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Researchers from the University of California, San Diego have closely
studied the armor of the boxfish, so its unique structure can be applied to
creating robots, body armor and flexible electronics. The hexagon-shaped
scales of the boxfish’s armor and the connections between them give the
armor its exceptional strength.

The boxfish gets its name from its boxy shape (left). Its carapace (or shell) is

composed of several hexagonal scutes that provide body support and armored
protection (center). These scutes are connected by tooth-like joints called
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sutures, which provide some level of combined strength and flexibility (right).
Credit: Michael M. Porter/Clemson University.

The researchers have published their findings on the carapace of the boxfish (Lactoria cornuta) in the journal Acta
Materialia (July 27 issue). The boxfish has a hard frame, and is also flexible, which makes it an interesting model for
new advanced armor materials.

The boxfish is small and yet it survives in the ocean where it is surrounded by bigger, aggressive fish, at a
depth of 50 to 100 meters.

After I touched it, I realized why it can survive - it is so strong but at the same time so flexible.
Wen Yang, lead author

The hexagon-shaped scales on the boxfish's body are referred to as scutes, and they are connected by sutures similar to
the connections in a baby’s skull, which grow and combine together as the baby grows.

“Most fish have overlapping scales”, said Steven Naleway a materials science and engineering Ph.D. student and co-
author on the paper. “That means that there are no weak points, should a bite from a predator land exactly in between
scales.

"We are currently investigating what mechanical advantage scutes and sutures might provide. We know that the boxfish
has survived for 35 million years with this armor, so the design has proved very successful in nature.”

At the center of each scute 1s a raised, star-like structure that enables stress distribution across the total surface. The
researchers noticed that under the scutes, there was an inner layer with a complex structure where collagen fibers
interlocked.

This structure provides a flexible inner layer in the armor, which is hard to penetrate because of the presence of the
interlocking collagen fibers. The protection offered by the exclusive inner and outer layers of the boxfish armor is truly
amazing, and is thought to be unique in nature.
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e Polyamide 12 - Nylon 12 - PA 12 Flexible
e Polyamide 11 - Nylon 11 - PA 11 Flexible
e Polyamide 12 - Nylon 12 - PA 12 Semi Flexible

The researchers also analyzed the ability of the scutes to endure tension, by pulling them apart both vertically and
horizontally. Likewise they also observed their ability to endure penetration.

“We were able to demonstrate that even if a predator manages to generate a crack in the outer layer, the collagen fibers
will help to prevent the structure from failing,” said Yang. Her present research is on the classification of bio-inspired
materials.

The connections or sutures between the scutes provide the extra strength of the armor. It was noticed that when
penetrated or pulled, the zigzag patterns of the sutures tended to lock in and prevented the scutes from deformation.
Naleway highlighted how these sutures are unusual when compared to anything found in nature.

The most common form of suture structures in nature are those that have a roughly triangular shape and
consist of two important components: rigid suture teeth and a compliant interface.

To the best of our knowledge, there is no compliant phase in the interface of the boxfish’s sutures. In addition,
the teeth themselves have a much lower aspect ratio — meaning that they are shorter and wider — than most
other examples.

Steven Naleway, co-author

“Our approach is unique, as we use engineering principles to understand the biological design,” said Professor Joanna
McKittrick, a materials science expert and one of the senior authors on the paper.

The team made use of a scanning electron microscope (SEM) to distinguish the surface structure of the scutes. They
also obtained cross sections of them, and used micro-computer tomography to characterize the thicker portions.
Subsequent to mechanical testing, the results left the researchers wondering as to why the boxfish would select a design
that did not contain overlapping scales.
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“These damage-resisting structures have evolved for millions of years in nature and are being studied with support of
the U.S. Air Force to hopefully guide us to bio-inspired designs that will offer more protection against impact than our
conventional ones,” said Marc Meyers, one of the two senior authors on the paper and Distinguished Professor of
Materials Science at UC San Diego.

This research was supported by the National Science Foundation, Division of Materials Research, Ceramics Program
Grant (1006931). Partial financial support was received from a Multi-University Research Initiative through the Air
Force Office of Scientific Research (AFOSR-FA9550-15-1-0009).

References and further reading

o Boxfish shell inspires new materials for body armor and flexible electronics - UC San Diego
e The armored carapace of the boxfish - Yang et al, Acta Biomateriala, 2015
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Military and First Responder Applications of Raman Spectroscopy

Keith Carron

This interview describes how the Mira DS handheld Raman Analyzer provides a new level of safety and assurance
when identifying unknown substances.

Materials Testing in the Aerospace Industry
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Dr. Mike Keeble

Aerospace is a demanding industry for new product development and quality control. AZoM talks for Dr. Mike Keeble
from Buehler about how they are rising to the materials testing challenges set by the Aerospace Industry.
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Seeing and Solving Tribology Problems

Dr Don Cohen,

This interview discusses what it takes to identify and solve problems related to surfaces, tribology and friction.
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Turbo Blower - Unit TB

The specialized design of the frequency-controlled TB turbo blower makes it suitable for small and medium volume
flow operations while achieving a reduction in energy consumption that keeps it ahead of the competition.

From Aerzener Maschinenfabrik GmbH

Kinexus DSR-E: Complete Dynamic Shear Rheometer

The Kinexus DSR-E provides a comprehensive dynamic shear rheometer package for use in the Asphalt industry.

From Malvern Panalytical
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Low Frequency Vibration Isolator for Cleanrooms

As well as being a low frequency vibration device that can be used for loads that have a weight ranging from 50 to 1050
Ibs, the CM-1 can be made compatible for applications inside a cleanroom or vacuum.

From Minus K Technology

1 Organic Solar Cells Exhibit Record Efficiency

2 Economical 3D Printer Creates Self-Folding Materials

3 Researchers Produce Customized Food with the Help of 3D Printing Technology

4 New Smart Ink May Soon Transform 3D Printing

S Using Modified 3D Printer to Print 3D Structures Entirely Composed of Liquids

6 Research on the Benefits of 3D Printing in a Trauma Hospital

Sponsored Content

Sediment Tank Ventilation and Wastewater Treatment Technology - The Developments
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From Aerzener Maschinenfabrik GmbH 3 May 2018

Analysis of Compound Semiconductors with Raman Microscopy

From Renishaw plc 2 May 2018

Removing Harmonic Disruption from Power Plants

From ABB Power Conditioning — Electrification Products Division 27 Apr 2018

Cryogenic and LNG Applications for 9% Steel

From Masteel UK [.td 25 Apr 2018
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