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3D Auxetic structures

Re-entrant structures

Chiral structures

Others
(rotating, 
foldable 

structures, etc.)

Auxetic foams

Auxetic

Negative Poisson’s ratio

Deformation schematics of non-auxetic and auxetic structures.

Non-auxetic Stretch - thinner

Stretch - thickerAuxetic Material
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Motivation

Current design of 3D auxetic 
structures

• Negative Poisson’s effect is 
limited to one/two directions

• Pure auxetic effect that 
decoupled with shearing 
behaviors. 
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Target design of 3D auxetic 
structures

• Programmable negative Poisson’s 
effect in all three directions.

• Controllable auxetic effect that 
could be coupling or decoupling 
with shearing behaviors –
Anisotropic auxetic structures. 



Part I: Design
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New 3D Lattice Structures

Kelvin Cell

Twist

Quadrilateral Faces 
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Note:
6 independent elastic constants

𝑮𝒙𝒚 ≠ 𝑬𝒙/𝟐(𝟏 + 𝝂𝒙𝒚)

Not transverse isotropy
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<0   Chiral Symmetry2 Rotational
Symmetries

No Mirror Plan

• Around z-axis by ±90°

• Around axis [𝟏, 𝟏, 𝟎] by ±180°



Chiral symmetry
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Can be superimposed

Can not be superimposed

Achiral objects

Chiral objects

Left hand   Mirror   Right hand

• z-axis by ±90°

• Axis [𝟏, 𝟏, 𝟎] by ±180°

❖ No Mirror Plane 
❖ 2 Rotational Symmetry   

x-y view

y-z view

(6 Independent Parameters, 0 mirror face)

0

0
0
0
0

0
0
0
0

0
sym

0
0

Non-central forces

Negative Poisson’s ratios



Part II: Characterize Hooke’s Matrix
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Inverse Characterization Method
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Cost objective function

Distorted Kelvin 
cell foam
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Inverse 
Characterized
Elastic 
Constants:
Normalized 
to 𝐻33 of 
isometric KC

Twist Z faces:
𝛼 = 𝛽 = 0; 𝛾 = 𝜙

6 independent elastic constants

Cell size:
ℎ𝑐 = 3 mm
Struss diameter:
𝑑𝑠 = 0.5 mm 0

0
0
0
0

0
0
0
0

0
sym

0
0

Twist Z + Y faces:
𝛼 = 0; 𝛽 = 𝛾 = 𝜙

6 independent elastic constants

0

0
0
0
0

0
0
0
0

0
sym

0
0

Twist Z + Y + X faces:
𝛼 = 𝛽 = 𝛾 = 𝜙

3 independent elastic constants

0

0
0
0
0

0
0
0
0

0
sym

0
0



Equivalent Poisson’s ratios
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Twist Z+Y:
𝛼 = 0; 𝛽 = 𝛾 = 𝜙

𝜈𝑦𝑧 > 𝜈𝑥𝑧 = 𝜈𝑦𝑥

Twist Z+Y+X:
𝛼 = 𝛽 = 𝛾 = 𝜙

𝜈𝑦𝑧 = 𝜈𝑥𝑧 = 𝜈𝑦𝑥

Twist Z: 
𝛼 = 𝛽 = 0; 𝛾 = 𝜙

𝜈𝑦𝑧 = 𝜈𝑥𝑧 > 𝜈𝑦𝑥
<0 



𝐻 = 𝑓(
𝑑𝑠
ℎ𝑐

, 𝐸𝑠𝑜𝑙𝑖𝑑 , 𝑜𝑡ℎ𝑒𝑟𝑠)

Twist Z + Y + X faces: 𝛼 = 𝛽 = 𝛾 = 𝜙
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Normalized Young’s modulus: 𝑬 = 𝑬/𝑬𝒔𝒐𝒍𝒊𝒅

𝜶 = 𝜷 = 𝜸 = 𝝓(°)

𝜌 =
𝑑𝑠
ℎ𝑐

Poisson’s ratio: 𝝂 = 𝝂𝒚𝒛 = 𝝂𝒙𝒛 = 𝝂𝒚𝒙

𝜶 = 𝜷 = 𝜸 = 𝝓(°)

Diameter of the beams of the cell

Size of the cell



Part III: Additive Manufacturing & Tests
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SLS - selective laser sintering

• SLS - a laser selectively sinters the particles of a 
polymer powder layer by layer. 
❑ No need for support materials: complex geometry.

❑ Limited to the cell size and accuracy of the 
specimens. 

• TPU Materials - Thermoplastic Urethane 
❑High Elongation ~500% 

❑Relatively lower compression modulus: Ex = 15 MPa, 
Ez = 20 Mpa, Poisson’s ratio = 0.45

❑ Selected to demonstrate large deformation shapes

❑Cheap for testing

𝒉𝒄 = 10 mm
𝒅𝒔 = 1.5 mm
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Compression – Z: Print direction (strain =50%)

ExperimentsSimulations

Twist Z faces

Twist Z, Y, X faces
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ℎ𝑐 = 5 cm, 
𝑑𝑠 =3.2 mm, 
Cellular size: 

2 × 2 × 2
Material:TPU

Relative error (%)

KC 1.06

𝑇𝑧(30°, 30°) 6.59

𝑇𝑧(60°, 60°) 6.17

𝑇𝑧(90°, 90°) 0.57

𝑇𝑧(−30°, 30°) 0.99

𝑇𝑧(−90°, 90°) 1.95

𝑇𝑥𝑦𝑧(−30°, 30°) 16.08

𝑇𝑧 30°, 30°
𝑇𝑥𝑦(−30°, 30°)

