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Abstract

Abstract

With the rapid development of space technology, the human exploration of the
universe continued to deepen, in the new round of international space exploration,
the countries in the world to carry out the landing stars technology research. The
lander buffer device is the success key to planet soft landing, although the United
States and the former Soviet Union has been successful landing on Moon and Mars,
but our design research on buffer device used in planetary soft landing areas are still
in its infancy, there are a lot of key technologies need to overcome. This study
supported by the National Natural Science Foundation of China project the landers
new buffer structure intelligent design approach and landing stability analysis, to
carry out legged lander buffer device characteristics and key technologies for our
Planetary Lander and provide the theoretical basis and technical support.This work
has important technological and political significance.

Honeycomb structure as a legged lander buffer device core component, its
quasi-static compression mechanical behavior is the basis of analysis of the
cushioning properties of honeycomb structure.This paper analyzes typical
hexagonal honeycomb, and takes Y-cellular cell mechanics model for hexagonal
symmetry structure.The hexagonal honeycomb mean stress theory model has been
built by simplified ultra-folding unit theory based onTresca and Mises yield
criterion. The peak stress model of hexagonal under quasi-static load is built based
on the theory of elasticity. Compression experiments for nine different aluminum
honeycomb specimens demonstrated that the correctness fordeveloped mean stress
and peak stress theory model of hexagonal honeycomb structure.Giving good
foundation for the follow-up study of honeycomb structure energy absorption
characteristics and energy absorption properties of energy absorber used in legged
lander under impact conditions.

For buffer device is usually under the impact load, dynamic mean stress
theoretical model for hexagonal honeycomb under impact loading is developed
based on thin plate bending theory. On this basis, mathematical model of specific
energy absorption for hexagonal honeycomb structure is built and analyzed the
influence of impact speed on the dynamic stress.

Finite Element Analysis is used to analyze the influence of different cellular
unit cell angle on dynamic energy absorption characteristics.

Nine different specifications of the regular hexagon aluminum honeycomb
tests are did in impact testing machine to test the dynamic energy absorption
characteristics and verify the correctness of the theoretical model and the
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calculation accuracy of the finite element model.To expand the application the use
of honeycomb structures in energy-absorbing field, analysis of the influence of gas
in the honeycomb cells on dynamic mean stress.

Finite element analysis models arebuiltfor different topological honeycomb
structures under impact load, square honeycomb and other five parametric modeling
analysis programs are developed.Analysis of the honeycomb structure parameters
and the relative density of the dynamic energy absorption characteristics.The
mathematical modelsof peak stress, the specific energy absorption of mass and
specific energy absorption of volume are built by response surface method.
Maximum energy absorption is set as the optimization goal, the design of optimal
energy absorption of honeycomb structure parameters is did for different
topological honeycombs.The results not only provide technical support for the
energy absorption optimization of honeycombenergy absorber used in legged
lander.And it is very important to solve the buffer device lightweight and
low-volume design problems.

For the lander buffer device miniaturization and lightweight design goals,
considering the design efficiency and cost of the lander buffer device,this study
proposed legged lander buffer device design process and design
requirements.Taking four-leg cantilever lander as research object, optimize energy
absorption ability of series honeycomb cushioning device used in legged lander.

Development legged lander cellular cushioning device optimized design
process, to optimize the design of energy-absorbing characteristics based on the
specific energy absorption maximum cushioning device and get the best
combination of honeycomb structure. Finite element model is built to analyze the
two series the cellular cushioning device buffer performance, through experiments
verify the accuracy of the finite element model.Create virtual prototype model of
legged lander for soft landing, typical legged lander landing mode soft landing
simulation to verify the effect of cushioning device buffer, and provide a theoretical
basis and technical guidance for buffer legged lander device design.

Keywords: Legged lander, Energy absorber, Energy absorption properties,

Honeycomb structures, Optimization design, Dynamics simulation
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Fig.1-6 Apollo 11 lander
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Fig.1-7 EuroMoon 2000 lunar lander concept figure
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Fig.1-8 SELENE-B concept design
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Fig.1-9 Altair lunar lander concept figure
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Fig.1-10 Viking 1 lander
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Fig.1-11 Phoenix lander
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Fig.1-12 Rosetta lander
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Fig.1-13 Prototype of mini Lunar Lander Fig.1-14 Prototype of large Lunar Lander
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a) Symmetry mode of collapse of cell structures b) Analyzed model of basic element.
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Fig.1-15 McFarland’s analytical model of hexagonal honeycomb.
7 Apollo & H i+ R s Ja , A — B[R] Py e 55 45 1 W BE 5 4 T 90 38

B AR, AT A SR T THEBE 4 R TR % R B AR STV LT R A A IR
REHFIE X RN TR FE A A, BV R HIFER BRsE E MIT oy S2 56 = £ 4
Wierzbicki X 1E 75 10 M4 0 5 1 45 847 1 359 B ) (L EAT O B8 55 SR B0 wF T
Wierzbicki 25— KR 1 BRI S, IF @S0 18 0 5 45 ) s 5 1k 2y
PrBi sy, 1% 7% B8 2 DL McFarland 888 O B il 7E 8880 B 3dm 1 179K
X A ianlEl 1-16 froas, #OvEFTEHRIC, BoohRmm. KFE
AT TR0 AR TR T R 2R TR T 2L 0% 3k ol A5 oA 5 TR F) 4 A A 78 B I S
BRI SER A R, (HZ 5 McFarland 23 MT R BY AR LE, ZEES 45 B 1 7Y
BN

Kl 1-16 Wierzbicki /N i Ji 1 55 4 #4) 43 Hr A1 211 10°)
Fig.1-16 Wierzbicki’s analytical model of hexagonal honeycomb.
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Fig.1-17 Experimental instrument of Baker Fig.1-18 Three superimposed honeycomb
specimen
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Fig.1-19 Experimental instrument for honeycombs under combined loads
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Fig.1-20 Sketch of the square-honeycomb Fig.1-21 Steel square honeycomb
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Fig.1-22 Finite element model built by meshless method
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Fig.1-23 One leg landing test device
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Fig.1-24 Diagram of scale lander test system

- 14 -



H1E 4 ©®

B ERUT M IERR, BEMS SN0 E NRIEEHER,
I I RCRE PR RS — i B B, YRR AR BN B A A BEAS [ B T LA 2
AN TE) R KSR o B R, B PR R — AR HEAT B, 38 R AR A 1R 1 £
FETT ABLRUAS [ () L BR B D3R 55 o 7R LS8 2R 0 b X AN [R) 7 24 11 5 o 4 A 7Y
BEAT A S 6,  DASG UE S [ A 750 5 ok 2% 10 4 o 1 e R A e D8,

NN Bl % 2R i B AT SR, FE G AR AT 2 BT, W S kAT b
11 FENLIMIZZ P2 B v Mk e B B AR S2 06, 04T SR S 36 46 LU RE
HLSE 58 AN ] LU PL I A 34, e mT DA B S s e 35 il % 35 ol ok R % v 25 L O A2 11 1
F, N Bt E IRt S % . 4 NASA BEATI 1:1 FEHLEE s B 22
P BE BCE R 5296 o, Langley SR36 R HEAT MR E IR B4 B se 0 B AS 1
FH AR, LI E R 1-25 Froastot, fE st 3 B F NASA XF Apollo
RYVE 2N Surveyor R EFE A AT T 121 FENLERESZS, B T RIFH
BH, N Apollo R4 A Surveyor Z 415 Fiti #% A D & Bl T 1 W S LAl

