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Mechanical
properties
are
important
parameters in the characterisation of materials
for many disciplines in science and
engineering. They provide direct information
about material behaviour, quality or
performance.
Characterising
material
mechanical behaviour, particularly at typical
cell length scales, is becoming increasingly
important in the fields of biomaterial
engineering and tissue engineering. Mainly
because the mechanical properties of cell
micro-environment are known to play critical
roles in regulating cell function and behaviour
through mechano-transduction mechanisms.
Among
available
mechanical
testing
techniques, nano-indentation is well suited
and widely used to characterise the micromechanical properties of biological tissues
and (bio)materials. This whitepaper describes
the important aspects of nano-indentation
and summarises the most common modelling
and interpretation of nano-indentation data.

1. Introduction
Tensile and compression tests, indentation,
shear rheometry, dynamic mechanical analysis
and ultrasound-based approaches are only a
few examples of methods to determine either
bulk or local material mechanical properties
[1]. Among these methods, nano-indentation
is an emerging technology for the mechanical
characterisation of biological tissues and
(bio)materials for several reasons [2,3]. First of
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all, this method is capable of local (small scale)
indentation and therefore allows to assess the
heterogeneity of materials. It enables to
investigate their hierarchical multi-scale
organisation [4]. In contrast to most classical
methods, it does not require extensive sample
preparation prior to testing. Furthermore,
nano-indentation allows the measurement of
very small
forces and displacements, generally in the
range of µN–mN and nm–µm, respectively [5].
Nano-indentation methods requires small
volumes of materials, making it particularly
suitable for valuable samples [6]. Additionally,
a broad variety of deformation modes can be
studied by changing experimental time scales,
indenter tip geometry and loading conditions.
Because nano-indentation applies very small
forces on a sample, the technique is well
suited for soft biomaterials [7] such as
hydrogels [8]. Due to the pliable and highly
hydrated nature of hydrogels, they are a
challenge to characterise using macro-scale
techniques. Finally, this method can be also
attractive in the biomedical context for smart
scaffold design or as a potential diagnostic
tool [9], given that the mechanical properties
of cell micro-environment are known to play
critical roles in regulating (patho)physiological
cell function and behaviour via mechanotransduction [10–12] and since pathological
and ageing tissues are known to exhibit
altered mechanical properties [1].
Typically, an indentation test starts when the
indenter probe is out of contact, slightly above

the surface of the sample. The latter is then
approached until the tip of the indenter enters
in contact with it. At this point the loading
phase begins (Fig. 1). The sample is being
pressed by the indentation probe while load
(𝑃) and surface displacement (or indentation,
ℎ) are recorded.
Commercial nano-indenters can be operated
either in load- (i.e. controlling the force
applied to the sample) or indentation-control
mode
(i.e.
controlling
the
surface
displacement during testing). It uses loadbased contact determination methods that
measures either a small force on the sample or
a small change in the apparent stiffness by an
instantaneous reading of 𝑆 = 𝜕𝑃/𝜕ℎ (Fig. 1)
[13]. The majority of nano-indenters are
equipped with an automated x–y stage that
allows several measurements over the surface
of the sample and spatial mapping of its local
mechanical properties [14]. When the
maximum load or indentation depth is
reached, as set by the user, the unloading
phase starts, and the indenter tip begins to
retract. The moment at which the tip loses
contact with the sample, the unloading phase
ends and the indentation cycle is completed.

Figure 1 – Schematic representation of sample
indentation with a spherical indenter tip.
During the approaching phase, zero load is
measured with increasing displacement. The
loading phase starts after reaching the contact
point. Sometimes, a negative load can be
recorded at this stage due to pull-on adhesion
forces pulling down the indenter tip: a
phenomenon called “snap-in”. Most reports
define the point of contact as the position on
the loading curve at which the tip snaps into
contact [15]. However, the snap into contact
may be not clearly visible on loaddisplacement curve when testing soft
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biological tissues or hydrogels, requiring
other definitions to identify the contact point.

