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Fig. 1 Microscopic cross-sectional images of grass and wheat stems!'”'®
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Fig. 2 Cross section of BFMC tubes

B 5E BEMC & TV, B8 T 4 NS890, 5l 4l 1, 412, 40 3 FiZ 4. frA BEMC &1
1= BE Y108 150 mm, SME Y R 80 mm, PN IE £ B T s 2 [0 (1 B 25 2 28 20 mm, AF41Y5 & 5 BFMC
B HLA A R AME A B A A VR A B2 . A DR TIE T ek, 45418 (R 0 i PR — B, 4 1 TR A8 1Y B R
AR 1.0, 1.3, 1.6 Fil 1.9 mm, WN3E 1 fr/, BFMC 45 1% BE 5L Rl 5 1 . 20 T 4 B0R N % 0F 2 3 B 1 5K
AR AR VR L, LA AR TE AN RS54 2 80T Sl i — 3.

£1 EEMBFMC BEREHESH
Table 1 Structural parameters of circular and BFMC tubes

Cross section thickness/mm

Group Mass/g Type
BFMC-0 BFMC-1 BFMC-2 BFMC-3 BFMC-4
Circular 1 1 1 1 1
| 10179 BFMC-E4 0.565 0.369 0.300 0.243 0.200
' BFMC-E5 0.536 0.342 0.275 0.223 0.183
BFMC-E6 0.512 0.319 0.255 0.205 0.168
Circular 1.3 1.3 1.3 1.3 1.3
BFMC-E4 0.735 0.480 0.390 0.317 0.260
2 132.32
BFMC-E5 0.697 0.445 0.358 0.290 0.238
BFMC-E6 0.665 0.414 0.331 0.266 0.218
Circular 1.6 1.6 1.6 1.6 1.6
3 162.86 BFMC-E4 0.905 0.591 0.480 0.390 0.321
' BFMC-E5 0.858 0.547 0.441 0.356 0.293
BFMC-E6 0.818 0.510 0.407 0.327 0.268
Circular 1.9 1.9 1.9 1.9 1.9
BFMC-E4 1.074 0.702 0.570 0.463 0.381
4 193.40
BFMC-E5 1.018 0.650 0.524 0.423 0.348
BFMC-E6 0.972 0.605 0.484 0.389 0.318
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Lt % fiE (specific energy absorption, SEA) 7R B 5 1 45 A W W 1 e 1, 78 OO S WG B 5 45 4 o
Y HAE
E,=E.,/M (5)
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- 14 [ 45 7 (mean crushing force, MCF ) 5 W25 ¥4 7[5 4 3t B R 52 19 2 87, & O SRS
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n= Poc s 100% (M

Kb WIELR RO, F,, NWE(EE 4G )] (peak crushing force, PCF)
22 ARTRE
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W, E N IR, v IARS I, o, RIIRE RN J), o, AR BRJE AR AL JT . BT AAG061-O 565 43 X i
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Fig. 3 Finite element model of BFMC tube Fig. 4 Stress-strain curve for AA6061-O aluminum alloy™
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F2 AA6061-O RAEHIMRSH
Table 2 Material parameters of AA6061-O aluminum alloy

pl(g-em’) E/GPa v o /MPa o /MPa
2.7 68.0 0.33 71.0 130.7

2.3 MABUTSLE o

B FH 261 DU 300 % 98 45 FRL43 58 BT (S4R) XF BFMC 45 BRI HE 17 B B Ak . S 7 50 iE A PR o5 0 g ]
SRR, TR T AR WS A B, BEE ARG BT RS 4300 0.5, 1.0, 1.5, 2.0, 2.5 F1 3.0 mm. & 5(a) S5 T
BEJE N 1 mm ) BEMC-E4-0 & 7E AR FRICR ST R B S1-fi B h 2. M8 RF R 1.0 mm B, S1-0i 8% il
2RO AT S, B 5(b) 45 T AR T R SF N BFMC-E4-0 45 -3 1R 45 71 B9 A8 fk a3, >4 2150 R~/
T 1.0 mm B, 349 R 45 71 B9 # TROE o LA 1T RS AT B OR, i X BEH 1.0 mm /E - BFMC 4
BERL ) HLT R )
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Fig. 5 Grid convergence analysis