1-25 Langley S5 % K H J) AR 400 S 00 3 B
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Fig.2-2 Typical load-deformation curve of honeycomb under out-of-plane impact load
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Fig.2-4 Analytical model of hexagonal honeycomb structures
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Fig.2-9 Contrast map of calculation model for peak stress of hexagonal honeycomb
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Fig.2-10Experiment for tension test of aluminum foil
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Fig.2-11 Stress-strain curve of aluminum foil with thickness of 0.06mm

®2-1 NAFERBB MRS REK. NMZEATUEL, 5%HKE
A L GRPERE TN 69GPa), KA 3003H18 B4} 1 58 A5 B AH 2 Bk
JUE =T AN [R] 5 2 B0 98 B0 3 P AR B AT T 46 i i e A AR N, BB B AT
DA HE A0 ) A PR i 5 AR 2 B Kl be s, BE— DR SE T N SR AS HERA 1 45
W B3 45 g 1 38 N AT AE N ) BRI AE, A BERT SR ER R & &M XS
BEATTHE .

R 2-1 AN JE 2 0 1 o il s 6 &5 2R
Table 2-1. Experimental results of different thicknesses aluminum foil tension experiments

FOBHE E /mm SRR R /GPa BT 46 i Al i 5 /MPa ) R i IR 55 2 /M Pa

0.06 38.25 140 233.8
0.05 41.73 135 268
0.04 40.39 130 219

2.5.2 PN N ERWHR

N6 IR 5L R HE R S B (E R, NI R e R A R S 1T 2 N AR AR
IEBATE . XF 9 A AN [F)REAR (¥ 40 06 B 2 AT v A5 IR 4 Se 0 . A S AR T R rPox A
A RAR A BEAT 3 Ik R SR DAORAIE S 56 (0 T SEVE AR B, A DI 5 4
R L 7 B~ B A #EAT 70 #

S8 FH B e 8 R 2 b TS BN T I IE N B AR g S . T iofh SR A
FIAn g s K TR iAo L L2, Haelr e E i, = 58 258 A5 b
e o il R E O IR AE T S M, D % A D Y e 0 B3t o R B A T U e
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TR g2 i 3 B A TR 06 5 4540 . 0 T 5 10 53 245 A L 3% 1 6 o 45 b
H-PREREE Gy, vrLLs R seie 2k . fEE R 20° KA FAT TSR0, LRk
Y53 N 10mm/min, KM Instron5969 B & 245 /7 68 J1 2 L HLIEAT HEFR S &
b, SEvA BNkl 2-12 fios.
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Fig.2-12 Quasi-static compress experiment instrument

NTET Gk, Kb S B8 0 5 XA AT 9 5 o S5 EH DU B 03 2H s (n
H0604-50), FHF “H” FrfgE, 2. AT “xx” RRENDEE
W g BL )R BN 0.xx(BA A7 mm). SEPY . Ry “xx” AREREE S MK
(A28 mm). 75, B ET “xx” ARG E A0 & E AN mm),
H0604-50 fX R JE N 0.06mm. KA dmm. =N S0mm {4 14 5l 14 .
T RHERSLR, RigE BN FRmRIgeE, @A KA R T
WSR2 SR, S e S 25 A0 E 52 S T A AT VR FH B AR TR B AR 1T
K i B AR LR BE RE T 1S DL .

I 5y ST £ A A e e A i m) A TR Bl 6E L PR BART A, A S B & AR i
PESE SR, SR FH R 77 - 8038 1 28 567 55 6 53 52 S T I 4 #0407 B0 &S 0 SRR AT R
ik, 8 A IR A SZ A AN RS2, B3 — N8 — AR .
Kl 2-13 5 HO604-50 B 2 #5245 15 4 S 36 B ) -8 A% il e ] o 1% BT ) e o
T ) W A A S Y ER S e TR A BT VR T ) 0 SRR

I AT B 2-13 AIRAS HO0604 5 06 53 W F B ) F1 P35 B J74E . 8 1t
Fhl & 77 VR 15 HE 8 Pl A g 5 45 A 1 35 N g AU N M . I 2.3
RAF BRI 5 g B A AR T A 0(2-13) (Q2-17)F1 2.5.1 5 sz ag I #5
IR0 & JE R M BE 2 8, T 9 MR g E I N M EN TIE . IR T
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Fig.2-13 Stress-strain curve of H0604-50

0.2

W AR

TIE LR oy, AR B S N ) & i AR A U B . 3 2-2 O 9 A

FEHE B0 06 B3 1 4 N 77 SE A6 {E 5 2R BB T B Or A K.

2.2 AT IR o SR 1 B4 R A b

Table 2-2 Comparison and analysis of three kinds of theoretical models for mean stress

3
t

N C A a,,1=3.097c;0(§)Z a,,1=3.329ao(§)3 o, =660, (;)3
WMPe /MPa /MPa /MPa
1 HO0604 0.793 0.785 0.844 0.831
2 HO605 0.545 0.562 0.604 0.573
3 HO606 0.453 0.427 0.459 0.423
4 HO504 0.582 0.584 0.605 0.578
5 HO505 0.427 0.418 0.433 0.398
6 H0506 0.321 0.318 0.329 0.294
7 HO404 0.423 0.403 0.433 0.398
§  HO0405 0.287 0.288 0.31 0.275
9 HO0406 0.215 0.219 0.236 0.203

N S M o3 A =1 2 B v SR T i R R, X R A B AR TN 5
S 36 B 22 8] (1 22 HEAT 20 M, 1% AR 22 € SON

=(Gm)t—_0mx100%

m

(@,)

m’t

(2-37)

X (o,), — 8§ 5 WA AL AE 5 25 IR 4 P 2 B SESRE (MPa);
o, —— BV T SRR SR AT 1 W i 25 SR R 46 P 2 R (MPa).
2-14 Jy = Fh g7 25 By B TOIAE 5 52 968 fhi 22 14
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Fig.2-14 Histogram of three mean stress formula with 9 experimental deviation

I 0% B AT B T A4S s SR R 2 M JE AR v DU R ST ) S TR M S5 R
SERR S EAS TAE , 5 9 IRSEIGAE AR B, 22 Y BRI E-3.15%~5.74% 2 1],
i Z£ P 3IME N 0.98%, fWZEFRHEZEN 2.88%.

K P e B T A e AR v U A ST R S L T e B A RS S B B TRINAE, 5
9 WRSZIRAEAHEL, (W 25 Y0 B #E-10.83%~-1.33%2 8], {27 ¥ 1H H-5.18%,
T ZE FR it 22N 3.68%.

