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a b s t r a c t

Animals such as the armadillo and pangolin have natural armor as a mechanical form of protection
from predators. Among the several types of armor that exist in nature, structures composed of thin
elastomeric substrates with overlapping hard scales can shield underlying soft tissues from physical
impacts and localized stresses while maintaining a level of mechanical compliance necessary for
natural motions. Here, we design and fabricate a class of artificial armor that derives inspiration
from these natural systems. The optimization process involves systematic tests of several design
candidates to assess their mechanical stability against different types of mechanical stresses. The
resulting platforms provide highly effective protection layers for wearable electronic devices and
soft robotic systems with little constraint on their functionality, as demonstrated with representative
devices.

© 2021 Published by Elsevier Ltd.
1. Introduction

Evolutionary forces have produced sophisticated forms of nat-
ral armor to protect certain classes of insects and animals from
redators [1,2]. Particularly interesting examples are those that
nvolve overlapping structures of mechanically tough materials
oined by compliant underlying skins, as found in armadillos,
angolins and many species of fish. These hard/soft composite
ystems consist of rigid materials such as hardened mineral de-
osits, chitin, bone, or keratin with moduli in the range of GPa [2]
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joined and supported by sheets of soft collagen fibers with moduli
in the range of MPa. In armadillos (Dasypus novemcinctus) the
hard components take the form of scales, known as osteoderms,
that have hexagonal shapes in the pectoral and pelvic regions and
triangular shapes in the banded shield region. The large area of
armor at the pectoral and pelvic regions consists of a single rigid
structure without overlap, which leads to strong protection but
with limitations on movement of the body [3]. By contrast, the
armor of a pirarucu (Arapaima gigas), one of the largest types of
freshwater fish, involves scales across the entire surface of the an-
imal, where 60%–70% of each scale overlaps with adjacent scales.
As joined by a soft internal collagen layer, this configuration
provides considerable flexibility, with ability to adapt naturally
to motions of the body. The pangolin (Fig. 1a) adopts a similar
strategy in its armor, with overlapping keratinous scales [4]. Here,
the scales and skin make up about 25 wt% of the body mass and
the scales cover most of the animal [5]. The scales originate from
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Fig. 1. Illustrations of natural and artificial stretchable armor. (a) Photograph of a pangolin and schematic illustration of the structure of the armor, composed of a
soft substrate and hard scales in overlapping configurations. (b) Photograph of a representative artificial stretchable armor (ASA) during biaxial stretching (top) and
the exploded view illustration of the design, highlighting the different layers of scales in different colors. (d) Schematic illustration of the ASA at (c) 0% strain and
(d) biaxial strain of 20% in top view (solid color, left; semitransparent color, right) and in exploded view (right). (e) Photograph of a sample of ASA (top) and its
magnified image (bottom) at 0% strain (left), biaxial strain of 10% (middle) and biaxial strain of 20% (right). Red dotted lines show the edges of scales and the related
lengths show the distance between the scales. (a) Copyright 2021, Dana Allen PhotoSafari-Africa.net, adapted with permission.. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
the thick skin and continue to grow throughout the life of the
animal, like the hair and the claws. The overlap of the internal
and external surfaces are 30%–70% and 20%–40%, respectively [4].

Several examples of synthetic armor structures with this de-
ign strategy appear in the literature [6–10]. Examples of hard
aterials used in such systems include alumina [8], cellulose
2

acetate butyrate [9], glass [3] and silicon [11] supported by
soft substrates of polyurethane [8], polypropylene mesh [12],
poly(dimethylsiloxane) [11] and silicone [3]. Detailed studies
in these various cases define quantitative physical parameters
associated with the key characteristics, but without the context
of specific applications. The focus of the work presented here
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