(b) Effect of element size on MCF
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(b) Deformation modes
16 BFMC-E4-0 45 Ay 5286 AU A SR B Xt 1L
Fig. 6 Comparison of experimental and simulated results for BFMC-E4-0 tube
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Fig. 7 Deformation modes of BFMC tubes

Kl 8 45t T BFMC-E4 45 7 il 1) e 45 i B b i AL AR TR 4K . IEL 8 mT LU ), 40 4R B0 rp
PN P 118 X 88 4% T 42 48 550 1 52 R 5 /), Hi P BFMC-E4-0, BFMC-E4-1 il BEMC-E4-2 45 4% T Al #4
A EE4 0 8, i BEMC-E4-3 Fll BEMC-E4-4 WX i % 9. Bl 20 JE 4 50 6 18 K, G548 v o 218 S 5 i
YT St R . Yo IE AR AR R, & AR 3T S JLF ST 6T s AR R A T 4B T, SN2 AR 2 (8] 3
R AHE WSS

Ll BFMC-E4 % 4 {4, BFMC-E4-0, BFMC-E4-1, BFMC-E4-2 1l BEMC-E4-3 [ 5} )2 i Al 8 4455 73 5]
8.9, 10 Al 14, Moy EAEEON 2 4 i, P8 XY mAk EE: W& £ . il . BEMC-E4-1 B #im 4y
WA 2 AT R AR 3T B, R AR50 9 7 F1 95 T BFMC-E4-4 45 ) 3¢ 30 1 5 Wi 35 A4 T ARl & 47, O
AN 5 AN TARZS 53 E, 40 00 T AR R 4508 ik A I AMEKIRGA B 16, 18, 18, 26 121,
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l>

8 folds 8 folds BFMC-E4-0

I>

8 folds 7 and 9 folds BFMC-E4-1

l>

8 folds 14, 10, and 10 folds BFMC-E4-2

9 folds 14, 15, 13, and 14 folds BFMC-E4-3

sfhiyorh

9 folds 16, 18, 18, 26, and 21 folds BFMC-E4-4

8 BFMC-E4 AL
Fig. 8 Deformation modes of BEMC-E4 tubes

B9, 10, B 11 BR T 4 4R [R BFMC B s SR 4R 48065 N i -fig e, T LLE
BFMC-E4, BFMC-E5 1 BFMC-E6 & 1t 1 - {37 #% M e HA AR LA v A2 LA o A it 478 R 4 ) 30 T ek 58
SN 2 A, B AT W10 T B, IR E AR SRR 5 B B, 2 W BORT 107 285 440 1 47 2 e 40 K g et W1
TR, Y BFMC B kA 308 AT, ith 4Rl i 2500 K, R 0y s B T o AR AR ) 5T o 20 v, o) B2 (R A
W) 7 -0 A% 2 3R B WIS i Dk Bl . Bl 43 T8 AR B 1G0T Dk B0 I A e 0N s 2 43 T8 A BRGA B
4 B, 5 B B Bhdne /b, R S RN AR . X A B 8 4RO e, f BT 1
I, A TR R A B T B A5 A, DA R R AR O R Y g Ah, A T A B 7 Ak 2 X
BFMC & 1A SR 4 BE B ™= A= 2 Wi o BEADL 45 SR B, B 20 T2 e B0 15, T IO 19 A 001 4 L B8 12 7
W/ B
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24

—_
o]
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I~

K9 BFMC-E4 B HIAE 1 J1-fif8 i
Fig. 9 Force-displacement curves of BFMC-E4 and circular tubes
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| . . . .
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K10 BFMC-ES &R E i 11185 i £k
Fig. 10 Force-displacement curves of BFMC-ES5 and circular tubes
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i M=16286¢ |
z ) ~ z
3 26f N L 3
5 ¥ oad E 5
= =
13+
0
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120
Displacement/mm Displacement/mm
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K11 BFMC-E6 R4 1 S-h R ik
Fig. 11 Force-displacement curves of BFMC-E6 and circular tubes