K & 1 1E 7S 30 8 W 5 45 0 F 35 N 07 B TF 5 A SR A3 10 EE S T
B, 5 9 SLIGAE A EL , 22 V0 Bl £E-5.14%~8.41% 2 [8], i 2= ¥ {E N 3.14%,
T Z b E 228 5.07%

FE = Fh P 35 B 30 UM AR 2 A, SR FH oK ZE 07 Je I o ) s ST 1R N 3 T
BRSBTS A, R R R ZE N 5.74%, 2
S 2B AN 22 b ZEAE =R SR R K, HE— DR B T 2 TR ZE M AR
1 D) 782 57 1) 4 J e 53 465 A 1 25 8 g B O T AR AR 1) IE A

oK ZE i e MR v ) SCAE BEMEIRES R S AN 1 SR S T B B T, Bl
JINBR N JPRE TR F— @R E . — e BRRE & — 8 N EE R
BN, %NS DS R D 34T RAE I AS & DL & SUN 47 RoR, BB IT
B IR S IR AN 3152 B g it 26 A Do i e S 4k JE IR BT TR B 0 AR o T JE B
T R 7 ) e S A K B R 7738 B FEAR SR AE KB A R R AR i iR . S50 2% B — i
PIPE S B R A . B RS 5 5 OK ZE W IR W R &, X RET K
FE My Jee AR VR DU SR ST P B T SRR, TR B o T AR TR TR A e AR o T A
S BRI T A R R A

-35-



2.5.3 IE{EN DRI MR

NI UE RS HEFR S BATAE N, NI I B 4 K R T AR S ) R AL
IEHPE. THE 9 P A FE AL AR 400 s HE R S R 4 St IR I E N D &5 ], IF 5 R
THR G RHAT R . BT UEAE R ) 5 ) 2 0 5 fLAG 3 — M m s, SE5e
AR N ) B AN S PEEESF 3 R T3 R I 22 o A DR S 06 IR mT SE 4, 0 & A
I B 0 5 A R AT 5 RS, AR ANTT SR SRER B R o O B I N = R U {E
Wit EARE B AT LR A AT, K = UG g 1) B2 TR A N S 56 4B 4 5 )
AN 2-3 .,

R 2-3 SRR R SRR ) 3 B 4 R L

Table 2-3 Comparison of three kinds of theoretical models for peak stress

. 2 382E ¢t
(O-p)l o = 100 E(t) O-p o E(E) O-cr = ( )3

F5 45 R IN AV "8z U S Ba-v) L
/MPa /MPa /MPa /MPa
1 HO604 1.87 1.950 1.691 3.125
2 HO605 1.35 1.248 1.082 1.600
3 HO0606 0.96 0.867 0.752 0.926
4 HO504 135 1.471 1.281 1.965
5 HO0505 0.87 0.942 0.82 1.006
6  HO0506 0.58 0.654 0.569 0.582
7 HO0404 0.93 0.917 0.794 0.979
8 H0405 0.53 0.587 0.508 0.501
9 H0406 0.38 0.407 0.353 0.290

e — 20 M = Pk B A B EORE R, A R B R TN S SR IR 2
(6] B 22 HEAT 20 s B 22 08 SUN
_(O-p)t_o-

( 2 %100% (2-38)
O

K (o), —Hbde 53 1k A v i 25 I 4 W BN, ) SE 96 (MPa);
o, ——HE IS T IR 4 T R N ) BAR T SHE (MPa).
2-15 A = o i A WA AL 97 77 B9 TR 5 Sz 56 {1 O 22 PR AR 1
I Mz B R R T AT SR AR JE R U ST N T
GERUEAE N B TAE, 5 9 LI fEAHEG, 2 V8 HITE-12.76%~9.69%
Z ), AWZEFIMEN-3.72%, WEWREZEN 8.1%.
SR FH K ZE 07 Jett e 7 D0 S ST 1R 7S 220 TR 06 8 4 R Ve L Y ) B TIE, 5 9
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Fig.2-15 Histogram of three peak stress formula with experimental deviation

SIS AREL , i ZEVE ETE 2.41%~21.77%2 18], fW2ZF%ME N 10.18%, 1
I EZEN 6.99%

3003 454 S M BHA R BLIE By =031, RAIZL B IEALEESRIES
SEMVEAE R T PR PUONAE ., 5 9 IRSCIG(EAH LG, (W 22 Y8 I 7E-67.11%~23.68%
Z 18], MZETFYEN-13.3%, WMEWRHEZEN 27.85%.

FE = Fh e B N ) B UM Y b, SR FH e B 307 4 Je I o4 ) R K 28 30 e il
AEM @ S FR S T AR, ARG R B E . R
JeE R T M o T U R 7 BE U T S YRS B A R, Ao oh B IR 2N
-12.76%, P39 % H-3.72%, #FE— DUkt 7 B o A B 1) IE B

HLAE 7SI T 06 5 25 i o vk i il A R 1] 2-8 (a) P, Mg e S5 R BT 1)
I 7735 B g KA B 8 1 i ok BIIE SRAS 5 T T E R A % A g R
(58 SC— 5. 3L T 5 20 e AR v D) S ST B W AR N Ay B AS TE ERE A
R B v 22 K 28 7 i Al 4 D 7 7 1 0GR N ) BEAR T SR R T H SRR T

2.6 RENGE

BT IR E A RE I ER, B BIN U ISR A I R, 52
oy BN oG, X de e 45 7 I 0 A R TR AT BAR AR, DA ON AR B R 4
R e 9 G ph i RE 206 B SR BE IR R YE, FE TR T .

C1) F 28 PR AR TR B A B 8L, 0 310 SR D e ol 40 2 1 O 2 7 o9l ot O o4
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B, IS TR KETREAN.

(2) K M Jiti 8 Hr Aok 28 7 e A v U, 3 ST 1 R T RERVA I N L IR IR
25 oy W L . ) BRAB ALY
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Fig. 3-1 Bending mechanisms of thin walled structures
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a) Folding mode b) bended thin plate model
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Fig.3-2 Analysis model of limiting strain for honeycomb structure
Zi 2.3 o I B A I AS T AR A, 0 R £ ) B B Sk THT e 6 B T
HAAT % KR, S AR R IR E . B i 5 a5 M FLEE LI 2H #idt thifr
B, WA ERAAE L, SR, 05 S5 RN S R

(L
L=L-Ly=k— (3-6)

&

R L W B AR RS R (mm)s

LW G5 IR B 1 (mmDs

b B R K

BIAR AT, 5 4 4 TR A T U B 5 1 N (B-6) T . AT S B
b0 T L M E TR 5 W 28k W RS TR 610 U 4 e
7E Gibson 3T i 5 45 F) TR 45 119 B B W28 {9 0 90 o, S 3 ky WT7E 1.4~1.6 2
RIAE Y, A k=16 BEATRRAE. SRR 2 R 0 8 55 M B A P 1
9 5 FE R 5 TR TS 0 9 B 98 0 2K, 398 TR T oK S 107 R U P R 2-14)
HEATI . 48 2R (2-14) RN 2R (3-6), 15 30 56 K S 07 ik R 4 000 1 e 5 45 g o
0V 4 0 L A 6 L, A

