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Abstract: In order to improve the energy absorption and supporting characteristics of energy ab-
sorption hydraulic supports, an energy absorption structure of lattice material with negative Poisson
ratio was designed. Specific energy absorption performance and support force per unit mass perform-
ance of straight-edged concave star-shaped cells and concave hexagonal cells with circular cross section
and rectangular cross section were investigated using simulation analysis methods. It was determined
that the comprehensive performance of the cells with rectangular cross-section stepped edge concave
stars was the best. Using Workbench software based on parametric analysis, the influence rules of cell
body height, cell body width, cell body thickness and cell body shrinkage of materials with negative
Poisson ratio on energy absorption and support characteristics of the energy absorption structure were
studied, and the neural network prediction model of energy absorption and support forces was estab-
lished. The multi-objective parameter optimization mathematical model of energy absorption struc-
tures was established. The optimization mathematical model of energy absorption structures was
solved based on fmincon function, and three local optimal solutions were determined. Through com-
parison and verification analyses, the optimal structural parameters of energy absorption structures
were determined as follows. The height of the cell body is as 40 mm, the width of the cell body ia as
9.2 mm, the thickness of the cell body is as 10 mm, and the shrinkage of the cell body is as 5.2 mm.
The maximum absorption energy of the optimal parameter energy absorption structures is as 1083.36
k], the average supporting force is as 2162.56 kN, and the supporting force fluctuation coefficient is
as 1.123,the standard deviation of supporting force is as 28.58 kN. The support size is moderate and
the supporting force is stable.

Key words: energy absorption hydraulic support; negative Poisson ratio material; energy absorb-
ing structure; optimal design
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Fig.1 Negative Poisson ratio material
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Fig.2 Deformation of straight sides concave hexagon
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Fig.3 Deformation of stepped side concave hexagon
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Fig.4 Deformation of straight edge concave star
SCHE VAR BOR , B IR S 4% R B AR . 2 TR 4
Foe S 402~ 70 % I HETE B A 3 11 B2 T8 1Y B L
* 517 -



R E ML TR 4 36 % 55 3 1) 2025 4E 3 A

mm

0 max
-1. 7473
-5. 6496
mm -9.5519
0 max -13. 4540
0 min -17. 3570
-21. 2590
-25.1610
-29. 0640
-30. 8750 min
(a)e=0 (b)e=16.25%
mm mm
0 max 0 max
-13.185 -15. 051
-26. 995 -30. 724
-40. 804 -46. 397
-54.613 ERRPRTHEE [ 62 071 PSHRRETENE
-68. 422 -77.745
-82. 232 -93. 418
-96. 041 -109. 090
-109. 850 -124. 770
-123. 500 min -133. 00 min
()e=65% (De=70%

BS5 M#snMERER
Fig.5 Deformation of step edge concave star
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Fig.7 Energy absorption structure
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Fig.8 Cell body parameters
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Tab.2 Parameterized analysis data

Fe H/mm B/mm L/mm T/mm
1 50 4 8 4
2 80 2 4 4
3 70 2 6 6
4 44 4 10 5
5 60 3 9 6
6 50 6 6 8
7 70 4 4 10
8 80 4 6 7
9 80 8 8 6
10 70 8 10 8
11 60 8 2 10
12 50 8 4 2
13 50 2 10 10
14 70 6 2 4
15 40 6 5 8
16 40 2 3 2
17 60 4 6 2
18 80 10 6 10
19 40 8 6 4
20 60 10 10 4
21 50 10 2 6
22 70 10 8 2
23 80 6 10 2
24 40 10 4 8
25 60 6 4 6
26 60 6 6 6
27 40 4 4 6
28 80 5 10 6
29 60 6 8 6
30 60 2 3 6
31 60 2 6 6
32 76 10 6 6
33 78 6 6 2
34 60 4 6 10
35 46 3 3 2
36 74 3 5 3
37 46 3 5 3
38 72 5 9 3
39 46 9 3 3
40 74 8 6 3
41 46 5 5 3
42 46 3 3 2
43 74 3 7 9
44 46 3 5 9
45 74 3 9 9
46 46 9 3 9
47 80 10 10 10
48 46 9 5 9
49 74 9 9 10
50 40 2 2 2
51 48 4 4 4
52 66 6 8 6
53 52 5 7 4
54 60 2 6 7
55 70 7 10 8