3.2 THiEM SR

321 RENFN

& 12, K 13 F1& 14 435145 11 T BFMC-E4., BFMC-E5 1 BEMC-E6 45 75 J £ 38 34 45 11 F i 43 M 45
P B AR R . S5 R KD, B G W RE A 4544 BT 5 (93 N, PCF. MCF. EA Il SEA 14 5 P F i) 388 34 1) 2%
feias, LIS 4500 2 (R B R 6], 7545 w41 2 (8], SEA B4 FHE O 40 F : XF F BFMC-E4-2 4%,
ZH 4 FAXT T4 3 4T 17.1%, 4 3 MXT T 40 2 $2FF 13.5%, 4 2 AT T4 1 3T+ 11.4%; XFF BFMC-ES-2 4%,
2H 4 AHXT T4 3 $ETE 15.3%, 41 3 A0 T4 2 $2 71 12.8%, 4 2 #HXF T4 1 #£ 7+ 8.3%; Xt F BFMC-E6-2 4%,
ZH 4 X T4 3 HETF 17.2%, 20 3 FHRFT4H 2 4271 11.4%, 4 2 A% T41 1 $27F 8.5%.

il 5 o et B G) o7 BE JRE (1 14 i, BEMC 57 1) SEA SRR S84 finfa$he . SR, BE JEHE 0 o 1) 2k ik
JFEHE R 5 TR N Z B AE S 4 G R, RN R 0 BE SRR IX [], B3 19 32 AR AR, IR S 45 SEA Bl RE J&
B L, (B R IR R I O A . 7E4L 4 ', BFMC-E6-4 & 80 H e 10 FL e pe 4 T,
SEA A F 4 1 [BI 1 221.2%, LI H B35 19 e = I e 3.

FE47 1 250 200 8 BE S5 H BT (3 i B v o AR, AWESE T, 4 4 1) BFMC-E4-4, BFMC-E5-4 #il
BFMC-E6-4 4 [} CFE 34 IEAH XA MR . & &0 W3R W, 70 IR 4E 80 4 iR AL T, 20 4 h BEMC-E4-4,
BFMC-E5-4 il BEMC-E6-4 4 () FE 45 71850543 FL 40 1 iR AR R AS BUAS 32 8 T 9.7%. 9.5% A1 9.3%., )&
KTE T, = 4k T8 4540 B T R A B0E A o ZE Ui AR IR A9 45 14, AR TR 4t 431 s S R4, v 4
G3 T Y BE JRE I B /N o TR A AR 0 R T SE R 5 RE SR B N YRR G, R, FE AR R
& 46 018058 0 G iR A QiR A 4 A I 3 . RS AN, AR R 48 SRR bR L R IR AR A 4 TP
BFMC-E6-4 4, HL 45 J180CR K] T4 1 F A 1Y 208.0%, I H B3 19 48 1 80CR i #.
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Fig. 12 Indicators of BFMC-E4 tubes
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Fig. 13 Indicators of BFMC-ES tubes
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Circular — BFMC-E6-0 —— BFMC-E6-1 —~ BFMC-E6-2 —— BFMC-E6-3 —— BFMC-E6-4
Fy/kN
50

40

EJJg")
Jg )20 )

44
33 F,JkN
16 15 =

mc’

(a) Group 1 (b) Group 2

Fy/kN
50

Fo/kN

EJJgh) - EJJg") - /
WJUg )201'*-:;-» W08, &
EJKI 4 E/k)4
(c) Group 3 (d) Group 4
Kl 14 BFMC-E6 % HIf8Hx
Fig. 14 Indicators of BFMC-EG6 tubes
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15, B 16 fE 17 BoR T B 4e 808 i xf BEMC & i fEE 8 AR i s ma o xF 40 1 A 2,
BFMC (1) PCF 5 [al 41 |81 45 3 {01, H R4 19 PCF 7E [M 4 b i K, Je K25 53 5110 10.6% Fi1 10.4%. B
a3, 41 3 A4l 4 H BFMC & 1Y PCF b5 50 B 4 U2 B JE B J5 THG HE Sl AR fh ks 3%, Horh PCF 78
IPIE YRR 2 IR, T 4E 0l 4 Wi . L4 4 M, BEMC-E4-2, BFMC-ES-2, BFMC-E6-2 &
i) PCF 3 S L A AR T 8.0%. 7.6%. 6.3%; Tiii BEMC-E4-4, BEMC-E5-4, BEMC-E6-4 45 11) PCF 43 %I Lt
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Fig. 15 Effect of fractal dimension on crashworthiness of BFMC-E4 tube
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Fig. 16 Effect of fractal dimension on crashworthiness of BEMC-ES tube

