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Hydroxyapatite (HAp)

Thumb bone replica, HAp

Freeze Foam with a high amount of open porosity, porosity (65-95%)
Macro-sized foam cells & interconnectivity “ H_Ap: proven
biocompatibility

Porous struts ..
“ No cytotoxicity

W - structural requirements for a performing biomaterial .
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Freeze Foaming with hydroxyapatite suspension HAp Sigma Aldrich
900°C calcined
. . . BET: 5,9 m%/g
Suspension preparation Freeze Foaming ds,: 1,17 um

Demolding of rubber form Freeze Foam (left: green,
. ight: sintered
Speed mixer (THINKY ARV-310) Freeze dryer (CHRIST Alpha 2-4 LSC,,,) right: sintered)
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Design of Experiments

FCP

B two-stage full factorial test plan consisting of three factors

Water content in wt.% .
binder
Wpinder =

Binder (PVA') content in wt.% Mpinder + Muap

Thickener (HASE?) content in wt.% Denickaney = ——EhickeneT

Mthickener T Mwater

Target value Investigation methods

Foam cell porosity (FCP) Computertomography (CT)
Strut porosity (StP) SEM (2D), Mercury Porosimetry (3D)

1 Polyvinyl alcohol
2 Hydrophobically modified Alkali Swellable Emulsion
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Macrostructure — foam cells

® Foam cell porosity (FCP) reaches from
41% (Z2) to 72% (Z8)

B Large foam cells in the middle and
densification at the lateral surfaces
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Macrostructure — foam cells
Effect diagrams

B Strong interaction effects between:
Water & binder

Binder 1 - FCP 1
Increasing effect size with water content

PVA is surface active = stabilizes foam cells
Water & thickener

Thickener ™ = FCP

Decreasing effect size with water content

Mean FCP in %

Mean FCP in %
(4] 0 wu (2] (2} (2] (2] (2]
B (o2} [ee] o N B o oo
1 1 1 1 1 1 1

&
N

T
32

Water in %

T T
48 0,00

Water & Binder

Binder in %

T T T
494 29 7,0
Thickener in %

Water & Thickener

a
o
s |

— 0O
u

\

45 Binderin% | o Thickener in %
—=— 0,00 —=—29
404 e 4,94 70
T T T T T
. - 32 48 32 48
FCP: foam cell porosity Water in % Water in %

DFG Deutsche
Forschungsgemeinschaft

TECHNISCHE
UNIVERSITAT
DRESDEN

\

~ Fraunhofer

IKTS



Microstructure — strut pores
48 wt.% water
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Microstructure — strut pores

Effect diagrams

B SEM and Mercury Porosimetry evaluations show similar results

B Binder has no significant effect on StP (but on the pore morphology)

Hindrance of ice crystal growth vs. pore space during burnout

B Water and thickener show strong main effects

Water ™ - StP 1
Thickener P = StPY

StP: strut porosity
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Microstructure - strut pores
Effect diagrams

B Water and thickener show strong interaction
Water low - small effect of thickener

Water high - strong effect of thickener

StP: strut porosity

FESEM
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Model suspension

B Regression equation: FCP = 148,4 — 1,914 * water — 5,57 * binder — 18,27 * thickener + 0,1807 *
water * thickener + 0,3755 * water * thickener

B Binder: 1,3 %
® Thickener: 4,0%

Prediction FCP Measured FCP
in % in %

Water wt.%

34

34 wt.% water 48 wt.% water

FCP: foam cell porosity
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Radiographical and CT evaluation at TU Dresden - ILK

B [n-situ observation of the freeze-foaming process by radiography
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Radiographical and CT evaluation at TU Dresden - ILK

® 3D-printed flexible TPU*-form - high flexibility in form design *thermoplastic polyurethan
B Open top leads to mor homogenous foam structure

m Bottom with holes prevents growing of air inclusions due to the filling procedure

a) closed bottom

b) open bottom

hal Y3
air inclusion

Z2, closed with sieves
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Radiographical and CT evaluation at TU Dresden - ILK

M Radiographical imaging during foam growth at 0,75 mbar/s and 6 mbar/s pressure reduction rate

1000 mbar 200 mbar 100 mbar 30 mbar 10 mbar 2 mbar
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Radiographical and CT evaluation at TU Dresden - ILK
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Conclusion

B Tailoring of Freeze Foam structure by variation of:
Water content

Binder content 5 mm

Thickener content

® Manufacturing of foams with different solid contents but similar foam cell porosity possible

Adjustable shrinkage
Enables combination of Freeze Foaming and Additive Manufacturing
B In situ observation of the foaming process at different pressure reduction rates possible

Detailed investigation of the foam structure formation over time

Lower jaw bone replacement by combination of freeze foam and CeramVPP

(M. Ahlhelm, , Bioceramic hybrids for jaw bone replacement”, 6th BioMAT)
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