L=k L

\/\/6§7rtl+\/3§7rtw

YU 5 K 2 S st R 7 DU FR) 7N P 0 63 5 R A S T A o VR R, BRER
I TN R /NS WS R

(3-7)

t

\/\/6§7rtl+\é§7rtw

£y =1-k, (3-8)

-42 -



853 % W ARATE T NI A 5 4B SR AR
St I 3-1 AR il I AR AT, R RO — A AR B N i
B AR B, e 6T A M R S TS 0 A BV R R il SRR e AT
K, N:

2r=1, (3-9)
W 5 45 4 9 5 4 T 25 A0 T A TS FE
v=2A—’LTI (3-10)

2 (3-10) NGk B v 18 R T, 11 AS SCHIT 10 3 i 45 o il 170 AL 3k
JE T 4R v BT A Y 0 B L i%ﬁﬁﬁﬁ%%E““éfi‘ﬁ‘/ﬁlj%i%}#'iﬁﬂ“fﬂ
AR AL O R O RIS, DR, e ) G R v, 5 TR S A
8] 5% AR :

v=%° (3-11)
e 3-53A. G-10M@B-11)3, ARG /NLIE IS S5 4TS 5o i 4
TE I it 22 A8 2600
Vo
40y
zr FATR, 2E(2-16). (3-1). (3-2). (3-7). (3-9)Zn] kK153 T K %
iy 5 55 9 DU) () 7S 3 T W e 5 R 2 o i A AR R B SIS R T B TR A
XN

(3-12)

ﬁ ot +&7r0'0t2w
O_d 3 3 [1 +( Yo

” \/\/_ NG Sle\/\/g 7 )%] (3-13)

= tl—i——m‘w(l cosa(w+I[sina)) ?ﬂﬂ-l-?ﬂ'l‘w

Xt ¥l R IE NI g B S5k, B-13)AT 5 8

1

)]
8kD,/5‘f
6

22 O SRR R AR R D p B EwF UL 0 TNl AR A g
%, ATHL D=34295.5, p=1.904.

N3 AT AN [ ik TR Ko 0 S S AL T N AT B, DUIE N IO T g 45
R, B S S I=w, MRS 3o, =140MPa, HR#E A (3- 13)fr§$lﬁl
s R R e B AT N ME, IS ES TN AR (2-16) 1 H 4
RFATX . B 3-3 g T AN el N N X

3
ol = 3.0970‘0(§)2[1+( (3-14)

-43 -



35 2.5
3 E v=40000mm/s )
\ v=40000mm/s L] — ¥=20000mm/s gy
P Lttty VOZi(())(())(())Omn/l/s ] — — —v;=4000mm/s T <
N —— == mm/s .

— ks

03 3 Z 5 6 7 8 b0z ——00r 006 008 0.l
I/mm t/mm
a) R A 730 K- DENGE PR
a)different cell length b)different foil thickness

K 3-3 AN [F] oty 3 BT W 45 M 3 A1 B 8 1A
Fig.3-3 Honeycomb dynamic mean stress with different impact velocity
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Fig.3-18 Contrast between theoretical value and simulation value for hexagonal

honeycombs with a=15°
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Table 3-1 Ranges from theoretical and simulation values for different angles honeycomb

a=45° a=30° a=15°

HETFHNTT -2.2%~-9.1% -3.7%~4.1%  -4.1%~1.5%
JREWAE  -7.4%~1.7% -7.3%~3.4% -4.3%~-1.6%
R BE  -12.7%~-5% -8.3%~2.7% -11.4%~-5.3%

O 565 VIE AN [7] v o T RE G e 53 25 A W RE AR ME I S, XS A e O 30° | %
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Fig.3-19 Contrast between theoretical and simulation results of dinamic mean stress
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Fig.3-20 Contrast between theoretical and simulation results of SEA4)
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3.5.1 EWEFESXNREE

S5 By FH 5 4% 9 INSTRON Fr ifE i 7 S50 Al (Instron dynatup 9350HV),
Z L v R G R E R G AR, i RS E S G ISR E B
AR ph T RE i, B AR AR B v Sy, 7R 5 AR B A e S A T
o OB TS b el T RE, B S o ol B S A N 1 o o R R R T O 22, {H
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IR GG vh o R . BT ga vl B b SRR S R, e R
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Fig.3-22 Drop-hammer type impact testing apparatus-INSTRON dynatup 9350HV
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FUo3 AT 15 0 5 25 W (EAT Rl A2 #8 I i e = WX B R BT 45 0604 1E 7514
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Fig.3-23 Stress -strain curves of the H0604 specimens under the 4m/s dynamic impact
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Table3-2 Comtrast of dynamic energy absorption properties for hexagonal honeycomb

A%

o’ /MPa

HigE i AE

S8 fH

SEA,kJ/kg
g HE KXRE

g i HE

0604
0605
0606
0504
0505
0506
0404
0405
0406

0.878
0.625
0.473
0.647
0.460
0.349
0.448
0.319
0.241

0913
0.655
0.518
0.672
0.486
0.374
0.479
0.341
0.262

0.878
0.593
0.512
0.611
0.473
0.361
0.455
0.316
0.257

12.426
11.192
10.266
11.099
9.982
9.147
9.722
8.730
7.990

12.018
10.783
9.930
11.735
10.475
9.012
9.642
8.704
8.222

12.000
11.341
10.383
10.697
10.225
9.233
10.124
8.432
8.104

0.786
0.567
0.433
0.585
0.421
0.322
0.410
0.295

SEA,/MJ/m’

Sdod ]
0.838  0.760
0.623  0.583
0.461  0.493
0.604 0.574
0.457  0.443
0.343  0.339
0.449  0.473
0.326 0.312
0.254 0.238

0.225

e 3-2 s, N TSR,
YO 7E-5.89%~7.62%2 18], Fr#EZEN 4.65%:;
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Fig.3-24 Honeycomb stress-strain curve with air effect
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R VR A ()
VR4 R U B S R ()
o RMRAER, AT 1AL
R 8 R U 2R T o LT 38 45 S s B 1 F 0B
Hf N

ﬁ 7ot + & 7ot W N 1
ol = : : [1+( ° )]
k\/\/6g 7rtl+\é§7zrw(l cosa(w+I[sinq)) 8le\/\/6g 7ztl+\é§77tw
+h%G—L——D (3-29)
l-¢,

X g, WG 8 4 W) B 28 T 4 N AR

AWM R kL S il R b SR E DL LR KNS A
FAK, MTARMSG LAY 5, =50 R kL BERE . Xt
A SCHEAT WSO TR B, AN R B e il K 0 5 S5 M ke (I8 5 0 45 M TR 6
EEA K. B AT SR, KN emm M SAEEE S, W
RHEDE R RKT 0.6, ky 7THL 0.44; WL K46 B /NTF 0.6, k> AT HL 0.32.
XK Smm BN s a5 1, a0 SR H R 46 N AE KT 0.6, ko AT HL 0.49;
R R 45 A N T 0.6, ko ATEL 0.39. XTI K N 4mm B /NI B 458,
W R 48 B AR KT 0.6, k; ATH 0.52; @ R K468 B AF /N 0.6, ky ATHY 0.42,

x 33 g T IEAUREE SRR EE XL, BETS
s I o SEES O TF A R G SRS s g5 WA R . AT RS, &
3-3 IR H TSERE S EWREZ MR E, & XEIRE S LKA 2 81
%y\j:

dy _ _d
y}::EZﬂl%—fZLx10096 (3-30)
(o)

At (o)), ——F RPN A il B A& T 3 B ) 5 e SE A SEPIE (MPa)d;
of ——F BN AR P B A R mm BR T HAE (MPa).