BFMC 45 1 Ho At i 18 ¥ 45 4% (MCF . CFE. EA. SEA) 28 fb #9420, BITE AR 20 JE 4 B0t S F AR, Bt
IR KA T . 2B 4Bk 1 1F, BFMC 4 1) MCF., CFE. EA. SEA ¥ 4b F H /K F; 1M 244>
TEHEBR T 1 I}, 3K S35 b bl 3 20 T2 4E 500 Jn i iz @i 4% K. LA BFMC-E4 4 0 5, BFMC-E4-4 B 11
MCF I 48 5, OB TR 480 4 i, iR T S B M B2 &8 £, 58 AT & 0 i 2 38 im, A
MR T 4580 MCF., 4 20 BFMC-E4-4 45 (1) MCF /351 H [7] 25 [7 4 755 69.9% ., 68.9% ., 64.1% #il 67.3%.
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Fig. 17 Effect of fractal dimension on crashworthiness of BFMC-E6 tube
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WA S REAE . B 73T e R0 G K, M B ocGR 1 2, IR B 7 R AR WG e AL v oy 32 S b, DTG
PRSI B AR e B3 A, 48 & BE I IR P, IR FH S5 TR PERE . SR, S B 4R R
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i e B ) — R 2 P A TR) 0 JE 4k B BFMC 45 B9 I J8 PE J5 4, W] LR B, MCF ., CFE, EA X
SEA ¥ P % 22 3198 320 50000 384 i s A7 $2 5, (R e RIS IR AN 1 8% LA TR 4E%Ch 3 WA B 441, 4n
18 Fin. FTLAE H: 4 4 BFMC-ES-3 4 ) CFE 43 7] [t [F] 41 BEMC-E4-3 & & 2.8%. 3.0%. 4.5%.
3.3%, 4 2 BFMC-E6-3 % i) CFE 435Il [t [7]2H BFMC-E5-3 %5 15 2.8%. 4.9%. 4.2%. 3.2%; 4 #f BEMC-E5-3 %&
B SEA 435 FL [ 4H BFMC-E4-3 45 55 5.7%. 5.1%. 5.5%. 4.5%, 4 41 BFMC-E6-3 & ) SEA 75! kb [A] 41
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Fig. 18 Effect of the number of embedded regular polygon edges on the crashworthiness of BFMC-3 tubes
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MTTD. CS2. MSH Il BHMC-R4-3 43 B3 T T 32.2%. 29.2%. 49.6% Fl 15.4%, K45 1180853 32T+ T
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R R W, KR Be 5 05 AR S5 A S5 S T 0 2 M A R i T, AT i 4R o T
e, X — IR I | e g iR T IR S H R &R

070113-14



540 % PR Rl AT AR R U5 A 20T 2 M IR A A 557

®3 SHEZBREEHIMIEMEEL

Table 3 Comparison of crashworthiness for five multi-cell circular tubes

Tube Cross-section Thickness/mm PCF/kN MCF/KN CFE SEA/(J-g™")

MTTD®! 0.532 20.04 9.14 0.46 9.97
Ccs2i 0.537 19.61 9.16 0.47 10.20
MSHP 0.300 18.11 8.75 0.48 8.81

BHMC-R4-321 0.224 20.66 14.05 0.68 12.98
BFMC-E6-4 0.168 19.75 14.85 0.75 13.18

4 IEILTN
Sy HN BFMC 48 78 1 46 1 B2 9 e BB R, Chen S5P7 £ T 9T S FICHE S (super folding element
theory) o XIS LW 4T B ol B, B — R IT S M B A5 o AR M D B, F 4 o 78 v AR T A
P DI ER 235 04 1) 4 i AR T8 R AR T AL, T3R8
W=F)s=E+E, ®)
Kb FY R4k B b i F 2 45 01, E, A AR IE6E, B, W IEFERRE . 25 08 3 SC bR R 4 i F rh 45
WIS 2 &, 5l AR SEE BB IE RE &, IR ZUESIE B 58K Z 0, HIBUE 2 45 2 BRI BT
B, —ARTE 0.60~0.75 i Fl 125250 A SR 4RI B s P RoR R
s=2H;¢; )
Kb H O B B b rg2E UK, & AR B B E R A B /AR W, 45 A0 OB AR S 23 TE 4E %
Byosiom A SUR4a R, BB 480l S, I B s 5, oA BRI s/ o TEARE R, 0B 1B
12 Br BEMC & B & 1E R B4 0.68; X T S oc B B 2 19 3 Bir Fil 4 B BEMC %, 18 1E £ 5053 71 X
0.63 1 0.60"">31,
41 THT R &