3.86

𝑇𝑧 60°, 60°
𝑇𝑥𝑦(−60°, 60°)

5.88

𝑇𝑧 90°, 90°
𝑇𝑥𝑦(−90°, 90°)

21.23



ExperimentsSimulations

Twist Z faces

Twist Z, Y, X faces
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Compression – X:  Perpendicular to print direction
Relative error (%)

X Z

KC 1.09 1.06

𝑇𝑧(30°, 30°) 5.03 6.59

𝑇𝑧(60°, 60°) 9.74 6.17

𝑇𝑧(90°, 90°) 0.79 0.57

𝑇𝑧(−30°, 30°) 15.4 0.99

𝑇𝑧(−90°, 90°) 8.73 1.95

𝑇𝑥𝑦𝑧(−30°, 30°) 16.08 16.08

𝑇𝑧 30°, 30°
𝑇𝑥𝑦(−30°, 30°)

4.92 3.86

𝑇𝑧 60°, 60°
𝑇𝑥𝑦(−60°, 60°)

14.29 5.88

𝑇𝑧 90°, 90°
𝑇𝑥𝑦(−90°, 90°)

37.09 21.23



Compression Tests: Z - direction
Reference Kelvin cell (KC)

𝜶 = 𝜷 = 𝟔𝟎°, 𝜸 = 𝟔𝟎°

Cell size 
(mm)

Diameter
(mm)

Twist X, Y
(𝜶 = 𝜷)

Twist Z
(𝜸)

Stretch 
X,Y 

Stretch Z

14 2 60°/90° 60°/90° 1 1

𝜶 = 𝜷 = 𝟔𝟎°, 𝜸 = 𝟗𝟎°

𝜶 = 𝜷 = 𝟗𝟎°, 𝜸 = 𝟔𝟎°
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Compression Tests: W/O Stretch
Reference Kelvin cell (KC)

𝑺𝒙𝒚 = 𝟏, 𝑺𝒛 = 𝟏

𝜶 = 𝜷 = 𝜸 = 𝟔𝟎°

Cell size 
(mm)

Diameter
(mm)

Twist X, Y
(𝜶 = 𝜷)

Twist Z
(𝜸)

Stretch
𝑺𝒙𝒚

Stretch
𝑺𝒛

14 2 60° 60° 1/1.3 1/1.3

𝑺𝒙𝒚 = 𝟏, 𝑺𝒛 = 𝟏. 𝟑

𝜶 = 𝜷 = 𝜸 = 𝟔𝟎°

𝑺𝒙𝒚 = 𝟏. 𝟑, 𝑺𝒛 = 𝟏

𝜶 = 𝜷 = 𝜸 = 𝟔𝟎°
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Add reinforced structures

ExperimentsSimulations
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Cell size: 1.5 cm
Beam radius: 0.9 mm
Material: PLA
AM: PDM
Printing direction: Z
Cell: Twist Z of 90°

Stiffness reinforcement
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Part IV: 3D Auxetic + Anisotropic
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Classical Linear Anisotropic Elasticity
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3D Full Anisotropic Cell + Auxetic
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Chirality: 
1 Rotational Symmetry

+
0 Mirror Face

Auxetic
Negative Poisson’s effect

Antisymmetrical
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Uniaxial Extension： a)， Isometric Array， b) - d): Anisotropic lattice arrays
Uniaxial extension: anisotropic lattice arrays with different shapes vs an isometric cell array. a) reference isometric Kelvin cell array (undeformed 
mesh in blue, transverse displacements constrained at both ends);  b) cubic sample, anisotropic cell; c) slender sample, anisotropic cell, length to 
edge ratio 20; d) cantilever beam sandwich with anisotropic cell core. 

Sandwich Panel

Isometric
Kelvin Cell

Full Anisotropic Cell 

Cubic

Slender Beam



sym
sym

Hooke’s tensor 

(21 variables)

(a) 

0
0
0

0
0
0

00

sym

(c) (e)

(b) (d) (f) (g)

0

0
0
0
0

0
0
0
0

0sym sym sym

𝒙𝒛-plane view

𝒙𝒛-plane view

𝒙𝒚-plane view

𝒙𝒚-plane view

𝒚𝒛-plane view

𝒚𝒛-plane view

Distorted Kelvin Cells & New Anisotropic Hooke’s Matrix
Examples: Has Rotational Symmetry but NO Mirror Face
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Part V: Are they useful?
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Potential Applications

❑Energy absorption: vibration, shock force, bending, 
indentation resistance, etc. 

❑Multi-scale vibro-acoustic structures.

❑Large coupling deformation applications: soft robotics, 
sensors.

❑Thermal insulation: Multi-material lattices.

❑Lightweight multifunctional applications for aerospace: 
ceramic, metal 3D printed lattice structures. 
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Conclusion

❑A new group of 3D auxetic lattices and extended to full 
anisotropy.

❑Discover new linear anisotropic elasticity without mirror 
plan those not belong to classical linear anisotropic types. 

❑Programmable Poisson’s effect and elastic coupling 
behaviors.

❑Inverse characterized the anisotropic elastic material 
properties. 

❑Primary study of 3D printing anisotropic lattices.
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Thanks!

huina@kth.se
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Symbolic Expression of Linear Anisotropic Elasticity
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