R EALAE TR 45 36 & 45 3] 2025 4E 3 A

160 —a— X3S 470 x3 SWERRINGRE
— 1<%
140 e 60 Tab.3  Analysis results and training errors
120 F oy - . ;
s yhg 517 150 OiE | frE | B | O WhE | s
& 100} 8 - FEE | W/ | S/ | AR/ | SRS/ | HIXEIR 2/ AR R 2/
S~ S~
sl 140 uﬂﬁ;{ Kl | kN | kI kN % %
§ 60 l 130 22 1| 40.91 | 101.19 | 40.91 | 97.20 0 3.94
™ © 60% |o0 B 2 | 6.17 | 14.80 | 6.17 | 14.86 0 0.38
) 3 | 10.66 | 30.43 | 10.54 | 29.71 1.12 2.36
20 g \ 410
30 4 | 72,42 | 176.15 | 72.42 | 178.25 0 1.19
0 o 20 30 20 30 60 5 | 3248 | 62.33 | 32.48 | 62.49 0 0.26
E4 e/ % 6 | 49.99 | 304.70 | 49.99 | 304.25 0 0.15
7 | 48.22 | 174.13 | 48.22 | 173.41 0 0.41
B 10 JE45WREEm
8 | 22.63 | 87.87 | 22.63 | 87.86 0 0.01
Fig.10 Compression energy absorption curve -
9 | 40.44 | 56.42 | 39.37 | 55.53 2.65 1.57
YR RE 25 18 AT 05 LA, Z5 SR WL 3R 3. MR 10 | 91.08 | 173.48 | 90.58 | 160.52 |  0.55 7.47
- S B00F W HE 455 K8 W B M ) Bh =2 8 I 1Y 5% 11 [144.94 | 331.22 | 144.94 | 335.45 0 1.28
WA EE AR, % Fl MATLAB %1 8 7 4 2505 Ho 12 |243.81| 482.06 |243.81 | 468.15 0 2.89
. N . o " . 13 | 62.17 | 98.87 | 62.17 | 98.85 0 0.03
FIE 11 it 28 D00 286 ol 0 A5 Y . 6 BTG 50 4 B HE A .
14 | 29.65 | 89.73 | 29.65 | 89.45 0 0.32

e s PSR REA 5 5 ALAURRAE O S U FE AR 15 | 283.45 | 553.89 |283.45 | 549.51 0 0.79

R ARIE P 25 ) 245 K FE 3 i ST W BE RN Uh S A D 16 | 9.59 | 24.13 | 9.78 | 25.12 1.96 114

UL TP A 25 TN 2% T 0 A Y, T A A6 Y 147 2 PO Y 17 | 13.91 | 45.24 | 14.39 | 46.68 3.43 3.18
)ﬁﬁ/\\iﬁ,ﬁfﬁtﬂo Wiﬁ‘ﬁé’élﬂ%ﬁ{ﬂ”ﬁﬂ% 18 |111.09| 281.54 [111.09 | 287.00 0 1.94
19 | 112.56 | 307.20 [112.56 | 306.69 0 0.17