WNTEL 19 Firzs, 25 A RE R 3 2R VB IE B i B i RO RR ICRE B 2 A, W] SRR A
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3
Eb = Z giMoLij = 27[M0Lij (10)
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AP 6:G=1,2,3)0 3 ZRIBPEECR AT AR, L, AR 19 F S, Mo SEPESSHE . Mo TR A

1 1 o,0,
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0= 39 TN T (1

e O EREASY IO BEIRL; oy AR URAS L J1 5 n oA AR BE AL KL, ARBFTE P n 0.2,

K19 Al A B e e &
Fig. 19 Bending deformation and ideal completely folding
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& 20 fFr7n, BEMC-E6-0 45t — i Al T YA = [ Ak Y R PRIl A, 1 BFMC-E6-3 % i = 1hifie y %4, Y
ThAR k YL oA T A R AR TR T R, K 4 5 H T &4 BEMC & R & AR oci s . Ja
SLRY A3 TR T LR AR FROT I RIHE T 45 T I R TORE , R S A AR I R A BT B A AR
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(a) BEMC-E6-0 angle elements
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,"/ ~ ;)B ------- =7 g
dF Y
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(239 d0 N A \ N >~ 0
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(b) BFMC-E6-3 angle elements
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Fig. 20 Classification of angle elements
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#*4 BFMCERARETHE
Table 4 Number of angle elements in BFMC tubes

Type of angle element Number BFMC-0 BFMC-1 BFMC-2 BFMC-3 BFMC-4
3-panel-T-shape N, j j 0 0 0
3-panel-Y-shape N, j 0 0 0 0
3-panel-y-shape N, 0 0 2j 6/ 14/
4-panel-k-shape N, 0 J J 2 6/
5-panel- I -shape N 0 Jj j Jj Jj
5-panel- Il -shape N 0 0 J J J

421 —HERTEARTT
AR ) = T T YA PR T rl A0 A i = 1 A 2 A% H AR B e SR B A RO R A BT P, /OoR o
MyH?

M,H?
E [shape :4—(; (1+2tang)= 12 (12)

422 ZHEHRYEMBET
XFF X FRA =R Y B BT, AT A AR S i T A AR AR TR E . TR, Y R A B T A R AR
JERE il B ARM C M A9 I8 IE g D N R SR R FE I RE AL L, "I RoR
EYre = EA 4+ ED 4 ES + ENickenne

M,H> (13)

6 6
=2 (4tanZ +2$in§ +3sin9)

423 —HRyEAET

X} ANXE R B = Ay B AR ST, JHEAH 208 T A T 8 e AR R o +B=180° T A M R A R
B, HEAE R NE . ik, y B BTy B AR IE B8 i B AR AT C M % AR T2 R A R R B2 5 | S () FE L
REZH ALY, W RIR

y-shape _ A B C thickening
E =E +E +E +E;

SMOHzt (cx+w)+8M0H2t a w’+

= an(—+ — an|— — —

¢ 42 t 4 2 (14)
M, H? 2 M H?

420 sin(%+w)+4 sinc—zy—w‘+12 o ing

SR w4 B AL A B C AT BREII K A, EL w=ar2. W)= I y A0 BT R0 S T R T 4
M,H? . -1
EYshae = — (Stani—y +16 sma), a=20+7n/(2"")) (15)

424 MEMRKEAHBT
XF TR FR B DU TR AR k 24 A BT, WA — A AR A IT S 2 A AR 2 8 .l T AR A R
JCHYJE Sy 23 5% i H AR I RE Y, LRI R il 6
M,H? 1.1tang
t tang+0.05/tang

EZe = 4 (16)

W 20 frzs, AR BITHY AR =20, BT AR 5 M B oA Z [ i e /oy, B y=n/2-6.
I, PRI kL A B OTAE — N R N Y AR BE T 3R
El};—shape — E?ﬂ-panel (‘10) +2Ezl-pane]