Figure 2 – load-displacement curve
Kaufman et al. proposed to determine the
contact point as the point of lowest force on
the unloading curve [16]. Other studies, define
the contact point as the last point at which the
load crosses the abscissa of the loaddisplacement curve during loading [3,17,18].
This definition allows a unique identification of
the initial point of contact even when the snap
into contact is not clearly evident or in the
presence of noise around zero load. A load- or
displacement-holding phase (dependent on
the indenter control-mode) can be set in
between the loading and the unloading phase
in order to investigate eventual sample creep
or stress relaxation (see section 3). The
displacement holding phase is shown at the
end of the loading curve in figure 1. After, the
unloading phase starts and again a negative
load can be recorded due to adhesion forces
between indenter tip and material surface, a
phenomenon called “snap-out”. The loadindentation cycle terminates when the
indenter tip loses contact with the sample
surface. The experimental 𝑃 − ℎ data
recorded over time (𝑡) (Fig. 2) are then
analysed with a range of models to derive
material mechanical properties. Examples of
mechanical parameters that can be derived
are elastic, elastoplastic, viscoelastic or poroviscoelastic
[19].
Before
performing
indentation tests, one has to be aware of a few
factors that may play a significant role in the
outcome of measurements.

For example, the effective contact area of the
indenter tip depends strongly on the surface
roughness and topography of the sample.
Therefore, to avoid errors, it is important to
work with well defined, locally flat samples.
The sample has to be properly fixed to avoid
any lateral movement during indentation. It
also has to have an appropriate thickness,
which is typically more than ten times the
desired indentation depth. In this way, one
can be sure that the properties of the
substrate will not significantly influence the
result of the measurement. These are only few
examples of factors that have to be
considered before the experiment. Some
specimens may need a more elaborate
approach that requires a deeper thought on
viscoelastic effects or adhesion forces.
Therefore, basic knowledge about the sample
is necessary to avoid major errors in the
estimation of its mechanical properties.
The following sections aim to provide a
practical overview on some of the most widely
used methods to derive either elastic or
viscoelastic micro-mechanical properties on
nano-indentation data acquired using a
spherical probe.

2. Elastic properties
Unloading curve analysis: the Oliver-Pharr
model
Oliver and Pharr model, introduced in 1992
[20] and revised in 2004 [21], is based on an
elastic–plastic contact model and uses three
key parameters from the indentation test,
namely the peak indenter force (𝑃𝑚𝑎𝑥 ), the
peak indenter displacement (ℎ𝑚𝑎𝑥 ), the
unloading slope or stiffness (𝑆 = 𝜕𝑃/𝜕ℎ) (Fig.
1). Additionally, it uses the final indentation
depth (hf) and contact depth (hc) to derive the
contact radius. The equations in this model for
a spherical indenter are given by:
𝑃=

4
√(𝑅) ∙
3

𝐸 ∙ (ℎ −

∆𝑃

ℎ𝑓)3/2

(1)

𝑆 = ∆ℎ = 2√(𝑅) ∙ 𝐸 ∙ (ℎ − ℎ𝑓)1/2

(2)

1
𝑅

(3)

1

1

= (𝑅1 + 𝑅2)−1
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The radius used in this method (R) is the
effective radius and, as suggested by equation
3, comes from the combination of the indenter
radius (R1) and the contact radius (R2). It is
difficult to directly measure the contact radius
during experiments. Alternatively, the contact
radius can be approximated by calculating the
contact depth (hc) with the help of the
measured maximum displacement (hmax) and
final displacement (hf):
є∙𝑃

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝑚𝑎𝑥
𝑆
є=0.75 for a spherical indenter
ℎ𝑐 =

ℎ𝑚𝑎𝑥 −ℎ𝑓
2

(4)

(5)

Loading curve analysis: the Hertz model
The use of the loading portion of the loaddisplacement curve, instead of the classical
unloading portion used in the Oliver–Pharr
approach, is far more suitable for soft samples
like biological tissues and (bio)materials. In
particular, the mechanical properties derived
from the loading portion of the curve are
representative of those of the virgin material,
returning a constant modulus value regardless
of the maximum load (or displacement)
chosen for the measurements. Conversely, the
modulus value obtained from the unloading
curve is likely to increase with increasing
maximum indentation load (or displacement),
as expected when going beyond the sample
linear elastic (or viscoelastic) region [22].
Moreover, during unloading it is assumed that
only the elastic displacements are recovered
[21], thus methods based on the unloading
curve are unsuitable for testing viscoelastic
materials.
The analysis of the loading part of nanoindentation data collected with a spherical tip
is generally based on the Hertz model (Fig. 2),
assuming a linear elastic and isotropic material
response [23]. The load 𝑃 is expressed as:
4
𝑃 = 𝐸𝑒𝑓𝑓 𝑅1/2 ℎ3/2
3

