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The remarkable mechanical performance of biological materials is based on intricate structure-function
relationships. Nanoindentation has become the primary tool for characterising biological materials, as it
allows to relate structural changes to variations in mechanical properties on small scales. However, the
respective theoretical background and associated interpretation of the parameters measured via inden-
tation derives largely from research on ‘traditional’ engineering materials such as metals or ceramics.
Here, we discuss the functional relevance of indentation hardness in biological materials by presenting
a meta-analysis of its relationship with indentation modulus. Across seven orders of magnitude, inden-
tation hardness was directly proportional to indentation modulus. Using a lumped parameter model to
deconvolute indentation hardness into components arising from reversible and irreversible deformation,
we establish criteria which allow to interpret differences in indentation hardness across or within biolog-
ical materials. The ratio between hardness and modulus arises as a key parameter, which is related to the
ratio between irreversible and reversible deformation during indentation, the material’s yield strength,
and the resistance to irreversible deformation, a material property which represents the energy required
to create a unit volume of purely irreversible deformation. Indentation hardness generally increases upon
material dehydration, however to a larger extent than expected from accompanying changes in indenta-
tion modulus, indicating that water acts as a ‘plasticiser’. A detailed discussion of the role of indentation
hardness, modulus and toughness in damage control during sharp or blunt indentation yields compre-
hensive guidelines for a performance-based ranking of biological materials, and suggests that quasi-
plastic deformation is a frequent yet poorly understood damage mode, highlighting an important area
of future research.
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Statement of Significance

Instrumented indentation is a widespread tool for characterising the mechanical properties of biological
materials. Here, we show that the ratio between indentation hardness and modulus is approximately
constant in biological materials. A simple elastic-plastic series deformation model is employed to ratio-
nalise part of this correlation, and criteria for a meaningful comparison of indentation hardness across
biological materials are proposed. The ratio between indentation hardness and modulus emerges as
the key parameter characterising the relative amount of irreversible deformation during indentation.
Despite their comparatively high hardness to modulus ratio, biological materials are susceptible to quasi-
plastic deformation, due to their high toughness: quasi-plastic deformation is hence hypothesised to be a
frequent yet poorly understood phenomenon, highlighting an important area of future research.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In search for inspiration for the design of novel materials with
enhanced properties, biological materials receive an increasing
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amount of attention (e.g. [1-5]). Two features of these materials
stand in stark contrast to ‘classic’ engineering materials: first, they
are hierarchical in design, that is they are constructed from multi-
ple building blocks arranged on characteristic length scales ranging
from a couple of nanometres to a few millimetres. Second, the
structural arrangement and properties of these components are
tailored to specific functional demands.
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List of symbols

A;—As  indentation constants

ar width of residual indent

a contact radius

B equivalent cone angle

Cr characteristic flaw size

c crack length

E plane strain modulus

E Young’s modulus

E indentation modulus

Eq indentation modulus measured in dehydrated condi-
tions

Eiw indentation modulus measured in hydrated conditions

Ge strain energy release rate

H, indentation hardness

Hiq4 indentation hardness measured in dehydrated condi-
tions

Hiw indentation hardness measured in hydrated conditions

he reversible indentation depth

Rmax maximum indentation depth

h; residual (irreversible) indentation depth

h indentation depth

Ig elasticity index

Rip resistance to irreversible deformation

P load

Prax maximum load

Py critical load to induce ‘yield’ in blunt contacts
Pc critical load to induce fracture in blunt contacts
R radius of curvature

Su sensitivity to hydration

Oy yield strength

T fracture toughness

o strength

v Poisson’s ratio

Y constraint factor

& magnitude of residual stress field

A thorough understanding of how the arrangement and proper-
ties of individual components determine the performance of the
‘bulk’ materials is a prerequisite for any attempt at replicating their
functionality. Hence, mechanical and structural characterisation
methods traditionally developed for and applied to engineering
materials are increasingly used to study biological materials.
Among these, instrumented indentation has been particularly pop-
ular, due to the relative ease of use and its ability to accurately
measure material properties on various length scales [6-8]. In bio-
logical materials, instrumented indentation is frequently used as a
tool to relate structural changes, for example degree of mineralisa-
tion, to variations in material properties, such as fracture tough-
ness, elastic modulus, and hardness. These properties, in turn,
determine performance and hence the adaptive value of the struc-
tural changes in question, and therefore can shed light on critical
structure-function relationships.