M 3-3 /15, HEESEWE, U S 50 sh 25 -F 3 R ) 2

Y AE 5 5256 92 AR 10 T 25 75 B #E-14.15%~10.17%, FRifEZE N 8.67%. L%
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Table3-3 Comparison and analysis of theoretical test results for dynamic mean stress with
air effect

Ak ¢mm J/mm g, (c') /MPa 4m/sc?/MPa ¥,

H0604 0.06 4 0.488 0.937 0.89 5.02
HO0605 0.06 5 0.71 0.67 0.728 -8.66
H0606 0.06 6 0.825 0.729 0.668 8.37
HO0504 0.05 4 0.665 0.68 0.737 -8.385
HO0505 0.05 5 0.567 0.527 0.494 6.26
HO0506 0.05 6 0.754 0.496 0.468 5.65
HO0404 0.04 4 0.572 0.51 0.494 3.14
HO0405 0.04 5 0.803 0.46 0.513 -11.52
HO0406 0.04 6 0.84 0.41 0.468 -14.15

BB TFHR I E AR, N(GE-29) 00 R 2K, B oK w2 ik 2
-14.15% 0 i 22 BRI JRL DA 7 PR Dy 22 St AR B e B AN HE R, il T2 R0
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AR AR I e R BGE US4 R 32 0.6 o A ek, DT SR 15
i, B TREN A, AT CLHIR A F 55 0 /5 B0 B Al ke ik L oL #E AT 1t
W3 75 BEAT KA AR Ge st SR AT 5T AR E 2 R 3L

3.7 ANE /ML

TR Bl H 2 A b drdcar R, O NI g B A A 52 e ol AT
ER B ERFEREAT 7 2. (TR ESLiemt i, EE T

C1) R AR i B 57 1 b e BT (E R, NI B g 5 45 #3251
P NEJ BRAR LAY, AE e R b X 7N A ] 0 5 G5 i o EE R RE N4 AR L T RE
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M JE 7 G5 A 2 JO ek 8 25 M B 25 W RE R MR RS2, T 7T R B e el R K
25 ¥ B 25 1 ¥ N 73 R L T e A A
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G

(3) Xf 9 Ffr AN [F] FL AR 0 1E /N 1478 50 08 83 51 25 W e Ay 12k 3R AT o oy <2 36
FC, SR AR 5 ER T RN I A R AR, HASE A B AE SR E
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Fig.4-1 Stress-strain curve of the ideal energy absorber
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Fig.4-2 2-D schematic maps of different topological honeycombs
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Table.4-1 Parameters of honeycomb marterial used in simulation
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Fig.4-3 Sketch map of FE model for different topological honeycomb with impact load.
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Fig.4-4 The interface of parametric program for metal honeycomb impact simulation.

AR AT MANIGES 50 LA R E SR, R a] SEIl 8 8 4 0y = 4
AR E NS WA AR 7, BLEGA R B s e . oK HR &
T REAE, A A R OK & B R A AR ARk, BRI
I NBLF I AL T . A SH @ il BB AN T b
T NAERI .

4-5 79 5 FAS[A) 40 P 0 53 S pp ol 0 AR TR R N . AP T
PAE 5 IENTA I8 B 25 1 2840, B 9 S 58 45 A (E 52 S T s 4 %8 4y 1 11
R AR T R JE AR . 2 e R B — e AR N e R AR T AR TR
JeE Hl N g A R AS B e R 7y, Gl R PR IR SR IR R R, X 5 SEPRTE L e
AR, B DUEM] T R A IR A

423 INEESF MM FERWEN

BIF 0 2 T 08 53 5 R IR RE R 1k 2 S 32 0 ) B0 D AR B 2 e 3 M sl K R iR
TCEEJE MR . BEAE XKLL S BN AL, A0 15 B — AR B Rk R e I 0
25 o) A A5 TR B F B LT 0 B3 5 R A o o B AR R 2 AR AR AT LA AR
LEAMEAT O, i EL R R R 20 AT I ) N\ B Ok R AR ME R E o X TR R B A
% P AR L VEAT DU A AL 1) L, BEAT — OBUE O o AT AR AR RE I B, A 2
LERIBON ok AR . DY IR U523 AR 5 R R R i Bk . IR A
BOARTE R FT R0 AR 245 JE 5 e R SR 10 i A AT FI00 1 — T i 5 el
Jiik, FAR R — B OO s AT A AR A R S T

Wi J87 T ¢ 1 53 e W T — Al SLI R R ORIz R T PR &
I3 M 1) AR SV eR B R IE . VR REE TR R, 35 T AN RE A 5E
N 55 5 2 TR PR B R B AR o A OB 20 TR, AR T R RO AT 3 B 22 T
HORIEIL o 9 BEAS YK FH Wi LT 5 92, S S AN [ 9 41 8 g 45 #A Tl A R 11 11

-67 -



Fiinge Levels
14008402
12600402
1.1200 402
98000401 _
#A000+01 _
70000401
55000401 |
42000401
28006401

1.400e+01

g=10 =025 =035 =085

a) HiAL = MR 0 45

a) Altenative triangular honeycomb

0.000e +00

Fiinge Levels
14006402
12600402
11200402
900001 _
EADD001 _
7000001
56000401
42000400

28000400

14000401

0.0000 «00

b) AL IETT R B 45 K

b) Altenative square honeycomb

Fiinge Levels
1.400¢+02
12600 +03
1,120 402
9,8000+01
400001
T.0000+01
56000401
4. 2000401
28000401
14000401
00000 00

¢) =MILIEE S

¢) Triangular honeycomb

Frings Levels
1400402
12600 =07
11200402
98000501 _
FA000501 _
70000501 _|
56000001
4.2000%01 |
28000401
1400001
0,0000+00

d) IET57 B 451
d) Square honeycomb

Frings Levals
14008402
126002

1002

9800801 _
400901 _
70000401
5600001
12000501
7800001

14004 +01

(@)e =0 (b)e =0.25 (0)e=0.5 (d)e=0.85 006100

e) IE/NIATE I B 451
¢ ) Hexagonal honeycomb
Kl 4-5 AR 40 $h 0% 8 S5 0 A TR AR ) = K
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B SEI6 A BETT 55 o SEI6G BETE 2 DAME S8« BFE 48 11 AN 28 M AQ B0 25 H i S it
PARLE 2 HESRI0 7 R IER AT SE 36 45 RN H bR — M g5k, R SE
Wit g7k, TR A A EE 5. W R I SE R W TR s IERSSER
Th BTSRRI B IERRL T T SRR T L K A R SIS T