(6)

where 𝑅 is the radius of the spherical indenter
tip, ℎ is the penetration depth and 𝐸𝑒𝑓𝑓
denotes the effective composite elastic
modulus of the indenter and specimen system
given by:

1
𝐸𝑒𝑓𝑓

=

1 − 𝜐2 1 − 𝜐′
+
𝐸
𝐸′

2

1

(7)

In Eq. 7, 𝐸 ′ and 𝜐 ′ respectively refer to the
modulus and Poisson’s ratio of the indenter,
while the other terms refer to those of the
sample. For a rigid spherical indenter,
Sneddon [24] showed that the elastic
displacements of a plane surface above and
below the circle of contact are equal and given
by ℎ/2, with:
𝑎2
ℎ=
𝑅

(8)

where 𝑎 denotes the contact radius during
indentation (Fig. 2). Combining Eqs. 1 and 3
yields:
𝑃
4
𝑎
=
𝐸𝑒𝑓𝑓 ( )
2
𝜋𝑎
3𝜋
𝑅

(9)

The left side of Eq. 9 is referred to as the
indentation stress (𝜎𝑖𝑛𝑑 ) or mean contact
pressure, while 𝑎/𝑅 on the right side
represents the indentation strain (𝜀𝑖𝑛𝑑 ) [25].
In case of soft materials, where 𝐸 ′ ≫ 𝐸, Eq. 7
can be approximated as follows:
1
𝐸𝑒𝑓𝑓

≈

1 − 𝜐2
𝐸

(10)

3
4 𝑅2
𝐽𝑒𝑓𝑓 (𝑡) =
ℎ(𝑡)2
3 𝑃0

(12)

In case of soft materials where 𝐸 ′ ≫ 𝐸, the
contact creep compliance becomes:
1

3
4
𝑅2
𝐽(𝑡) =
ℎ(𝑡)2
2
3(1 − 𝜐 ) 𝑃0

(13)

Finally, 𝐽(𝑡) can be fitted to classical lumped
parameters
rheological
models
(e.g.
Generalised Maxwell model) to derive the
viscoelastic constants (i.e. spring and dashpot
values) describing the material mechanical
behaviour [27].
Stress-relaxation
Stress-relaxation can be considered the dual
of creep test. It consists of measuring the load
relaxation over time in response to a constant
step indentation input (ℎ0 ). Assuming 𝐸 ′ ≫ 𝐸,
the relaxation modulus can be expressed as:
𝐸(𝑡) =

3(1 − 𝜐 2 )𝑃(𝑡)
4𝑅1/2 ℎ0 3/2

(14)

and can be eventually fitted to lumped models
to derive viscoelastic constants as creep
compliance [27]. Notably, in general 𝐸(𝑡) ≠
1/𝐽(𝑡) except for 𝑡 = 0 where 𝐸(0) = 1/𝐽(0).

Consequently, the sample elastic modulus can
be derived as:
𝐸=

3(1 − 𝜐 2 )𝑃
4𝑅1/2 ℎ3/2

(11)

3. Viscoelastic properties
Creep
A creep test is based on applying a constant
load and measuring the change in
displacement over time due to viscoelastic
phenomena. Hertz-type viscoelastic theory
can be used to obtain the equivalent creep
compliance of a material under a step load (𝑃0 ,
constant over time) imposed by a spherical
indenter, obtaining [26]:
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Figure 3 – Schematic representation of creep
(left) and stress relaxation (right) including
important parameters.
Nano-Dynamic Mechanical Analysis (nanoDMA)
Dynamic Mechanical Analysis (DMA) is a
technique for viscoelastic characterization that
has been applied in nanoindentation
experiments for almost two decades. It is
based on the application of a cyclic
(sinusoidal) input of displacement or load with

