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ARTICLE INFO ABSTRACT

Article Type This study aims to experimentally and numerically investigate the energy absorption of square lattice tubes with
Original Research uniform and functionally geometrically graded distributions of re-entrant auxetic cells. Three stainless steel 304
specimens were fabricated using a rotary laser cutting machine. These specimens included two auxetic tubes with
uniform cell distribution and one with a functionally geometrically graded cell distribution. Quasi-static axial
compression tests were conducted on the specimens using a 300 kN universal testing machine. Numerical

simulations were performed using Abaqus, and the results were validated against experimental data. The influence

of cell angle and cell-wall thickness on the energy absorption capacity of uniformly distributed auxetic tubes was
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parameters for analysis are energy absorption, specific energy absorption, initial peak force, and crushing force
efficiency. The functionally geometrically graded distributions of auxetic cells improved the evaluation parameters
relative to uniform cell distributions in lattice tubes. Specifically, the optimally performing graded tube (Gt-
Re45t1.0t1.6) exhibited 56% higher energy absorption and 65% higher specific energy absorption compared to the
best-performing uniform tube (Ut-Re45t1.4t1.4). Furthermore, its crushing force efficiency was 165% higher, while

the initial peak force was 41% lower.
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Abbreviated names and geometric parameters of auxetic Table. 1
structures

l; = 14 (mm),l, = 7 (mm),d = 2.8 (mm),a = 80 (mm),R = 4.5 (mm)
Abbreviated names Mass H  Abbreviated names Mass H
of specimens (g) (mm)  of specimens (g) (mm)
Ut-Re45t1.2t1.2 224 97.8 Gt-Re45t1.6t1.6 241 98.6
Ut-Re45t1.4t1.4 251 994 Gt-Re60t1.0t1.6 231 1162
Ut-Re60t1.2t1.2 216 1154 Gt-Re60t1.0t1.0 232 1162
Ut-Re60t1.4t1.4 242 117.0 Gt-Re60t1.6t1.6 232 1162
Ut-Re75t1.2t1.2 208 126.6 Gt-Re75t1.0t1.6 221 1274
Ut-Re75t1.4t1.4 232 1282 Gt-Re75t1.0t1.0 222 1274
Gt-Re45t1.0t1.6 239 98.6 Gt-Re75t1.6t1.6 222 1274
Gt-Re45t1.0t1.0 241 98.6
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Table. 2 Properties of 304 stainless steel

p(g/ecm®) v E(GPa) 6,(MPa) &, o,(MPa) ¢,

8 029 193.7 339.4  0.00376  719.1 0.8643
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Fig. 4 (a) Three dumbbell-shaped specimens before and, (b) after the

uniaxial tensile test.
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Table 3 Total number of elements in the auxetic structure and support
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Fig. 8 FE boundary conditions for auxetic structure. 2 ! ! 4 12 14 1875 27408 U
2 2 2 6 14 16 5184 91224 Y
3 4 3 8 16 18 7056 172056 ¥
4 6 4 10 18 20 12500 373024 ¥
5 8 5 12 22 24 23812 732520 ®

ts S5 2 6
teds ‘0" P4
tECCL= P04

%)
(=]
(=]

teC(<=rPP b b oMb
pe€<<=>>7 ¢ GELIEN
2 - N
<RAXXBI5Ss, T
"‘**“” ot 4 ‘::: Ne
z s glas —
ST Sso dly) S 51000 5518 IS <] ‘ _ .
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Fig .6 Production of the specimens, (a) cutting of a thin-walled tube by a
440 Ut-Re60t1.211.2 rotary laser machine and (b) an auxetic lattice tube after cutting
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Fig. 10 Sensitivity analysis of absorbed energy versus the number of
elements for the Ut-Re60t1.2t1.2 specimen
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Fig. 13 Comparison of the collapse mode of the Gt-Re60t1.0t1.6

specimen between experimental results (left images) and numerical
results (right images) up to 70 mm under axial compactness.
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Fig. 11 Comparison of experimental and numerical force-displacement

curves of auxetic tubes under quasi-static axial loading (a) uniform
tubes and (b) graded tubes
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Fig. 12 Comparison of experimental (upper images) and numerical

(lower images) of the final deformation in the uniform tubes from
the top view
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Table. 4 Comparison of experimental and numerical results of auxetic
structures under quasi-static axial loading

Specimen  Model EA  SEA frean Fyy  CFE

@ G ® W o

FEM 360.6 1.7 5152 10250 50.2

UtRe601.261.2  pyp e aag 160 484071103007 47.0
Error (%) 6.4 0.5 6.8

FEM 4403 19 6289 13657 460

UEReO0EL4A o 104 18 sso1 13602 433
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Error (%) 6.8 04 62

FEM 5913 26 8448 8199  103.0

GERGOILOLG  pyp 5706 25 8180 8052 1016
Error (%) 32 1.8 14
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Table. 5 The FEM results of uniform and graded auxetic tubes

: EA SEA p. Fo. F., CFE
Specimen N F o (% (Z{ 9
Ut-Red45t1.2t1.2  410.2 1.8 5861 6660 11415 85.3
Ut-Re45t1.4t1.4 506.5 2.0 7236 10130 16450 71.4
Ut-Re60t1.2t1.2  360.1 1.7 5152 10250 10250 50.2
Ut-Re60t1.4t1.4 440.3 1.8 6289 13657 13657 46.0
Ut-Re75t1.2t1.2  308.5 1.5 4408 11402 11402 38.6
Ut Re75t1.4t1.4 397.3 1.7 5676 16007 16007 35.4
Gt-Red5t1.0t1.6 790.7 3.3 11296 5962 20302 189.4
Gt-Re45t1.0t1.0 6009 2.5 8585 6657 18903 129.0
Gt-Red5t1.6t1.6 7773 3.2 11104 5962 29599 186.2
Gt-Re60t1.0t1.6 5912 2.6 8445 8199 12772 103.0
Gt-Re60t1.0t1.0 5805 2.5 8293 8940 9104 92.7
Gt-Re60t1.6t1.6 565.7 2.4 8081 6514 14801 124.0
Gt-Re75t1.0t1.6 5228 24 7469 9517 10682 78.4
Gt-Re75t1.0t1.0 5714 2.6 8163 12743 12743 64.1
Gt-Re75t1.6t1.6 526.0 24 7513 9517 13933 78.9
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Fig. 14 Comparison of force-displacement curves of auxetic tubes, (a)
uniform tubes with 8 = 45°and 6 = 75°, (b) graded tubes with

6 = 45°, (c) graded tubes with 8 = 60°, and (d) graded tubes with
6 =75°
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Fig. 15 Comparison of the final deformation modes of uniform square
tubes under 70 mm axial crushing using FE simulation
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