HTRMAMRITEERASIHANZH, BeERELR It riEREAE
L0 2% (8] PN 32 23 A0 IR i, DI A A DR 3R S 30 vk v, W LR B
BIE H AT 0 A . AR eN2. 4. 6. 8. 10mm, 250.02. 0.04. 0.06.
0.08. 0.1mm\ 4RI & BT 0TI H . R4A-2NIENLE S ST AR,
eI s 510 B 45 R OLIH R 4-1 2 I k44,

A5t FH e 82 TH] 7 9 R L 2 X R AR B B R U R SR E AT S, B
WH MM ERB AR, HZ LT, FEREZ DR S 52
A KN, AT DL BT & T2 HORE BE AN 2R G0 R ) 9 R )N, 7 A M-
Bl J88 0 S 5T 4% 1) AR 28 14 By g 2 [l R, W S TH] 7 9 R — PR AR A SR R R
AN 2 NS H, BB R R M 2 s, BT S R
MRZ, BHEREGENZ IR BT A AR S S -BRERREE, A
SR8 Mo KR M e BE PR AS 24, DR IE G ik A DY B 22 ook 0 AT 3R
fE. BT R42000F B LR, MDA R (4-H)F1(4-5), ARG IENDILEE 5K
UEE AL 87 77 T EE T B 1) B AN

o, =0.67886+192.84112x7—1.03078 x/ +547.152x 1> —

72.89183x¢x1+0.38399%x /> —3039x¢ —41.491x¢> x [+
9.61942xtx1> —0.05073%xI°> + 7656 x t* +131.25x 1> x [ +
0.33482x 1> x1* —0.41526x ¢ x I* +0.0022 x [*

(4-6)

SAE, =4.9247 + 626 x t —0.89866 x| —8136 x> =104 x 1 x [ +
0.1544x I* + 88926 x £ +150.2787 x t* x [ +12.04069 x t x [* —
0.01262 x> —396822 x t* +1430.729x ¢ x[ —30.265 x> x I* —
0.36552xtx[* +0.000193229 x [*

(4-7)

SAE,=0.5205+87.4xt—0.87061x [ +246.2 x> —38xtx[ +
0.33502x [* +4384.375x > —136.72x > x 1 +6.1167 xt x I* —
0.04716x I* —28072x t* +295.3125x 1> x [ +4.78635x¢* x I* —
0.2926 xtx1° +0.00216x[*

(4-8)
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Table4-2 Simulation results of hexagonal honeycomb under impact load.

FF%5 tmm I/mm o,/MPa of/MPa SEA,/kl/kg SEAy/MIJ/m’

1 0.02 2 1.585 0.537 10.349 0.481
2 0.04 2 3.641 1.454 14.325 1.331
3 0.06 2 5.919 2.67 17.56 2.448
4 0.08 2 8.213 4.115 20.596 3.828
5 0.1 2 10.661 5.636 22.458 5.218
6 0.02 4 0.764 0.209 8.256 0.192
7 0.04 4 1.642 0.533 10.384 0.483
8 0.06 4 2.682 0.961 12.018 0.838
9 0.08 4 3.797 1.45 14.303 1.329
10 0.1 4 4.959 2.012 15.846 1.841
11 0.02 6 0.513 0.123 7.091 0.11
12 0.04 6 1.067 0.307 8.854 0.274
13 0.06 6 1.648 0.534 9.93 0.461
14  0.08 6 2.357 0.807 11.511 0.713
15 0.1 6 3.094 1.111 12.875 0.997
16  0.02 8 0.423 0.081 6.509 0.076
17  0.04 8 0.857 0.211 8.442 0.196
18 0.06 8 1.351 0.353 9.274 0.323
19  0.08 8 1.881 0.521 10.488 0.487
20 0.1 8 2.436 0.712 11.572 0.672
21 0.02 10 0.336 0.063 6.207 0.058
22 0.04 10 0.678 0.155 7.571 0.141
23 0.06 10 1.026 0.265 8.625 0.241
24 0.08 10 1.423 0.387 9.362 0.348
25 0.1 10 1.844 0.526 10.12 0.47

Al 2R, FE 4 b o T 0 5 S5 1 W BE R R A A A T R i S (4-4) A1 (4-5),
PAR B R 4-1 IR 4-4 T HUE RS

4-6 J91E /NI 06 B3 25 K W BE R Ik i N2 T pth 2 B i P AT AR AL B
7R 1 IE 7N T T8 6 3 45 ) M e 3100 A M B JEE 0] W BE A 2k O B2 0 o X HE AT 0
iR P BB B EEE
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Fig.4-6 Response surface of crashworthiness properties on hexagonal honeycomb.
S AL N | Ahe
424 WEFRBHBEREDR

A5 FH W 87 TR 35 S ST TR R e R MR B e A, R R BRI RE AR AR gk B T A
ikl LAk — iR EZ. Wik, T4 20K B3t 17 gL, vr G
FoNE TL S N ()& ST R B . O T I e i B B AUk A S A FR o 0 AR Y 1R
Z, XM RZERIERXN:

RE < YD —y(x) (4-9)
y(x,)
XF y(x)—HARTO EAE:

y(x)) —— B T O

AT T U A BT BT R AS B AR T A X R 22, DAIE N IR I B 4 R N
R A3 G H TAHWR G BAE .. BB AT AR 2 E . %R KW, fF AW
IS THT 5 ¥ 38 S ) DE 7N T TV e 55 45 A6 W e R 1P 1) B 2 A AR A X R 221K, TH B R
B

T7 ZE 53 M 25 48 v 43 M B R B 1 06 A e B TR RS (LS AR R, R AT IR
THAR B ) B 25 RS2 e g L. AR AE S BN TR R E . BRI
AEUE IR A ¢ R 8, HA 7 iR 2 e U8 -

RSME = |—E (4-10)
M—-n-1
X SSE—F 4 F J5 Fil;
n——T I 7 B8 5 R 5 200 &R A

HHRXZREN:

R =1-2E 4-11)
SST
AR@-11)F SST NEFEHM, REMT 0/ 1 28, ZEEIT 1,
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Table4-3 Comparison of simulation results of response surface predictive results for

hexagonal honeycomb.

