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Figure 1 Specimens of the envelope material.
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Figure 2 (Color online) Stress-strain curves of the envelope material
in the warp (a) and weft (b) directions under different loading rates
(25°C).
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Figure 3 (Color online) Stress-strain curves of the envelope material
in the warp (a) and weft (b) directions under different temperatures
(20 mm/min).
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Figure 4 Oblique view (a) and front view (b) of the three-dimensional
model of the metamaterial structure.
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Figure 6 Schematic of the unit cell model under loading along the x-
direction.
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Figure 7 (Color online) Deformation (a) and internal forces (b) of the cosine fiber bundle loaded along the x-direction.

EllipticE/2 235 — P & R AR 4 B 3L, EllipticK A2 58 —
Foft 58 B R 5 R 2 b A 200,

SN AR RN JJ 80 R
e, =20,/ (v+ 1),

o,=F/ul.

(N

R L F7- N2 AR 1 9% 8 W] LAAS 3 5 A R A x5 (7]
K25 R

E,  w33Q2t+1)
L~ 2g(hitg) ®)
3.3 JHAMEE

2GSRIy T 10 2B, A8 RS T B A AL
T, FLAERN FJ IR AR IR

0,=2F/(v+ )bl .
e, =2F/ Ep°P. )
T 1 Z A A BTyl 7 ) b S A R

E

szv-‘i}-l' (10)

2 GERG Wy 75 1] 52 T Xl T AR TR A R AR
15ﬂs=veJV/2,

11
£y =20,/ (1, +1). (D

PRI T RATH 5

_7‘9yx 2t
Vi = —y—2t+1v. (12)

W4y, B, = v, E,, AT 5]

X

w332t +1)vE,

Yo T 2 E: >

4 ARTHE

1| F Abaqus i B A4 Ak B i 5 A4 04T HE R AS S PSS
oL, DAIRECC Iy [ R S s e A B 5 v A bl A
MR PREEN: RIZA MRS BT E5M,
oy 8 ) Sk et s S ST = A LT R AR IR A
5% £ 24 SRR TR B 45 4 49 ol g 2 R PR REOUE 45 1) [ A R
) R MR AL R AR X RS SR = 4 4 ek AR 43 BT
C3D8R, H A R5ZAEME 1924 T 544145 11,
T H LM E 1008 IG5 148015 4, IRE HE 4
T U A3 BT CARR PR LR FE

AR B LR R A T T RS & BESRAE T P JE R
JERAEE FI SRR AT N, BN AEX T W] (INZEK 77 1))
5y 77 1) (THT PN A ) )it o & 3 0 7 4 F

R ENZHEA R R T WONE TRIEFE 45K, H
SRR FRAR AR ) JETE JEFE J5 ) FE AN 2 T PR A
W, DRIz 7 TR ANt R B 4, TSR A —
W —ME B s, DU E Sl R e A AR
(RS bRaZ JIIRAS.

Ui ECR 1 58 b2, JRLE MG Y e

114620-6



J &5, hER: WY )% R

2026 4 B 56E 11

TN TEALRS . il R S R T A3 5 R
RiAgYy, A XN 15 4 MR, IF A 2
SRR R, BRI R AR S5 SRR Ty 27 [ L
MARER, MTHSEEs ke thy. A RT A OR
FE S ER DT — I INER N TAR BT T, X
U FCSE = 4EJUTEAT TR AR, MEUE A IR
T EARRR R R A 5 S AN 1 S EEE . T
MBS 5HMRITA RN, 7T EUA ROP A fa e s
XTSRS L SR, G HOE IV F R S,

41 PBAEAMOREH

N T ARBUE A RL S5 R B AE X T )RR LT )
AR S IARa b, R AE Abaqus H%) B AR AR
0 I T AR, R I 1 R A A B T
52 A HAHRT L AR AR — B RE 2, DTS R
TERAR FRI N TERR A ARSI — &0 . S LT
B AR W7 I ZE (e = O)VRIAG (x = DT ¥y
TR = )G = ul)~ #z7 FI T = 0)Fl
F(z = vyt Forr, JE IR S A RO R RS 2
BROSZHL. A5 AE OGS THT ARAT — 45 o™ 506 N a2 ]
I 2 R R
u' —u =E-Ax, (14)

2, AP 1T R T AAR AR 22

RN, AAEx Sy T 0 A A 5 A,
P CAZRAL SR A2 T P 7 T ) JE R R S HE A s ;. %
JERIFEAARRL A JRAEZTT WA IR B FESE ), HSEPR
BN AN AT BR MBS, AL AE 55 1) AR i
FSIEL 2, TR — LR — B d a5
e, LA ORAT R THR A (1 B 5 B

42 BRTHEER
FA AR R PR e B A R KIS A9 .
F 1 BRI R A I S A 7 =X

Table 1 Application method of periodic boundary conditions for the
unit cell model

T f475 17 AR T S AL A =X
X x=05x=1 u+*u7:[8xOO]Lx
¥ y=05y=ul ut—u =[000]

z=0 u,=0
- z=vi [ Hiil 5

S, Mises

(*F13: 75%)
+2.586e+01
+2.370e+01
+2.155e+01
+1.939e+01
+1.724e+01
+1.508e+01
+1.293e+01
+1.077e+01
+8.620e+00
+6.465e+00
+4.310e+00
+2.155e+00
+2.100e-04

B8 (MZhoRz ) A BRI H:M 2 ]

Figure 8 (Color online) stress contour from finite element simulation.
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Figure 9 (Color online) Finite element simulation strain contour in the x-axis (a) and y-axis (b) directions.
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Structural design and mechanical performance of novel
low-Poisson’s-ratio airship envelope materials
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To address the issues of pronounced lateral contraction and poor deformation compatibility in conventional airship
envelope materials under tensile loading, this study introduces a novel airship envelope material with a low-Poisson’s-
ratio feature by applying metamaterial structural design concepts to typical polyamide/polyurethane composite airship
envelope materials. First, uniaxial quasi-static tensile tests were conducted to obtain stress-strain curves and key
mechanical parameters of the typical airship envelope material, revealing its significant anisotropy and strain-rate
sensitivity. Subsequently, a metamaterial unit-cell theoretical model based on cosine-shaped geometrical features was
constructed, and quasi-static tensile simulations were performed using the finite element software Abaqus to extract the
equivalent elastic modulus and Poisson’s ratio of the structure. The results show that the proposed envelope metamaterial
structure maintains an elastic modulus comparable to that of the conventional airship envelope materials (approximately
150 MPa), and the Poisson’s ratio is drastically reduced to about 3.4x107*, three orders of magnitude lower than that of
typical composite airship envelope materials (Poisson’s ratio = 0.4). This remarkable reduction in Poisson’s ratio
effectively mitigates lateral contraction and enhances deformation compatibility. The study demonstrates that geometric
and topological tailoring enables precise control of the macroscopic mechanical properties of airship envelope materials,
providing a new theoretical foundation and engineering pathway for flexible inflatable structures requiring high
adaptability and minimal lateral deformation.

metamaterial structure, airship envelope materials, Poisson’s ratio, elastic modulus, finite element simulation
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