\/‘\4”1}\ ﬁ I]Ab—H—ﬂ:U LA‘/:\#/\**‘IJ_:,‘
B R D 3 2 R R AR 5 5 2% A 1 20 | 69.41 | 179.46 | 69.41 | 179.23 0 0.13

B 12,215 34 Ty W R A5 B T2 1 U 21 | 90.91 | 321.85 | 92.53 | 322.07 | 1.78 0.07

SRR 30,3001, BB AL & 2 0945 1 bR B R 22 | 0.94 | 55.38 | 0.94 | 53.65 0.35 3.12

logsig» W [a] U7 1k 45 SR A0 P 11 7 % o o 2600 7 A ol 23 | 7.89 | 23.53 | 7.89 | 23.65 0 0.54
2 [ 4R T R 493k 70 0,999 B 44 24 |337.38| 540.68 |337.38 | 537.66 0 0.56
) 25 | 54.23 | 155.14 | 53.78 | 158.12 |  0.83 1.92
1. 26 | 45.90 | 150.93 | 44.26 | 150.34 |  3.56 0.39

P w25 Wb 5] 3 3 h L S S5 05 B 27 [106.67 | 248.46 |106.67| 251.32 0 1.15

AR IR 2Z W32 3 s, AR PE F2 0T, W% RE B A Al 28 | 11.05 | 30.59 | 11.05 | 30.60 0 0.02

X‘Ti%ﬁ’flj‘j 503%,@ﬁﬁ§iﬁjﬁm%ﬁ%%j($ﬁ5ﬁ 29 45.27 | 151.72 | 45.27 | 149.19 0 1.67

AN 6.98% , FME WIS Mg a0 B e 8 O

31 | 18.79 | 36.86 | 18.79 | 38.34 0 4.01

BRI 2 PR 5 ALECI AR XS 158 22 L 45 R 32 | 14.78 | 48.00 | 14.04 | 47.99 5.03 0.03

B 12 BTz, BTS2 #0709 A 6 R 22 e B 33 | 10.51 | 32.44 | 10.51 | 33.94 0 4.64

1.05% ~3.87 % , Wk GE /AR oF 1% 22 R 2, IF B 7 34 | 92.17 | 187.61 | 92.17 | 186.96 0 0.35
/l‘?ﬁﬁélméﬁ?ﬁ{ﬂﬂﬁﬂﬁﬁ{ﬁ'ﬂ*ﬁfﬁiﬁ?%o 35 18.03 36.79 17.95 38.19 0.44 3.81
36 | 10.71 | 50.74 | 11.12 | 51.61 3.79 1.73

1| e 42 oY) 2% 3 SO0 A2 760 33 WA : : : : : :
%Jﬁﬁﬁiﬂ,ﬁ?ﬁm*ﬁ¢@ﬁﬂrﬂﬂjﬂﬂ@5&;}1‘}? 37 | 37.19 | 128.38 | 37.19 | 121.35 0 5.48
G H 2 B0 W B 5 R 1 IR B Ak S SCHE T R R 38 | 26.69 | 65.37 | 27.67 | 64.23 3.70 1.75
i, A 4 A4S S, N R AT R 2 39 | 77.15 | 149.88 | 77.77 | 151.29 |  0.80 0.94
s, gy 2 AR AR R [ AR, R 13 IR 40 | 34.86 | 110.98 | 34.86 | 107.13 0 3.47
14 }%ZT_\‘O H:I @ﬂ%ﬂ?%u@@%ﬁﬁﬁﬁ%ﬁmw 41 48.62 | 110.98 | 48.43 | 111.93 0.39 0.86
i 2 (L BE /B 1 S ) I [ 42 | 17.88 | 42.55 | 17.95 | 40.19 0.44 5.53
! ’ Ra W1 A 515 ) 43 | 30.89 | 37.01 | 30.89 | 38.03 0 2.75