17 Al AT AL fig RE
FEA 5

6, SEA, SEAy 6, SEA, SEAy o, SEA,  SEAy
1 1.585 10.349 0.481 1.592 10.405 0.478 -0.44% 0.54% 0.62%
2 3.641 14325 1.331 3.658 14.314 1.349 -0.47% -0.08% -1.35%
3 5919 17.56 2.448 589  17.49 2.467 0.49% -0.4% -0.78%
4 8.213 20.596 3.828 823 20.543 3.8 -0.21% -0.26% 0.73%
5 10.661 22.458 5.218 10.648 22.532 5211 0.12% 0.33% 0.13%
6 0.764 8256 0.192 0.725 8.116 0.182 5.1% -1.7% 5.21%
7 1.642 10.384 0.483 1.638 10.428 0.456 0.24% 0.42% 5.59%
8 2.682 12.018 0.838 2.681 12.236 0.83 0.04% 1.81% 0.95%
9 3.797 14303 1.329 3.806 14.275 1.353 -0.23% -02% -1.81%
10 4959 15.846 1.841 4.994 15.752 1.893 -0.71% -0.59% -2.82%
11 0.513 7.091 0.11 0525 7.133 0.107 -2.34% 0.59% 2.73%
12 1.067 8.854 0.274 1.072 8.782 0.287 -0.46% -0.81% -4.74%
13 1.648 993 0461 1.671 9.959 0.462 -1.4% 0.29% -0.22%
14 2.357 11.511 0.713 233 11.534 0.697 1.14% 0.2%  2.24%
15 3.094 12.875 0.997 3.041 12.854 0.922 1.71% -0.16% 7.52%
16 0.423  6.509 0.076 0.395 6.685 0.073 6.62% 2.7%  3.95%
17 0.857 8.442 0.196 0.841 8255 0.185 1.87% -2.22% 5.61%
18 1.351  9.274 0.323 1.346 9.189 0.328 0.37% -0.92% -1.55%
19 1.881 10.488 0.487 1.889 10.496 0.513 -0.43% 0.08% -5.34%
20 2436  11.572 0.672 2.477 11.66 0.703 -1.68% 0.76% -4.61%
21 0.336  6.207 0.058 0.344 6.074 0.061 -2.38% -2.14% -5.17%
22 0.678 7.571 0.141 0.676 7.797 0.15 0.29% 2.99% -6.38%
23 1.026  8.625 0.241 1.037 8.528 0.225 -1.07% -1.12% 6.64%
24 1.423 9362 0.348 1.416 9.413 0.335 0.49% 0.54% 3.74%
25 1.844 10.12  0.47 1.834 10.072 0.469 0.54% -0.47% 0.21%

W B W I Ty R ) G T R R ORS . (EHR RP B BRIE T 1 IR — o Bk B A
REFEUF, BIONm N7 REh R B HH %, ARSI KR ME, EA—E S
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AR AT VR AL, IBIEME KRR, N

R;an_pr) (4-12)
—n
o B A2 ST 7 R0 SSE )AL T 7 RL(SST )N -
SSE =3 (v(x)~ y(x))) (4-13)
SST =Y (y(x) -7, (4-14)

X y3—H i MERSHR G4 R 1ME .

FH A 20 (4-9)~(4-12) 7] LR 75 4 37 (19 1E 75 30 T 08t 8 25 M B B 77 . i & L
W e AR R L R BB M B R R AR X iR 22 . BT IRIR 22 . B A R REAMEIE
BHKRE . K4-4 8BS TY 0 5 457 R Be Hr 1 20 5 B A B PE A 8 Fr 18
R E ML R EAMEUE B ¢ R AR B T 1, AR Z 8 T 0,
5 K R AE % % Z B AN N 6.63%, BRIt B DAIE B S 7 i B0 i AR A 2 % 1T
R FE

Rod-4 IE NI T8 55 VI B 0 1 K0 B R R A 11

Table4-4 Mathmatical model evaluation values of hexgonal honeycomb.

RE RSME R? R?

adj

6, -2.38%~6.62% 0.04 0.9999 0.99977

SEA, -2.22%~2.99% 0.172 0.9994 0.99846
SEAy -6.38%~6.63% 0.052 0.9993 0.99841
ER PR, a0 NS LA E A B AR R . BB A E
PR W) 7 T ST A0 PR BBOBE B B 22 IR A, A S SRR W RE AN SR AR A ),
PO R ) SE B BT VA BEAT SRR B, JR#EAT T R A, ARG T R4S
Fe) 3 i o2 THT B A AR, SR 22 ol DP A 5 s x50 AR TR ) A e E AT
A

4.3 P EIFhIMNE S S5 IR BE 4514 57 4

4.3.1 HEXT 2 B XS IR gE 45 M RO 22 T

e B 4 A 1) % EE 5 ) 6 0 5 AP R IR) R S EEPR D e B3 45 A 1) AL S
JE o ANF I 41 B3 S5 A AR 3 AR, = S B A R Z AR OK, Ay
o LR W B3 5 AR AR R S R X Wl R R P (R S M B AT 0 M. AR 3.2.3 TR IE N
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Fig.4-7 Two-D map of square honeycomb structure.
XFIETT TR g 8 45 g B AR B e #EAT o i, BT AR N S =17, IET7 TR Ig s 45
R T N i s P S TR DN S, =2xIxt . XP TN h W IETT T i 5 45 0 1K) 5%
Eph%:

2x[xtxhx
ph=pr=2xtpr/l (4-15)
1E 77 T 06 53 45 F A 25 B2 pl N
=L =21 (4-16)

P
Kl 4-8 A Ak =Fhihdh g B S M I AR o 4K, M iz BRI A4S A =
Tl e 53 448 4 A 0 25 B
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Fig.4-8 Two-D cell maps of other topological honeycomb structures.
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Table4-5 The relative density of different topological honeycomb.
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Fig.4-9 Plot of peak stress and relative density for different topological honeycombs
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Fig.4-10 Plot of mean stress and relative density for different topological honeycombs
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Fig.4-11 Plot of SEA,, and relative density for different topological honeycombs
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Fig.4-12 Plot of SEA, and relativedensity for different topological honeycombs
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Table4-6 Optimal structures and FE checking

t/mm l/mm SEA,/k)J/kg FE-SEA,/kKl/kg W%

1ET7 % 0.024 2 11.227 10.74 0.77%
HALE T 002 2.36 11.81 11.25 4.98%
=M% 0.032 3.623 10.93 10.47 -3.42%
WAL= 0.0377 4.364 10.478 10.64 -0.86%
IEAJE  0.0336  2.05 13.1 12.84 2.7%

R 4T NAFEI AN B S5 M AR 2 vt R R, S 0 A R IR 0.18 M RE B
T B R . RN e 5 S5 P 5 i e, IO 13.74kg, AHEE
W BERUR e Z AL = A TG B 45K, IE N TLTB A 548 40 20% K i &, SEH
R E N REL.

Ra-7 A[E IS B 45 R 22 o AR B TR
Table4-7 The quality of different topological honeycomb buffer device
B ®ALIETTE =M A=A 1ENLE
& (kg) 16.03 15.24 16.47 17.19 13.74

PAARFR LE R e e KON RTHARFR, R NLPQL 53206 9 /2 ik 25 1 B AN
A ¥ $ e 5F S A EAT Wit . R 4-8 St T IF A R BT R R . Wiz
RATLVEH, RAELEAR BRGSO E R, 5H Rk IES R
fi 72 A, B KA 221X 9 -3.42% 0 UE B 17 48 P w0 2 1T 77 92 S ST W e R A
B, I T AR 40 P0G B3 45 1 Gz o 2% B vt i) R, R — AT H R T B

#*4-8 LA A IR Tk
Table4-8 Optimial structures and FE checking
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Table4-9 The volume of optimal different topological honeycomb buffer device
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Fig.4-13 Pareto curves for SEA,, and peak stress of different topological honeycombs.
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Fig.4-14 Pareto curves for SEA, and peak stress of different topological honeycombs.
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Fig.5-1 Process of design metal honeycomb energy absorber for legged-type lander
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Fig.5-2 Structural principle of legged-type Lander
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Fig.5-3 The legged lander typical landing attitude diagram
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Fig.5-4 Principle schematic of energy absorber in Lander’s primary landing legs
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Fig.5-5 Principle schematic of energy absorber in Lander’s secondary landing legs
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Fig. 5-6 Flow chart of parametric design program for honeycomb energy absorber
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Fig.5-12 Experimental instrument of series honeycomb structures with compression
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Fig.5-13 Stress-strain curve of series honeycomb structures with different specifications
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Table A4-1 Simulation results of triagular honeycomb under compression load.