_ MH? 1.1tan(26) m 17
=4 | an20)+ 0,05/ tan2g) T O (5 - 9)]
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425 HEWR [ BEH
AT A b T 25 0 HoA X AR, ml i — 4 = I AOS BRI M e 5 — A U AR A R T AL A T A .
TE— NP N, = TR R A BT Y AR T BE T 2678 M

M,H? 1.1tan¢ é
2tan
: (tan¢+0.05/tan¢+ any

(18)

Ei;panel-sym =4

A& 20 Fir 7S, =T A FR A LT A AR Z E] B R A R ¢, g = m/2+ 60— (j-2)m/2j, T AT
B AR p=(—2)mljo PRI, LA T BIEE R 7R — A P R A B AR TP fiE T 7R
Em[ -shape — E?ﬂ-panel-sym + EZm-panel

_4M0H2( 1.1tan¢ ¢ 1.1tang ) (19)
t

2t
tang+0.05/tand "2 " tang+0.05/tang

42.6 HEWR MB %R
ot p TR 25 ke B SRR, T il — A=t T B0 5 — A AR A o A B, Hrp,
T 0454 7T H 2k 9 FR hy AR G008 B = T B S5 M , T AR AR BB 9 £ R 26, 7 — A DK A8 I 3 7
o, AR 1AL 25 44 i B AR RE W] R Ry
EIE -shape _ Er2n—panel (29) + E;—shape

_ MH? 1.1tan(26) . (20)
"t |tan(26)+0.05/ tan(26)

43 PRGN
F =X (9) M= (10) FRASK (8) H, T 1533
FY2H;&; =2nMoLij+ N, E™"™ + NyEY P+
NSEy-shape + N4Ek-shape + N5E 1 -shape + NGEH -shape

KA H: N, N,. Nyu N, Ny N Zr S EoR = b TR, =MbY B, =Mk y B Pmibe k &Y. Fomid 1A
A A 1RSSR T R B . dE— 25 AR, v 45 3

@n

1 27TM0LI" MOH
M_ J B 22
v2g ( H § lij ) @2
S, g, W2
96.569 191.031 363.962 746.383 1637.824
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151.674 268.344 539.000 1077.978 2379.149
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LSBT T o A I 26 P, XET PR 0T T UM . % 5 BZK T BEMC 45 BT 2 ke &
RSO BITICE St

%= 5 BFMC Z:3F K0 MCF 2t &

Table S Theoretical values of half-wavelength and MCF for BFMC tubes

Type Half wavelength MCF
BFMC-E4-0 Hos = ”g:“ztg“ Fo.= @Léﬁf oo
BFMC-E4-1 Hii= ngL;;tl; FY .= @Lif 1o
BFMC-E4-2 Hy, = 7;[;14;25;‘ FY .= %Qf Y
BFMC-E4-3 Hy. = 7;%42’9“ F..= %LQ’? ey
BFMC-E4-4 H= | st Flas= e L
BFMC-E5-0 Hys = n6L20,’55t;5 F¥ 5= @L&f )5 0
BFMC-E5-1 Hys= T;I;‘;;‘; F, 5= %LI? 150
BFMC-E5-2 Hs = 212”652; M s = %Lﬁ 1500
BPMC-ES:3 Hus = |t Pl = S L,
BEMC-E5-4 Hia= || Rtes Pl = g L
BFMC-E6-0 Hos = n;‘;’:;tzﬁ Flooe= @L&f loe o
BFMC-E6-1 Hi= qlgrtf; FY o= %Li@z e
BFMC-E6-2 Hg = 22296;206 FY o= %ng a0
BFMC-E6-3 Hg = 7;’;386;396 FM . o= %LQQ a0
BEMC-E6-4 Hio= || Phasle Pl = L e

TEABTFERBUARA H, R T 10 m/s BYINERGE L . A OFFE R, fEMERF S A0 T, S5 1
F 4 71 38 AR T sh AN BB RS0 07 0 e, 5IASh S 1E 280K X R 46 gt AT A e . STk
T K BRI — O 1.05~ 1,308 22T ARBFFE R I K=1.20 Q13 6 frzn, B -5 B E AL ) -F
P 40 01 B e RARXTER 22 8.93%, R WM& W) & 80k, Bk 1 B8 4 sURE IS vl iff 5T BFMC 45 19
SRS
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#* 6 BFMC ErIIEi® 54 MCF B xfLt
Table 6 Comparison of theoretical and simulated MCF of the BFMC tubes