AR LS MR B H OB A G, 5 A AR 44 | 31.82 | 85.58 | 31.82 | 85.76 0 0.21

TEFE 56, W BE K /NFIA) U <2 4 1 Wl A /il B 45 | 28.57 | 78.32 | 28.57 | 77.15 0 1.49

ﬁ,’ﬁt%j{ﬁo ﬁﬁﬁ{t{%&ifﬂ#%%ﬁuﬁmﬂﬁﬁ 46 |188.81| 82.79 |188.81| 82.49 0 0.37

ﬁﬁgi‘ﬁfﬁlﬂ%ﬁ,ﬁl:ﬂ'tfxli‘l“ﬁﬁgii'ﬁﬂﬁ/l\ﬁﬁ%%ﬂ A7 1126.25| 424.93 [120.74| 436.47 4.36 2.72

48 | 211.73 | 272.90 |211.73| 273.32 0 0.15

ﬁﬁ,ﬁﬁﬁ%(ﬁ(ﬁ[ﬂtﬁﬁ%ﬁtlﬁ,ﬁﬁﬁﬁﬂltﬂﬂ%ﬁ[} 49 |134.76| 380.76 | 135.05| 374.94 0.21 1.53

%%o 50 | 4.24 | 256.56 | 4.24 | 238.64 0 6.98

520 -



7 o 2 RE VRS 2 4 5 B SOTA P R BE A M BT M ek —— kA% EEE bl 4
_ (REiESZ: Yl .
180 1.05%  WEEMEHS 5 gro |
R =0.999 93 R =0.999 19 160f, 0 i amhe
3507 Lof ol i2s ] i i
300} y, &~ 25+ 0.0079 o5l 1.79% 60
92501 . E 120 2
200} .61 & 100 =
1501 0.4} w 80 S
100} 60 =
0.2}
50f 7 ~0. 99 2+ 0.0054 40 20
0° 50100150200250300350 0 0.2 0.4 0.6 0.8 1.0 20
XE XF
0 0
52 53 54 55
(a) W fig (b) X #H FEAGS s
11 HBEMEmNEE B 12 #HAREXREX

Fig.11 Prediction accuracy of

e & E/k]
Do -
$\Q~ s 8
5 %i
=

Bl

(a)L=6 mm,T =6 mm

W feE E/k]
Do N
sSo S S

N
(=3}

5&
'S

> N\
I

2 10

(d)H =60 mm,T=6 mm

S # 5 F/kN
nNo - (1]
(=] (=] (=]
[ = o o

Bo

@!
(=}
—_
(=}

Q,
\
&&
0
o
w

B/mm

(a)L=6 mm,T=6 mm

5 L5
5/mpy L/mm

X #J1 F/kN
— — Do
—_ (<1 (=} [ (=3
SO ©O O©O O O

(d)H=60 mm,T=6 mm

neural network

'S
[=3
S

N W
(==
(=R -]

WAL E/k]
2

'S
2o

Xy 80 LI

(b)B=6 mm,T=6 mm

300
200
100
0
10 10
5 5

P
T, B/ mm

W e E/k]

(e)H=60 mm,L =6 mm

B 13 IR BE fim Bz #

Fig.13 Energy absorption response surface

600
400

200

X #J1 F/kN

0
40
4. 60 10
/%] 80 5

L/mm
(b)B=6 mm,T=6 mm

600
400
200
0
10
3 5 5

2, 10 L/mm

(e)H=60 mm,L =6 mm

XS F/kN

B 14 0% 32 4% 7 06 AL i T

Initial supporting force response surface

Fig.14

&10
60 5

Fig.12 Comparisons of sample relative errors

(c)B=6 mm,L=6 mm

400
= 300
S~
€3]
1 200
31711%
= 100 10
0
5 &
2 4 6

<&
8 \
L/mm 16 %

(H)H=60 mm,B=6 mm

600
400

200

X # )1 F/kN

0
40

10
60 5

80
H/mm T/mm

(c)B=6 mm,L=6 mm

X # 5 F/kN
s o
oo 8 8 8
N
g o
o
S

A

jul
)
2

(DH =60 mm,B=6 mm

521 -



R EALAE TR 45 36 & 45 3] 2025 4E 3 A

A REEHS RS B

A WACA BT 78 5 1 SR 9 2548 224
M, 0N X =(xy,2,.05.2,) =(H,B,L,
T) & B2 B RS 5 E SO

Zia HARR B F W AE H b ek BORT ) 4 52
07 B b R BOR R, A R . A H
i bR B B/ IMEIC AL, IR ZR & B FR ek 4 F Y
TR LA B A5 . R 25 JE 2 A4S H AR ek 80
I Rt G X0 X A T H bR BRI AT 2 5 41k
Ab PR £ F AR eRECIN T