frequency 𝑓 and amplitude ℎ0 or 𝑃0 ,
respectively, and the measurement of the
resultant load or displacement response. If the
amplitude of the input oscillation is small
enough, the measurements can be
considered within the material Linear
Viscoelastic Region (LVR), therefore the
response obtained will be i) independent of
the input amplitude, ii) sinusoidal with the
same input frequency (𝑓) and iii) with a phase
lag 𝜙. The latter is 0° for a purely elastic
material, 90° for a purely viscous material, and
in-between 0° and 90° for any viscoelastic
material. Experimental data obtained for a
given frequency can be used to compute the
frequency-dependent storage (𝐸’) and loss
(𝐸”) moduli as per Eqn. 15 and 16 [28,29]:
𝐸′(𝑓)
𝑃0
1
=
𝑐𝑜𝑠(𝜙)
(1 − 𝜐 2 ) ℎ0
√ℎ𝑅

(15)

𝐸′′(𝑓)
𝑃0
1
= 𝑠𝑖𝑛(𝜙)
2
(1 − 𝜐 ) ℎ0
√ℎ𝑅

(16)

Finally, frequency spectra of storage and loss
moduli can be fitted to lumped parameter
rheological models to derive material
viscoelastic constants representing the
mechanical behaviour as described in [17].
Nano-epsilon dot method (nano-𝛆̇ 𝐌)
Despite being largely used, the above
mentioned techniques to characterise
viscoelastic
properties
rely
on
the
establishment of a small but measurable initial
contact force to trigger load (creep) or
displacement (stress-relaxation) step-input or
the indenter oscillation, which may cause
significant pre-stress and be detrimental to
soft (bio)materials and biological tissues [1,17].
The nano-𝜀̇𝑀, stemming from the epsilon dot
method (𝜀̇𝑀, [18]), allows to characterise
material viscoelastic properties in absence of
pre-stress through quick nano-indentation
measurements performed at various constant
strain rates starting 𝑃 − ℎ acquisitions out of
sample contact and without the need of any
trigger force.
This method introduces new definitions of
indentation stress and strain based on Hertz’s
contact model (Eqs. 12 and 13, respectively):

5

𝜎𝑖𝑛𝑑 =

𝜀𝑖𝑛𝑑 =

𝑃
𝑅√ℎ𝑅

4
ℎ
( )
2
)
3(1 − 𝜐
𝑅

(17)
(18)

which have several advantages, in particular:
•

the ratio 𝜎𝑖𝑛𝑑 /𝜀𝑖𝑛𝑑 directly returns the
sample modulus 𝐸 (in case of fairly soft
materials, where 𝐸 ′ ≫ 𝐸), without the
need of any multiplicative factor;

•

the constant indentation strain rate
(𝜀̇𝑖𝑛𝑑 ) does not depend on the
indentation ℎ but only on the indenter
velocity (ℎ̇). In fact, by using a constant
indenter velocity, the displacement
into surface is simply given by ℎ = ℎ̇ ∙ 𝑡
and consequently:

𝜕𝜀𝑖𝑛𝑑
4
ℎ̇
=
( )
2
𝜕𝑡
3(1 − 𝜐 ) 𝑅
= constant during test
𝜀̇𝑖𝑛𝑑 =

(19)

Therefore, indentation stress and strain timeseries at constant 𝜀̇𝑖𝑛𝑑 required by the nano𝜀̇𝑀 can be easily obtained by setting an
appropriate indenter velocity (ℎ̇) to obtain the
desired 𝜀̇𝑖𝑛𝑑 according to Eq. 14. Then 𝜎𝑖𝑛𝑑
and 𝜀𝑖𝑛𝑑 can be calculated from experimental
load (𝑃) and displacement (ℎ) data according
to Eqs. 12 and 13, respectively. Subsequently,
stress-time dataset obtained at different
constant strain rates within the sample LVR (i.e.
the region in which stress increases linearly
with strain) can be globally fitted to a given
lumped parameter rheological model to
derive the viscoelastic constants describing
the material mechanical behaviour, as
reported in Tirella et al. [18].
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