zhn
MEER  ARE = T 1% 58 TMAs 1 B 4 1 i 5 I e &
RS AR & SR it R AF iy bR

4 it

AW5E S HIH Voronoi 53k 1 T — Bl B 04 65
S5k, BESE T R R FLBRARR ORI B = A28
Xf Rl AR n s R SRR BT BT R
TAMETS 45K ) VERE , 255 1E S50 T 12 1 i A L 4G
¥, HeJ5 % Voronoi JJZZ5HIHA TMAs H -5 T
Voronoi J¢)Z 25145 TMAs T GETEBE A2, 3 1T Ls-
Dyna A BRIl 5 LIRS 4T, 45 1 LU T 4518

1) IEAS RSB 2 T AN B0 U] 32 5 L Bt 23 1) LA
e il BRI EE S 0. 54 5ALER A 0.70 HL
E R Se, =16.3729, SHMITHEMERY &, FZ
WiE o =0.55 p=0.7 .n=100 B}, %F 1 f) Voronoi & )2
S H HE R R ds R, ERB SR

2) FESE R OB EH, Voronoi )2 TMAs 45
A5 T A o 22 5 JE ) R b o A R 8 1) 5 A 1) o e
JEYA I 40, il A5 4o o v TG I 8 P B A A

s S AN 2 m/s, e KA RS B S AN i i
400 mm,

3) Hfkg TMAs DL K R 2 2 TMAs A 1, —Fh
filf 45 Z54F T Voronoi 3¢ )2 TMAs 45 F4) W {5 Alf 45 7 B AIG
T 20% LA b A RORAR T A0 R N R, S T
BlEAR 5 4B RE I WOBCRC3 I e T R34l AT 2F
R
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