
• Anisotropic mechanical properties 
(sti�ness, strength, toughness).

• Freeze cast sca�olds, in their strong 
direction, outperform isotropic foams 
at the same composition and porosity 
with respect to their Young’s modulus 
(sti�ness), strength, and toughness 
(work to fracture, G).  

• Nanocellulose (NC) improves 
Young’s modulus, yield strength, and 
toughness in  both chitosan (CS) and 
nanoclay (MTM) based materials.
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• Tissue sca�olds, �lters, and insulating materials require a high degree of  
porosity. However, the inclusion of  porosity in a material signi�cantly 
decreases the mechanical performance. Capitalizing on a directional, 
honeycomb-like structure allows for the  maximization of  mechanical 
properties parallel to the pores, while maintaining open porosity.

• Through the choice of  materials and the use of  freeze casting we achieve highly porous 
materials with independently tunable mechanical (sti�ness, strength, toughness),  
structural (overall porosity, pore size), and chemical performance for a wide range of  
applications. 

• Freeze casting creates aligned open porosity in the direction parallel to the 
freezing direction.

• The structure is controlled through the freezing rate as well as through the 
constituent materials. Nanocellulose (NC) , Chitosan (CS) , Chitosan (CS) + 
Nanocellulose (NC) , and Nanoclay (MTM) + Nanocellulose (NC) materials 
were used to investigate these structure-property-processing correlations.

• Nanocelluose also increases the toughness and structural stability of  
hydroxyapatite (HAp ) materials for applications as bone tissue sca�olds.

• Nanocellulose �bers , derived from the load bearing cellulose �bers in plant 
cell walls, have diameters ranging from 4 to 40 nm.

• Chitosan is deacetylated chitin, which is the structural polysaccharide that 
provides the exoskeleton of  insects and crustaceans with sti�ness and strength.

• Nanoclay , here sodium montmorillonite, is a smectite clay platelet (Ø=110nm) 
and has been shown to reinforce composites at low weight percentages.

• Freeze casting capitalizes on the directional solidi�cation of  water based 
solutions, where ice crystals template a lamellar or tubular structure. 
After freeze drying, a honeycomb -like, highly porous architecture remains.

• Th e hierarchical lamellar structure can be carefully controlled; lamellar 
spacing λ, is inversely related to the freezing front velocity, ν, raised to the 
power, n, where n is between 0.5 and 1. 
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Materials and Methods
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Freeze casting, or ice -templating, creates a directional structure with 
interconnected porosity, while maximizing mechanical properties. 

Reinforcement of  such porous sca�olds through the inclusion of  nanocellulose
enhances the mechanical performance, especially toughness.

One-Minute Summary
The solid and dashed lines show the representative 
behavior for the anisotropic and isotropic materials, 

respectively. Colors indicate composition.

Anisotropic freeze casting sca�olds tested 
parallel to freezing direction

Anisotropic  freeze cast sca�olds tested 
perpendicular to freezing direction
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