X) — [ i F2(X) = fomm
F<x>:—<w]’[l() /4 +w2f )/ ) (4

F i — f imin Fomex — f 2min
KOO RWRE H bR £ (XD R IR S 1 B bR
S imas ~ S 1min S8 A 2 2 R WG RE 45 B 45 R 04 55 KM RN A /D
TH 5 f 2w ~ S 2 2390 R 3R 2 RRIUR SCHE D15 LS5 R0 K
EME/ME ;0 w0, FAE . N REE H bR E b0, B
0.8,w, I 0.2,

LSS5 Sk W 465 48 1R A0 i S 4 ) R /N I %
TEVF TR 1652 ~ 2478 kN, P 4y 485 760 43 7 Bof S
FTF 1/4 SR R IL 4 R0 -

1652 2478

1 kN (X)) 1 kN
AT A A
min F(X) =
f‘](X)ifvlmm f‘Z(X)if‘Zmin
—w, LU ! 2min
N e — L7 Fomax — f omin

s.t. 413 kN << f,(X) < 619.5 kN

40 mm << 7; << 80 mm 2 mm <z, < 10 mm

2 mm<C x; << 10 mm
(5)
kM MATLAB # fF h f K & /b R 4L
fmincon #4172 Hinfi ki it . M4 K 13 FK 14
W3 WAL S, MG s 1(H LB, L,T) =
(40,10,6,10) WMk H 2(H ,B.L,T)=(42,8,6,
10) WIth A 3(H,B,L,T) =(40,9,6,9), ik
A E 3 Mtk ss R, &L 1(HL.B,L,T) =
(40,9.2,5.2,10) . L & 2(H ,B,L,T) = (42,
8.8,5.1,9.4) et 3(H.B,L.T) = (40,8.7,
5.5,9.5),

W15 i A 1 kb o SIEZ A
3%, HS P TG o, R 4R AR T B 16a BTR
2 PR s 2 AT 18 S AR VE D, S 4 g T T O
PEREE W RESSH R ORI . 16 b s BB S5 #E 3
IR B8, R ARt Ry 21 %, HASTE &l 16D
PR 5 1% B ZI W e 45 48 R 4 3 KO A i 28T .
B ESR N 359, AR T i & 16¢ s, i i)
2\ W Re 25 K K HE I 25 R B G R AR DR S A )

« 522 .

2 mm<1; < 10 mm

/N o MRS bk B 57 Yo i U RE 25 F 1 S B )
RENVF SO BB HARIE AN IE] 16d Bron W AE
L5 O FEAS R B S R SO T U R

1200

[ —a— ik
—o— Rt ri2 .
1000 | A ,ﬁc,f/t}é—“s /
Z sy b Ay
= \ A A
= 600f - oy
ﬁ s00 [\ s w160, 6%
a My 55<i
200 P
57011