Fracture toughness, T, quantifies a material’s resistance to crack
initiation and propagation, and is superseding ‘strength’ as the
property most associated with high-performance materials [9,10].
The hierarchical design and the ensuing complexity of biological
materials necessitates a careful execution and application of the
existing indentation methodology [11]. However, instrumented
indentation remains an unrivalled method for the evaluation of
toughness, in particular in biological materials which are frequently
too small or irregular to allow the fabrication of ‘standardised’
specimen required for more conventional fracture tests [8].

The elastic modulus quantifies the resistance to elastic (reversi-
ble) deformation. In contrast to toughness, a large modulus is not
necessarily desired (for example, adhesive structures need to be
somewhat compliant), so that a direct link between its magnitude
and performance is often not straightforward. Most studies assume
isotropic behaviour of biological materials, i.e. a mechanical
response that is independent of the testing direction (but see e.g.
[12-15], where anisotropy in indentation was explicitly accounted
for). However, it is frequently acknowledged that this assumption
is more practical than accurate, and most of the literature hence
reports an indentation modulus, E;, which is equal to the plain
strain modulus, E', if the modulus of the indenter is much larger
than that of the material, and if the material is isotropic.

Hardness is probably the most commonly measured, but least
understood of the material properties that can be assessed by
instrumented indentation. Despite an increasing body of literature
which has highlighted that hardness is a complex property that

needs to be interpreted with care (see e.g. [6,16-20]), it is still
often taken as a proxy for the resistance to ‘plastic’ (i.e. irre-
versible) deformation. This interpretation has been particularly
popular in the more biological literature, perhaps because it
provides a straightforward link to functional and hence ecological
relevance. Hardness has long been a property of considerable
importance in engineering materials: it is an index of strength
[21] and - in combination with toughness - of brittleness [22].
Hardness is frequently associated with a material’s resistance
against being penetrated (i.e. elastically deformed), spread (i.e.
irreversibly deformed) or scratched (i.e. fractured) [23]. Clearly,
the physical mechanisms involved in these processes differ. What
is the functional meaning of indentation hardness in biological
materials?

In this article, this question is addressed by presenting a com-
prehensive meta-analysis of published data on indentation modu-
lus, E;, and indentation hardness, Hj, of diverse biological materials.
We investigate the relationship between the two properties, which
is then interpreted with a series elastic-plastic deformation model.
This analysis provides guidelines for a careful interpretation and
comparison of indentation hardness across and within biological
materials, and highlights potential pitfalls. Next, we focus more
specifically on the functional relevance of T, E; and H; for the avoid-
ance and containment of mechanical damage introduced by ‘blunt’
or ‘sharp’ contacts,' and discuss the competition between quasi-
plasticity and brittle fracture in biological materials. Quasi-
plasticity emerges as the dominant damage mode for most biological
materials, which is not solely controlled by indentation hardness,
but by its ratio with the indentation modulus.

2. Analysis & discussion
2.1. The correlation between indentation hardness and modulus

Indentation hardness and modulus of various biological materi-
als were assembled from the literature ([24-91], all data are avail-

! The distinction between sharp and blunt contacts is somewhat arbitrary - sharp
indenters are those with a steep angle of the tangent at the point of contact.
Irreversible deformation will necessarily precede cracking if the contact is sharp,
while the deformation can remain dominantly elastic prior to fracture if the indenter
is blunt. To a first approximation, spheres are blunt, and conical, Vickers, Berkovich
and cube corner indenters are sharp.
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