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“In materials processing, Nature replaces the massive use of energy (for 

example high temperatures or harsh chemical reactions) with the use of 

information (which equates with structure at all levels, molecule to 

ecosystem).

Indeed, most of the exceptional functionality of biological materials is due to 

their complex structure, driven by their chemical composition and 

morphology derived from DNA. It is here that the most important aspect of 
biomimetics emerges, and it has the power to redesign engineering.”



















Natural materials are efficient
Little material and energy are used for complex requirements:

• Mechanical: static and dynamic loads
• Thermal and electrical: insulation, transpiration, sensing, 

actuation
• Sustainable: recyclable, biodegradable

Mimicking these characteristics is a
very promising strategy for engineering

Most natural materials are hybrids and composites

Key role of surfaces!

Biomimicry



Building Blocks of Natural Materials

Proteins

• Natural polymers (collagen, keratin)
• Natural elastomers (elastin, resilin, abductin)

Polysaccharides

• Starch, glycogen (energy storage)
• Coellulose, lignin, chitin (structural)

Minerals

• Also: amorphous bio-silica, SiO2



Natural Materials

• Soft tissue
• Mineralized tissue
• Woods and wood-like materials
• Natural fibers
• Bio-materials











Applications





(reversible)
Super-Adhesion
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VdW forces between "large" (multimolecular and above) objects:

• Are very small

• Grow with the size of the object, R

But…

VdW forces between "large" (multimolecular and above) objects:

• Grow with the size, R, but slower than volume forces (gravity, drag, lift…)

• Become preponderant at the nanometric scale

 Nanosystems tend to aggregate

 Nanostructures can inspire dry, reversible adhesives
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𝐹𝑎𝑑 = 2𝜋𝑊𝑎𝑑𝑅

Contact Forces



Hertz JKR

(dall’articolo originale di JKR!)



• Van der Waals (main mechanism)
• Capillary forces (secondary mechanism in humid conditions)

1. Fundamental force: Johnson-Kendall-Roberts (JKR)

2. Multiple (n) contacts, constant contact area:

3. More realistic mechanism: peeling 𝐹𝑝𝑒𝑒𝑙 ≈
2𝑊𝑎𝑑𝑏𝜃

𝜋 1 − 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
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Key Adhesion Mechanisms



Varenberg, Soft Matter 6, 3269 (2010)

Effect of Multiple Contacts in Peeling



one spatula

two spatulae

Adhesive Force per Spatula



Massa corporea (grammi)
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Effect of Humidity



Detachment Mechanism



Detachment Mechanism



>

Self-cleaning



Role of hierarchy

smooth 
surface

rough 
surface



Fabrication of Gecko-like Structures

One-level features

Polyimide pillars (before and after use)



Fabrication of Gecko-like Structures

One-level features



Fabrication of Gecko-like Structures

One-level features



Fabrication of Gecko-like Structures

One-level features



Fabrication of Gecko-like Structures

Multi-level features



Fabrication of Gecko-like Structures



Quanta superficie corporea deve essere coperta da elementi adesivi
per sostenere il peso del corpo?

Massa corporea (grammi)







Superliquiphobicity
( > 150°)







20 micron



Fundamentals of Wetting



Wetting of a Rough Surface



Wenzel state

Cassie Baxter state

Wetting States



Transition between wetting states



Metastability of Wetting States



Metastability of wetting states



Metastability and irreversibility



Superficie liscia Rugosità micrometrica Rugosità nanometrica 
e gerarchica





Petal Effect



Petal Effect



Petal Effect



Petal Effect

PS Replica



Modes of Superhydrophobicity

Wenzel

Cassie-Baxter

Impregnating Cassie



Hysteresis

Homogeneous surface* 
fLA  0 Hysteresis increases with Rf

Composite surface*
fLA  1 large CA and low Hysteresis (good for self-cleaning)

*under the droplet!



Modes of Superhydrophobicity



Modes of Superhydrophobicity



Modes of Superhydrophobicity



Modes of Superhydrophobicity



Design of general liquiphobic surfaces
• The matter of superhydrophobic

surfaces is solved
• A fundamental problem in designing 

superoleophobic surfaces remains:

Critical angle for 
transition Wenzel-Cassie

c > 90°

0 > c > 90°

BUT there are no materials with surface 
energy low enough to guarantee 0 > 90°

with alkanes and other oily liquids

How to overcome this limitation?

HINT: Note that the wax on the lotus leaf is 
only weakly hydrophobic 0 =74°, so there 
must be a strong structural reason for 
superhydrophobicity!



Key Engineering Parameters

• Surface Energy
• Roughness 
• Geometry

Role of re-entrant geometry

0 > c > 90°



Key Engineering Parameters
Variable angle structures: composite surface with any contact angle

octane!!!



Key Engineering Parameters
Variable angle structures: composite surface with any contact angle

Use of a mixture of PMMA and 
fluoroPOSS to systematically 
change the contact angle

Plot adv and rec angles for smooth 
vs rough (reentrant) surfaces



Robustness

Hodoos



Engineering Surfaces for Liquiphobicity



Engineering Surfaces for Liquiphobicity



Engineering surfaces for selective 
liquiphobicity



Self-cleaning



Strong and tough bioinspired materials



Structural Materials

DOI: 10.1038/NMAT4089



Biopolymers

Unfurling and 
straightening

Chain bone 
stretching

Microstructure and mechanical properties

doi: 10.1126/science.1220854



Biopolymers
Spider silkSpider silk

Fibroin stretching mechanism

doi: 10.1126/science.1220854



Bone

DOI: 10.1038/NMAT4089



Similarity between bone and bamboo

DOI: 10.1038/NMAT4089



Bone

Toughening mechanisms

DOI: 10.1038/NMAT4089



Nacre



Nacre

DOI: 10.1038/NMAT4089

Hierarchical architecture and selected toughening mechanisms



Nacre

Toughening mechanisms

Crack deflection at soft interlayers
Crack bridging
Breaking of mineral bridges
Viscoelastic behavior of organic component
Tablet interlock
Plastic deformation ahead of the crack
Crack blunting
Nanograin rotation

DOI: 10.1038/NMAT4089



Nacre

Toughening mechanisms: nano grain rotation

DOI: 10.1038/NMAT4089



Nacre: mechanical properties



Nacre:
mechanical 
properties



Nacre-like 
hybrids

Mechanical properties

DOI: 10.1038/NMAT4089

Toughness



Nacre-inspired structures

DOI 10.1038/s41427-018-0009-6

Alumina / Cyanate Ester Composite (freeze casting + CE infusion



Nacre-inspired structures

DOI 10.1038/s41427-018-0009-6

High content Alumina (98%) + silica-calcia glassy phase

High strength (480 MPa) and high fracture toughness (22 MPa m0.5)



Nacre-inspired structures



Nacre-inspired structures



Fabrication of
nacre-like materials

DOI: 10.1038/NMAT4089DOI 10.1038/s41427-018-0009-6



Fabrication of
nacre-like materials

DOI 10.1038/s41427-018-0009-6

An example of scalable fabrication process



Fabrication of
nacre-like materials

Freeze casting

DOI: 10.1038/NMAT4089



Fabrication of
complex, hybrid hierarchical structures

Additive manufacturing

DOI: 10.1038/NMAT4089



Applications

DOI 10.1038/s41427-018-0009-6
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