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STRUCTURES & MECHANICS

Lightweight Impact-Resistant Materials:
Hierarchical Composite Architecture

How biology absorbs impact energy through hierarchical structure

5 3 3–5 5

convergent strategies principle clusters TRL range featured strategies

PROBLEM FRAMING

Conventional impact-resistant materials trade weight against toughness. Biological composites achieve both

through hierarchical organisation — the same structural logic operating at nano, micro, and meso scales

simultaneously, each level contributing to energy absorption through a different mechanism.

Application domains: aerospace, medicine, materials

Principle cluster: hierarchical structure, gradient materials, elasticity
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Physics & Mechanism

Underlying physics

[DRAFT] Nacre achieves toughness ~3,000× greater than the aragonite crystals it comprises through

hierarchical crack deflection at multiple scales. At the nanoscale, protein interlayers between aragonite tablets

act as sacrificial bonds that rupture and reform, dissipating energy before crack propagation. At the microscale,

tablet surface asperities provide interlocking under shear. At the mesoscale, tablet misalignment across layers

distributes stress over a larger volume. The mantis shrimp dactyl adds a helicoidal fibre architecture that rotates

crack fronts perpendicular to propagation direction — a 3D crack-averaging mechanism. Key design principle:

toughness enhancement requires crack deflection mechanisms at each scale independently. A single-scale

solution (nanocoating on monolithic material) cannot replicate hierarchical toughening. Implementation pathway:

additive multi-material printing or bioinspired laminate architectures. [END DRAFT]

Biological Strategies

Move in/on Solids Golden silk spider · TRL 3/9 · 41 genera

Orb-weaving spiders primarily sense leg vibrations to detect and locate prey caught on their wheel-shaped webs. Biological

experiments and computational modeling elucidated the physics of how these spiders use long-timescale web-building

behaviors, which occur before prey capture, to modulate vibration sensing of prey by controlling web geometry, materials,

and tension distribution. By contrast, t…

Design principle: This is in part due to challenges in biological experiments (e.g., having little control over spider behavior,

difficulty measuring the whole spider-web-prey system vibrations) and theoretical/computa

Capture, Absorb, or Filter Energy Golden silk spider · TRL 5/9 · 20 genera ✦ Evidence File

Nephila clavipes, the golden silk spider, constructs intricate webs using silk protein fibers that function as a multi-layered

capture system. The web's structure combines physical entanglement with chemical affinity—silk proteins contain amino acid

residues that interact with and bind trapped particles through both mechanical interception and molecular adhesion. The

spider's web remains functiona…

Design principle: Design hazardous material containment systems by combining physical filtration geometry with chemical

binding capacity. Incorporate multifunctional mesoporous structures with amino-grafted surfaces th

What's actually hard: Economically replicating the spider's sophisticated physical spinning duct, which applies

precise pH, ion gradients, and shear forces to align the proteins—something bulk fermentation cannot do.…

Physically Assemble Structure Golden silk spider

It recognizes three broad categories of built structure: homes, traps, while courtship displays. Even though some of these

structures are complex and very large, the behaviour required to build them is generally simple and the anatomy for building

unspecialized. Standardization of building materials helps to keep building repertoires simple, while self-organizing effects

help create complexity. In…

Design principle: Construction behaviour occurs across the entire spectrum of the animal kingdom and affects the survival of

both builders and other organisms associated with them. This book provides a comprehensive ov

Protect From Microbes Golden silk spider · TRL 5/9 · 47 genera ✦ Evidence File

Nephila clavipes, the golden silk spider, produces silk fibers with a distinctive grooved surface structure that naturally resists

microbial adhesion and fouling. The spider's silk achieves this through a combination of nanoscale surface features and

low-energy surface chemistry that prevents particles, bacteria, and other contaminants from establishing stable contact. The
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grooved-bead morphology …

Design principle: Design protective membranes by combining nanoscale groove-and-bead fiber geometry with low-energy

surface chemistry to prevent microbial and particulate adhesion. Electrospun nanofiber membranes can b

Active: Academic Prototypes (Perma-Hand Suture Coating), Adidas / AMSilk (Biosteel Fiber)

What's actually hard: Achieving cost-parity with synthetic polymers by scaling fermentation to industrial volumes

(e.g., 10,000 tons annually) without genetic recombination failure within the bacterial hosts.…

Prevent Fracture/Rupture Human bone · TRL 3/9 · 25 genera

In the field of engineering materials, strength and toughness are typically two mutually exclusive properties. Structural

biological materials such as bone, tendon or dentin have resolved this conflict and show unprecedented damage tolerance,

toughness and strength levels. The common feature of these materials is their hierarchical heterogeneous structure, which

contributes to increased energy dis…

Design principle: We developed an in-situ three-point bend experimental methodology that probes site-specific fracture

behavior of micron-sized specimens of hard material. Using this, we quantify crack initiation and g

State of Commercialisation

Commercial implementations for strategies on this challenge page, drawn from the Atlas Evidence Files.

Function Product Company Year Status / Notes

Protect From Microbes Perma-Hand Suture

Coating

Academic Prototypes 2019 Active

Protect From Microbes Biosteel Fiber Adidas / AMSilk 2016 Active

Combination Intelligence

Strategies that address different aspects of the same problem and are not redundant when combined.

Move in/on Solids + Capture, Absorb, or Filter Energy

Shared principles: elasticity, gradient materials, hierarchical structure

These strategies share 3 underlying principles including elasticity and gradient materials and hierarchical

structure. They may not be alternatives — combining them could address different scale regimes of the same

problem simultaneously.

Move in/on Solids + Physically Assemble Structure

Shared principles: elasticity, gradient materials, hierarchical structure

These strategies share 3 underlying principles including elasticity and gradient materials and hierarchical

structure. They may not be alternatives — combining them could address different scale regimes of the same

problem simultaneously.

Move in/on Solids + Protect From Microbes

Shared principles: elasticity, gradient materials, hierarchical structure

These strategies share 3 underlying principles including elasticity and gradient materials and hierarchical

structure. They may not be alternatives — combining them could address different scale regimes of the same
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problem simultaneously.

EXPLORE THE INTERACTIVE VERSION

This report is a static synthesis. The interactive version includes live strategy cards, the Design Brief generator,

Combination Intelligence engine, and filtering by TRL, scale, and principle.

https://atlasofnature.org/challenge/lightweight-impact-resistance
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