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What do soap films have to do with this?




U1 Porous biomaterials
U/ Triply periodic minimal surfaces
U3 Folding minimal surfaces

04 Summary & conclusions




POROUS BIOMATERIALS




BONE STRUCTURE

(spongy) bone

e [rabecular

« Complex microstructure

e Porous

e Hierarchical
« Curved

« Remodeling

. o o o

Perilli et al., Bone, 41 (2007)
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« Synthetic porous biomaterials
« Mimic natural bone

« Multiple requirements

e
TUDelft

BONE SUBSTITUTES

Mechanical
Properties

A

Mass Transfer Biological
Properties Properties



« Additive manufacturing

]
TUDelft

POROUS BIOMATERIALS
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POROUS BIOMATERIALS

Strut-based Sheet-based
e Strut-npased vs sheet-pased
* Regular vs irregular 2
cE
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o
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POROUS BIOMATERIALS

Strut-based Sheet-based
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« Triply periodic minimal
surfaces
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TRIPLY PERIODIC
MINIMAL SURFACES
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TRIPLY PERIODIC MINIMAL SURFACES
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MINIMAL SURFACES

« Soap film
« Minimal area spanning given frame
* Energy-minimizing

P :
TU Delft Soapbubble.dk




MINIMAL SURFACES

« Soap film
« Minimal area spanning given frame
« Energy-minimizing

« /ero mean curvature everywhere K <0
« Saddle-shaped
« Equally convex & concave

e
TUDelft
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linimal surface?

Not really!




TRIPLY PERIODIC MINIMAL SURFACES

« Infinitely extending

e Bicontinuous

]
TUDelft 18




TRIPLY PERIODIC MINIMAL SURFACES

e Bicontinuous

* Built-up from fundamental patches

19




NATURAL EXAMPLES

 Self-assembled materials

« Structural color
« Lipid bilayers
« Block copolymers

e [rabecular bone?

T U De Ift Han et al., Adv. Mater. (30), 2018 .




MINIMAL SURFACE SCAFFOLDS

e From surface to solid

« [WO approaches:

« Sheet-scaffold
« Network-scaffold

TUDelft 21




« Bone-like properties
e Stiffness
« Permeability
 Fatigue

]
TUDelft

MINIMAL SURFACE SCAFFOLDS

Bobbert et al., Acta Biomaterialia 53,2017
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SURFACES




IMPLANT

“IDEAL”

THE

Antibacterial

Surface nanotexture:

Porous geometry:

Mechanics

Cell-stimulating

Mass transport

> 2D PROCESS

> 3D PROCESS

24
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FOLDING

« \We need fabrication
1. Start with 2D sheet

2. Functionalize sheet
3. "Fold" 2D into 3D

]
TUDelft

POROUS MATERIALS
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FOLDING POROUS MATERIALS

« Polyhedral lattices

Janbaz et al., Science Advances 29, 2017

e
TUDelft



CAN WE FOLD THIS?




FOLDING MINIMAL SURFACES

« Exploit the "puzzle’-property

« Choose an appropriate puzzle-piece

]
TUDelft 28




GEOMETRY OF TPMS

« Skew polygonal patches
« Straight edges
« Tile minimal surfaces

P o D CLp C(P)
TUDelft 2




« From [lo1 to skew polygon

]
TUDelft

FOLDABLE PATCHES
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« From [lo1 to skew polygon
« Add hinges at some vertices

FOLDABLE PATCHES

« Surface must shrincduring folding '

]
TUDelft
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CONNECTING PATCHES

Edge-connection

« We can fold a single puzzle piece

 How can we connect the pieces? Q//

« Use the symmetries of TPMS: Vertex-connection
« Edge-connections (m-rotation)
o \ertex-connections .
>

o
TUDelft . .



« Challenge:
e "Too much” material to unfold
« Overlapsin 2D

]
TUDelft

CONNECTING PATCHES
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e \/ertex-connections

« Unit cell nets are not unique

N N g

]
TUDelft

UNIT CELLS
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e \/ertex-connections

« Unit cell nets are not unique

- e

TUDelft

UNIT CELLS

35



CONNECTING UNIT CELLS

« Edge-connections

« Admissible edges: convex hull

]
TUDelft
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LARGER ASSEMBLIES
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LARGER ASSEMBLIES
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« Collisions in larger assemblies

]
TUDelft

COLLISIONS

Collision

39



« Collisions in larger assemblies

« Sequential folding

]
TUDelft

COLLISIONS
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PHYSICAL MODELS

« 3D-printed foldable frame

« Pre-strained latex sheet
« Self-folding
« Minimal surface shape

Callens et al., Applied Materials Today, 15 (2019)

]
TUDelft "
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PHYSICAL MODELS

 3D-printed foldable frame

« Pre-strained latex sheet
« Self-folding
« Minimal surface shape

]
TUDelft 2




CONCLUSIONS
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