MCF

Group Type BFMC-E4 BFMC-ES5 BFMC-E6
Theory/kN  Sim./kN Error/%  Theory/kN Sim./kN Error/% Theory/kN Sim./kN Error/%
BFMC-0 8.57 8.69 —-1.40 9.24 9.08 1.77 9.71 9.57 1.46
BFMC-1 7.87 7.99 -1.42 7.96 8.24 -3.38 8.05 8.37 -3.80
Groupl BFMC-2 8.83 8.12 8.64 9.05 8.63 4.89 9.11 8.76 4.08
BFMC-3 11.07 10.16 8.93 11.23 10.80 4.00 11.18 11.00 1.60
BFMC-4 14.17 13.81 2.54 14.35 14.45 —0.69 14.28 14.75 -3.15
BFMC-0 12.70 13.11 —3.18 13.70 13.70 —0.01 14.40 14.64 -1.69
BFMC-1 11.67 12.20 —4.38 11.79 12.37 —4.69 11.93 12.66 —5.78
Group2 BFMC-2 13.08 12.28 6.56 13.41 12.95 3.60 13.51 13.35 1.22
BFMC-3 16.41 15.33 7.09 16.64 16.12 3.28 16.57 16.66 —0.55
BFMC-4 21.00 20.83 0.79 21.27 21.84 —2.61 21.17 2221 —4.69
BFMC-0 17.34 18.28 -5.13 18.71 19.49 —4.02 19.66 20.13 —2.34
BFMC-1 15.93 16.59 -3.96 16.10 17.25 —6.63 16.29 17.51 —6.97
Group3 BFMC-2 17.86 17.14 4.24 18.32 17.96 1.96 18.44 18.31 0.72
BFMC-3 2241 21.28 5.28 22.72 22.45 1.23 22.63 23.37 -3.20
BFMC-4 28.67 28.67 0.01 29.04 30.24 —3.94 28.90 30.81 —6.20
BFMC-0 22.44 24.23 -7.39 24.21 25.17 -3.82 25.44 26.31 -3.32
BFMC-1 20.62 21.68 —4.89 20.84 22.04 —5.44 21.08 22.34 —5.68
Group4 BFMC-2 23.12 22.70 1.85 23.70 23.12 2.51 23.87 23.59 1.16
BFMC-3 29.00 28.26 2.62 29.41 29.52 —0.39 29.28 30.52 —4.05
BFMC-4 37.10 37.65 —-1.48 37.58 39.41 —4.64 37.40 39.87 —6.20
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Crashworthiness of Bionic Fractal Multi-Cell Circular Tubes under Axial Load
GAO Jianming, ZHANG Xiaobin, LIU Zhifang, LEI Jianyin, LI Shigiang
(College of Aeronautics and Astronautics, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: A bio-inspired fractal multi-cell circular (BFMC) tube with embedded regular polygons is
proposed to address the gap between the need for high absorption and the limited performance of traditional
thin-walled circular tubes. Inspired by biological structures and fractal hierarchy theory, geometric models of
BFMC tubes embedded with square, pentagonal, and hexagonal cells are constructed. Numerical simulations
are carried out to systematically investigate the effects of mass, fractal dimension, and the number of sides of
the embedded polygons on the axial crushing performance, and the results are compared with those of typical
multi-tubes. The results indicate that, under approximately equal mass conditions, the BFMC tube can
significantly enhance the specific energy absorption and the load-bearing capacity owing to its fractal
hierarchical and bio-inspired configurations. Its crashworthiness increases with mass, first decreases and then
rises as the fractal dimension increases, and improves further as the number of polygon sides increases, while
the peak force is only weakly affected. A theoretical model for predicting the mean crushing force of BFMC
tubes is developed based on the super folding element theory and is validated through numerical simulations.
This study provides theoretical support and structural design guidelines for developing high performance
thin-walled energy absorption structures.

Keywords: bio-inspired fractal multi-cell circular tubes; crashworthiness; super folding element theory;

energy absorption
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