FF5 t#mm [/mm o,/MPa of!/MPa SEA,/kJ/kg SEAy/MJ/m’

1 0.02 2 3.254 1.29 11.595 1.101

2 0.04 2 7.418 3.23 14.636 2.778
3 0.06 2 12.32 5.76 17.46 4.972
4 0.08 2 17.56 8.84 19.593 7.439
5 0.1 2 22.61 12.14 22.303 10.585
6 0.02 4 1.572 0.53 9.075 0.43

7 0.04 4 3.371 1.26 11.485 1.09

8 0.06 4 5.491 2.15 13.365 1.902
9 0.08 4 7.733 3.25 15 2.848
10 0.1 4 10.19 4.45 16.174 3.821
11 0.02 6 1.067 0.31 7.978 0.252
12 0.04 6 2.185 0.76 9.828 0.621
13 0.06 6 3.418 1.26 11.621 1.103
14 0.08 6 4.831 1.84 12.761 1.615
15 0.1 6 6.297 2.49 13.594 2.15

16 0.02 8 0.805 0.21 6.51 0.1545
17 0.04 8 1.64 0.53 8.754 0.415
18 0.06 8 2.486 0.89 10.29 0.732
19  0.08 8 3.442 1.25 11.63 1.103
20 0.1 8 4.502 1.68 12.077 1.433
21 0.02 10 0.681 0.15 6.432 0.122
22 0.04 10 1.378 0.4 8.103 0.307
23 0.06 10 2.108 0.67 9.374 0.533
24 0.08 10 2.932 0.95 10.861 0.824
25 0.1 10 3.815 1.26 12.043 1.143
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Table A4-2 Simulation results of alternative triagular honeycomb under compression load.

5 t¢mm /mm o,/MPa of/MPa SEA,/KJ/kg SEAy,/MJ/m’

1 0.02 2 3.443 1.22 10.684 1.098
2 0.04 2 7.74 3.14 13.85 2.847
3 0.06 2 13.327 5.58 16.467 5.076
4 0.08 2 18.226 8.64 18.697 7.685
5 0.1 2 23.949 12.08 21.166 10.875
6 0.02 4 1.705 0.49 9.091 0.467
7 0.04 4 3.579 1.22 10.859 1.116
8 0.06 4 5.723 2.09 12.33 1.901
9 0.08 4 8.051 3.13 13.435 2.761

10 0.1 4 10.58 4.25 15.414 3.96

11 0.02 6 1.154 0.28 7.455 0.271
12 0.04 6 2.366 0.71 9.902 0.678
13 0.06 6 3.637 1.23 11.214 1.152
14 0.08 6 5.053 1.77 10.684 1.098
15 0.1 6 6.576 2.41 12.03 1.648
16 0.02 8 1.28 0.19 13.1 2.244
17  0.04 8 1.908 0.49 7.226 0.186
18 0.06 8 3.001 0.84 9.146 0.47

19  0.08 8 4.18 1.22 10.15 0.782
20 0.1 8 5.393 1.66 10.839 1.114
21 0.02 10 0.743 0.14 12.009 1.543
22 0.04 10 1.503 0.37 6.795 0.14

23 0.06 10 2.28 0.62 8.57 0.352
24 0.08 10 3.171 0.92 9.531 0.588

25 0.1 10 4.103 1.25 10.223 0.84
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Table A4-3 Simulation results of square metal honeycomb under compression load.

5 t¢mm /mm o,/MPa of/MPa SEA,/KJ/kg SEAy,/MJ/m’

1 0.02 2 2.271 0.78 10.405 0.713
2 0.04 2 5.102 2.01 13.549 1.856
3 0.06 2 8.264 3.61 15.91 3.27
4 0.08 2 11.56 5.54 18.271 5.006
5 0.1 2 15.035 7.69 20.759 7.11
6 0.02 4 1.412 0.32 8.586 0.294
7 0.04 4 2.357 0.77 10.323 0.707
8 0.06 4 3.822 1.33 12.21 1.255
9 0.08 4 5.306 2 13.4 1.836
10 0.1 4 6.897 2.73 14.588 2.498
11 0.02 6 0.747 0.19 7.543 0.172
12 0.04 6 1.543 0.45 9.097 0.415
13 0.06 6 2.393 0.77 10.289 0.705
14 0.08 6 2.271 1.13 10.405 0.713
15 0.1 6 3.395 1.56 11.493 1.05
16 0.02 8 4.365 0.12 12.604 1.439
17 0.04 8 0.566 0.32 6.506 0.111
18 0.06 8 1.154 0.53 8.547 0.293
19  0.08 8 1.762 0.76 9.451 0.486
20 0.1 8 2.383 1.03 10.2 0.699
21 0.02 10 3.169 0.09 11.04 0.945
22 0.04 10 0.485 0.24 6.23 0.085
23 0.06 10 0.98 0.4 8.182 0.224
24 0.08 10 1.409 0.58 8.801 0.362

25 0.1

—_
(=]

2.037 0.77 9.702 0.532
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Table A4-4 Simulation results of alternative square honeycomb under compression load.

5 t¢mm /mm o,/MPa of/MPa SEA,/KJ/kg SEAy,/MJ/m’

1 0.02 2 3.385 1.27 12.697 1.196
2 0.04 2 8.089 3.48 17.401 3.28

3 0.06 2 13.06 6.42 21.62 6.113
4 0.08 2 18.00 9.88 25.635 9.665
5 0.1 2 22.89 13.64 27.4319 12.928
6 0.02 4 1.6 0.51 9.708 0.457
7 0.04 4 3.522 1.26 12.239 1.153
8 0.06 4 5.887 2.26 14.948 2.113
9 0.08 4 8.4 3.47 17.076 3.219
10 0.1 4 10.89 4.9 19.409 4.573
11 0.02 6 1.068 0.29 8.579 0.269
12 0.04 6 2.223 0.74 10.682 0.671
13 0.06 6 3.569 1.26 12.554 1.183
14 0.08 6 5.126 1.9 14.352 1.803
15 0.1 6 6.810 2.61 16.049 2.521
16 0.02 8 0.776 0.2 7.538 0.1776
17  0.04 8 1.639 0.51 9.603 0.452
18 0.06 8 2.556 0.85 10.947 0.773
19  0.08 8 3.592 1.27 12.211 1.151
20 0.1 8 4.75 1.74 13.519 1.592
21 0.02 10 0.643 0.14 7.158 0.134
22 0.04 10 1.288 0.38 8.987 0.338
23 0.06 10 1.996 0.66 10.518 0.594
24 0.08 10 2.765 0.94 11.569 0.872

25 0.1

—
(=]

3.606 1.27 12.309 1.1602
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