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Fine structures in industry
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Fine structures in nature
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Fine structures in nature
| beriodic | stochastic | Hierarchical
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[Bhate et al. 2019]
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[Yan et al. TVCG, 2020] [Tian et al. SCF, 2020]

[Lu et al. TOG, 2014]
Parametric Kernel driven Implicit Function driven Parametric Kernel driven
Anisotropy X Anisotropy X Anisotropy J
High Stiffness J High Stiffness J High Stiffness J
Double Connectivity X Double Connectivity J Double Connectivity J




) H A YR HE R S A AL

— Coupled optimization of geometric
structures and physical properties

v" Modelling in a global design space
X High computational cost

Top-down Approaches

ot

Bottom-up Approaches

(microstructures)

— Decoupled optimization

Feasible for high-resolution structures

v
v’ Efficient simulation (Homogenization)
v

Efficient microstructure design
(Metamaterials)

Two-scale Approaches
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Geometric Microstructures (Metamaterials)
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* Small-scale architectures that modify the macro-scale behavior of
an object.

e Separation of scales. The mechanical behavior of microstructures is
the average behavior of a sufficiently large volume filled with those
microstructures.



Microstructures

/ Properties \
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v' Metamaterials derive their properties not from the properties of the base materials, but from their newly designed structures.
v The precise shape, geometry, size, orientation and arrangement gives metamaterials smart properties that go beyond what is
possible with conventional materials.
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Localization step

Ky o Kyl |y fi Integration step
' Ko | |us f2
Kﬂ.Q T -Rﬂ.ﬂ_ _un_ _fn_
Base material C? Local displacement fields u Homogenous material C*

Localization step: /chjkgfﬁj(v)csz(u)dﬂ = /ch)jklgéj(v)gkidﬂu & Solving linear equation systemu = K~1f

Integration step: CH = ﬁzeeﬂ(so — ee(ue))TCb (g0 — €0 (ue)) dQ
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Physical properties of microstructures

MR DZ e E R (Mechanical Property Profiles, MPP)
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WA i B - Fi . (Homogenization)

Localization step
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Integration step

I

Base material C?

Local displacement fields u Homogenous material C

Localization step: FEM&Solving linear equation system u = K1 f is quite time-consuming!

Integration step: CH =

|_511|Zeeﬂ(€0 — &e (ue))TCb (80 ~ e (ue)) df
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Explicit microstructure-to-material map
[Schumacher et al. 2015]

Filter: 5x5x5@16
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I Conv
Conv + RelLU *
RelU
101x101x101x2 101x101x101x16 50x50x50x16 50x50x50x32 25x25x25x32 500Kx1

Pooling: 2x2x2  Filter: 5x5x5@32  Pooling: 2x2x2  Flattening  Fully Connected Layer

Implicit homogenization predictor via CNN
[Rao et al. 2020]

64x64x12
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PH-Net (Parallelpiped microstructure Homogenization)

‘ Material-voxel tensor @ Shape-material transformation
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MPE Loss
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PH-Net (Parallelpiped microstructure Homogenization)

Pros:
* Material-voxel tensor and shape-material

transformation make the input of PH-Net

more generalize w.r.t microstructure

type, base material and boundary shape

* Label-free and high efficient CNN

framework

* Not only for predict homogeneous
properties but also for microscopic
properties, e.g., strain and stress

distribution and yield strength, etc.
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Parameters of PH-Net

e Microstructure Q AR S B R (IS

e Base material
— Hard base material CP?
— Soft base material CPS

* Boundary shape

— Angle atyy, ay,, ay, T
— Scale [,, ly, L, ﬂ

< C
im
. 3
Shear matrix S(axy, Ayz, axz) 4

Scale matrix T(ly,1,,1,)
Shape transformation J = ST

Cubic P Parallelpiped @ 17




The generalization of PH-Net

« Material-voxel tensor C?* x Q + €P x (1 — Q) as Input
» CPM: hard base material
> CPS: soft base material

> (: voxel-based microstructure

* Shape-material transformation [Limited to parallelpiped boundary shape]
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MPE Loss

Results of PH-Net

Label-free and high efficient
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e Training time: PH-Net 20 hrs. (66 epochs) with 50K inputs
e Magnitude of prediction error: PH-Net 10~3, Numerical homogenization 10~°
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Volume fraction v

Prediction time: numerical homo. v.s. PH-Net

e Prediction time: PH-Net 5ms, numerical homogenization [6s, 14s] along with the increase of volume fraction
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Results of PH-Net

Not only for predicting homogeneous material, but also for microscopic properties

Young’s modulus surface visualization Worst-case stress distribution field
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Conclusion

Method On-the-fly Microstructure type Base material Boundary MICfOSCC?pIC Label-free
shape properties
Numerical
H izati 2 v v Vv vV _
omogenization
MlcrostrE.|cture-to- J % > % % %
material map
J
Current ML/DL methods v X X X X
PH-Net v v v v V v




MANGO: Microstructures ANalyzer, Generator and Optimizer

Design Filter Material Space Microstructure Display Microstructure Profile Model Slicer
Truss TPMS Shell Al ] Import  Analyse (shell)  Analyse (truss)
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Live demo
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