0 10 20 30 40 50 60 70 80
E4e/%
B15 EMERIZENHE

Fig.15 Optimal result supporting force curve

(e=21% ()e=35% (De=57%
B16 UL 1BHERETE

Fig.16 Compression deformation of optimize point 1

B 17 AT AR AR S 1 76 R AR AT RE N Y B K

W RE N 270.8 kI, OUAL A 2 75 R 46 17 72 N A B K
WRE S 189.9 k. MMk /3 76 TR 48 47 #2 N A dc R
WREN 178.8 kI FrRLZEa HCE T AR AL A5 1 #Y
SCPETE A RE TR B R A PRRE R AT 58 42 X AR
P B AR AT R 2% A4S X B T R 43Sl 4 S T8
Hay o 7 IR g PRI TH 5 45 SR RE A5 S I 1) R A A6 7
R AR P AR TR A 25 08 R THE it A 1 % R 24 0 TR ke
PTEAY 1/4 SRR | SCHE T R W AR A AL
S HAEREA 1/4 TS5 R DA O o PR 70
R fE S 270.84 X 4=1083.36 k], S 11 K
607.323X4=2429.292 kN<(2478 kN, fF&E K,

(a)e=3%

350 —— fRfbAl
— 2
300F  —— fpk 3 !
= 250 270.8 k] 189.9kJ i
EZOOEZZZZZ_Z,ZZZ_,ZZZ_F,,
= 150} o
= 178.8 kJ e
= 100l 57%\LE 160, 6%
|
50 A
55% 't 1
1 n n 1 n 11 o n 1
0 10 20 30 40 50 60 70 80
E4it e/ %

17 RRERRBEHE

Fig.17 Optimal result energy absorption curve



By o 0 O VT 2 GO B B BB S B Bt — M EEF Wil %
M 1 16 20 A ol 0, DAk AR 1 B2 S8 ok 150 —v—ﬁi%g‘é +w§§§£ 900
—— ISR RE O L
2162.56 kN, ¥ Sy P sl R AR 1123 b 254 1251 - - 800
28.58 kN CHOTE P RGE GEM AR SR | RiaN 1o
B 245 AT B W R L B < Looo =
L4 E r 1400 gg
. . o 50f 4300 &
5 ERHR 1200
25
— 4 100
WRAEAL R 1 ZECR & B K 3D 4TE1 T 0

Pl i N = RS R VN R & S A IS M N i o
1+ 445 Lo il 4 s, anf 18 Frai

B 18 gk

Fig.18 Experimental specimen

SR PR ML X 8 A7 T 44 S 6 s 445 T 88
5 mm/min, X SR ANE 19 Fros. SL5
TR 4 1 DR A Bl 1) A AR AR TR T R A T —
7E H i 2 (005 B AP B X S5 06 e 4 72 T P X
FA — 2, BN R4 391 R LA ) 52 36 31 ) A
PR T AR IE (B s G IEAE) .

(a) JE 45 1
VEESS
(b) 47 31

- :

(o) BBt F
B19 TEE
Fig.19 Deformation diagram

7 R S B8 57 45 g ot 2 K % e i 2 n 7 20
IR o H L 20 R SR RS 3B s 4 524 T il
2 NI RE It e A b AR — B, 3 KR AR TR 4
P IAF AR B Y S Ty Wi iV e 7R B A
LA B ST ROR T IR A R e O T A
IR X 2w T2 gl F 2R A 3D FT B
i S A TR A AN A7 A AL A RO S BU
SREEREAG . & 20 R A XA S50 S8 ) L 0 B2
SR 2 o T A e e P s g 2 2 5 4 R BT
RN LI S BRI

D7 HEE R SCAR TR IR W (H O 135,143 kN, 52
W ARAF IR 46 SCHE ST 127.1 kN 5 B 5 52

o 1 2 3 4 5 6 7

E#AL# AL/mm
B 20 CHEHFRAE L
Fig.20 Supporting force and energy absorption curves

B AAX R 220 6.3%0 . 1 BB R RE &y 808.09

k], SCH0 e KR BE Ol 744,141 KT, M R 22

by 8.6 %6, MR 22 HE 106 LA L IR 2B/ IE
BT A7 BRIT 05 70 B S A A &5 2R B T S

6 %t

AR HE T IR A TR T K Y B L Y
Tofs 301 P9 THT B2 BRI N 1M1 7 320 0 1Y) L W g B J o
P TR UE B T BB N MR 25 4 1 430
i B R 485 440 1) 2 g i R - T 1 S T B 445 4 1) i
PREEHE . ST T WERE R SRR 25 A 1 S
T Bl A /0N 114 il 22 o 46 50 000 A AR, i 5 WL B 45 A
R4 Z5h H=40 mm.B=9.2 mm.L=
5.2 mm.T=10 mm, W HE& N 1083.36 kJ, &
J120 2429.292 kN FH L T 2162.56 kN, 32
PERWsh ZBCR 1123, L bR 22 4 28.58
kN F 58 UE B 3% d5 0 45 44 A5 G090 A Ee b Rk
RE4h ) A R AT MWL RE LRI .

5% 3K

(1] HZ5, FEN. B, 55, B7eh SO 2 R
BE WG REAS PR RE B MO MERELT . s 24k, 2023, 48
(5):2224-2235.
TIAN Liyong, ZHOU Yupeng, SUN Yexin, et al.
Energy Absorption Performance of Multicellular
Thin-walled Energy-absorbing Components of Anti-
shock Support Columns[J]. Journal of China Coal
Society, 2023, 48(5):2224-2235.

(2] XZ3R. By ol e ST 52 FO A% 2 25 =00 AR A4 14 O
FELD]. B 107 TR AR K%, 2019,
LIU Yagiang. Research on Corrugated Layered En-
ergy Absorbing Components of Top Beam of Scou-
ring-proof Hydraulic Support [ D]. Fuxin: Liaoning
Technical University, 2019.

(3] Fede. By w3 48 ok =X 4 J U0 11 Wt BE 44 1 BF 5
(DI EFH L BRALZ AL R K% 2022.

* 523



R EALAE TR 45 36 & 45 3] 2025 4E 3 A

[4]

(5]

[6]

7]

[8]

(9]

CHENG Long. Research on Toothed Metalcutting
Energy Absorbing Component of Anti-impact Hy-
draulic Support[ D]. Shenyang: Shenyang Aerospace
University, 2022.

EHRE, B, 2k, G BRSO B R
REWG R M R gE ()], B EOR 5 TR, 2020, 20
(9):3546-3551.

WANG Chunhua, NIU Huichao, AN Da, et al. Re-
search on Variable Gradient Thin-walled Energy
Absorbing Component of Scour-proof Hydraulic
Support[J]. Science Technology and Engineering,
2020, 20(9) :3546-3551.

VPSS, WG s, S0, 55, AR 2 1 W RE RS v ST
ZERPEREIT T[], MW 4, 2023, 54(5):224-231.
XU Hailiang, GAO Hanjun, GUO Xu, et al. Study
on Anti-impact Support Structure Performance of
Multi-direction Energy Absorption for Roadway[ J].
Safety in Coal Mines, 2023, 54(5):224-231.

MR AR AR LIRSS IR AR B £ i 75 B g
SR B R B ST B R, 2023, 51
(10> :302-311.

XIAO Xiaochun, ZHU Heng, XU Jun, et al. Nu-
merical Research on Anti-scour Characteristics of
Multi-cell Square Tube Energy-absorbing Column
Filled with Aluminum Foam[]]. Coal Science and
Technology. 2023,51(10):302-311.

JEYA . ATHEUR, EoE, AR 7S WERE A (AR RS AR
WSS T AR (1], R 58 M 5 TR 2 3R,
2018, 14(1).72-77.

TANG Zhi, FU Hongyuan, WANG Jian, et al. En-
ergy Absorption Characteristics of Hexagonal Thin-
walled Component under Quasi-static Radial Com-
pression[ J]. Chinese Journal of Underground Space
and Engineering, 2018, 14(1).72-77.

M. ERG, W% — 0. o F B s 806 JE i i)
REREVER M OF S L) ], R 35 vhdi, 2018, 37(13):
141-148.

HAO Zhiyong, WANG Shuailing, PAN Yishan.
Anti-impact Folding Barrels’ Buckling Energy Ab-
sorbing Characteristics[]J]. Journal of Vibration and
Shock, 2018, 37(13):141-148.

19 W 5. AR R T S R S AR e B e v 1
SWHFFELD1 0B Pk BH A 28 i K K%, 2022,

YANG Yuze. Design and Research of Energy Ab-
sorbing Anti-impact Component of Hydraulic Sup-
port for Roadway Advance Support[ D]. Shenyang:
Shenyang Aerospace University,2022.

(10 X%, Biy v 0% BE VAL IR 52 48 B S04 A 80 700 W B 4 1F

FIBFsE[D]. B 0 7 TR AR K%, 2020.
LIU Huan. Research on Straight Corrugated Tube
Energy-

Eversing Component for Anti-impact

524 -

[11]

[12]

[13]

[14]

[15]

[16]

[17]

absorbing Hydraulic Support[ D]. Fuxin: Liaoning
Technical University, 2020.

Rgm . bl A% 8 S 22 By v R B A Ak Bt
[D]. Jest . db7r Tolk K%, 2020.

SONG Jiaqi. Anti-scour Performance and Optimi-
zation Design of Support in Rock Burst Roadway
[DJ.Beijing: North China University of Technolo-
gy. 2020.

XL, B T B J7 T8 W 5 45 H S g v A
REMFFEL0]. B LHLBL . 2022, 50(10):7-15.
ZHAQO Hongbin. Research on Performance of Sup-
port Buffer Based on Gradient Square Honeycomb
Structure [ J]. Mining &. Processing Equipment,
2022, 50(10) :7-15.

#h. ZHD6000 R BE B i o i =2 428 240 RE A4
PRARFSE (D], BB 107 TREAR K, 2017
HAN Chong. Research on New Energy-absorbing
Components Using ZHD6000 Energy-absorbing
Gantry Hydraulic Support [ D]. Fuxin: Liaoning
Technical University, 2017.

ZHANG Huikai, FENG Xigiao. Buckling-regula-
ted Bandgaps of Soft Metamaterials with Chiral
Hierarchical Microstructure[ ] ]. Extreme Mechan-
ics Letters, 2021, 43:101166.

GRIMA J N, WINCZEWSKI S, MIZZI L, et al.
Tailoring Graphene to Achieve Negative Poisson’s
Ratio Properties [ J]. Advanced Materials, 2015,
27(8) :1455-1459.

Se/NAT, ZIREIL. BRI LU BRSO R S R
REMEBEAT T[T ). MLAGR B . 2023, 45(4):826-837.
WU Xiaoli, LI Zhaokai. Study on the Equivalent
Properties and Energy Absorption Properties of a
Novel Material with Negative Poisson’s Ratio[ J].
Journal of Mechanical Strength, 2023, 45(4) .826-
837.

JER. AR RE P b AR 1 SRR (D], B L
TLRHEARE, 2014,

TANG Zhi. Study on Self-moving Energy Absorp-
tion and Anti-impact Roadway Support[ D]. Fux-
in: Liaoning Technical University, 2014.

(wE EEBR

EFE Ir .otk 2, 05,1990 4R BIHUEZ T, BF5Er 1 A HL
ARG oh F12 o 544 . E-mail : 329833309@qq.com.,
AT R

Y RE PN 5 AR TINE N TR UL QTR B S =Y iR ER VN A
BESS BT R AEALLT ], b EBLAK T/, 2025,36(3) :515-524.
SHEN Jiaxing, DONG Jianxiu, FAN Zhonghai, et al. Design and

Optimization of Negative Poisson’s Ratio Energy Absorption

Structures for Anti-shock and Absorption Hydraulic Support Lat-
tices[ J]. China Mechanical Engineering, 2025, 36(3) :515-524.



