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Viscoelasticity is a complex yet important phenomenon that drives material response at different scales of time and space.

Burgeoning interest in nanoscale dynamic material mechanics has driven, and been driven by two key techniques: instrumented

nanoindentation and atomic force microscopy. This review provides an overview of fundamental principles in nanoindentation, and

compares and contrasts these two techniques as they are used for characterization of viscoelastic processes at the nanoscale.

Review

Introduction

Understanding and controlling mechanics at the nanometer
level is the key to a wide range of cutting-edge topics in science
and technology, which range from engineered devices to bio-
logical organisms and include novel materials. A number of
impressive technologies have been employed in such studies
that include, but are not limited to, optical tweezers [1], surface
force apparatus [2,3], nanomanipulators [4], electron and other
microscopy techniques. Two techniques which have made great

advances in the studies of nanomechanics are instrumented

nanoindentation and scanning probe microscopy. The versa-
tility and utility of these techniques lies in their capability to
measure mechanical response at precise sample locations, in
very small volumes and at shallow depths, while monitoring
time, depth and force response. The high spatial resolution
allows for the determination of local mechanical properties on
nanosized objects, and for seeing heterogeneities at the
nanoscale, as well as local effects which occur due to a vertical

polymer confinement [5]. The time dimension is of particular
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use in determining the viscoelastic response, which cannot be
neglected in analysis of many polymers, biomaterials, and other

soft matter.

In the following, we compare and contrast these two point-
probe nanomechanical testing techniques. Following a brief
review of nanoindentation, we concentrate on the influence and
measurement of viscoelastic phenomena. Both experimental
and theoretical considerations are included. Finally, a few
demonstrative experiments are reported in order to illustrate and
critically evaluate the topics reviewed.

A brief history of point-probe nanomechan-

ical testing

The behavior of materials under controlled stress has enjoyed
wide attention over the years. The elastic model developed by
Boussinesq [6] and by Hertz [7] is still used today even at the
nanoscale under certain limiting constraints. This theory was
extended to a range of indenter geometries by Sneddon [8].
However, the pure Hertzian model does not consider surface
energies and related adhesion forces, which become significant
and may even dominate the overall force behavior at the
nanoscale. Several groups considered the effects of adhesion
under various contact mechanics models in the 1970s [9-13].
These models analyze the changing contact shapes and
stresses that occur when the surface energy and the adhesive
forces in the vicinity of the contact are significant. The
Johnson-Kendall-Roberts (JKR) theory is appropriate
for characterizing contacts of compliant samples with high
surface energies, i.e., when there is strong adhesive contact
between the tip and the sample [12]. This model balances
the elastic energy with the surface energy, expressed as
adhesion within the contact zone. It was followed by the
Derjaguin—-Muller—Toporov (DMT) model, which is applicable
for stiffer samples and a lower but non-negligible surface
energy, probed by a comparably sharp tip [11]. The DMT
model accounts for forces outside the contact zone. These two
extreme cases are delineated using the Tabor parameter [10],
while the intermediate regime is covered by the work of Maugis
[14]. An analytical model has been presented that encompasses
all three of these models including the transition region [15].

These, and other important early works [16-19] paved the way
for two new point-probe nanomechanical testing devices which
were developed in the 1980s — instrumented nanoindentation
(INI, also known as depth-sensing instrumentation) [19,20] and
atomic force microscopy (AFM, also known by the more
general term of scanning probe microscopy, SPM) [21]. These
developments facilitated the measurement of mechanical prop-
erties of very small volumes of materials, opening new avenues

of research. Reducing dimensions to the nanoscale gave birth to
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new paradigms in mechanical measurements and interpretation:
In addition to the increased importance of surface effects such
as friction and surface energy, dropping to the sub-optical
regime made optical determination of the contact geometry
impossible. This led to the need to determine the contact region
size from force—displacement curves.

Fundamental equations and their limitations
The estimation of the elastic modulus from force—deformation
curves alone was determined for the Hertzian case by Doerner
and Nix who presumed a flat punch geometry to estimate the
contact area [22]. The theory was subsequently refined to
account for the changing contact area at different points in the
unloading curve by Oliver and Pharr (O&P) [23]. The latter
developed a nanoindentation model and measurement protocol
to quantitatively deduce the elastic modulus and the hardness of
materials by loading an axisymmetric indenter into a sample
while recording the applied force and displacement. The
indenter “area function” is determined by performing this
experiment on a well-known material, typically fused quartz.
The principle quantities derived from a nanoindentation experi-
ment are elastic modulus and hardness. The former is a funda-
mental property of the material, which, in principle, can be
calculated from bond stiffness, and the latter in turn can be
related to shearing bond strengths. The modulus, which was for-
mally defined as the ratio between stress/strain (o/€), can be
directly computed from a nanoindentation load/deformation
curve with the aid of an analytical model such as the widely
used O&P approach [23]. This approach uses relations that were
derived by Sneddon [8] in order to extract the indentation
modulus from the slope of the unloading curve according to
Equation 1 [23,24]

5 _nS
r 2\/2

(M

where S is stiffness, given by the slope dF/dA of the unloading
curve, and 4 the contact area between the indenter and the
sample. E; is the reduced modulus which accounts for both
sample and indenter Poisson ratio and modulus — vg, Eg and v;,
E; respectively:

== @

Several depth sensing indentation methods were developed to
evaluate 4 [23-25], which allow for evaluation of hardness and
modulus without imaging the indentation impression. This

model is applicable for flat, homogeneous and isotropic

816



samples, without nonidealities such as adhesion [11,12], pile-up
[26-28], and time-dependent effects [29-35].

In practice, this fundamental equation has been extended to
samples which do not, in principle, meet the basic requirements.
For instance, in heterogeneous materials, sub-micron sized
domains can be treated by this analysis when using an indenter
with nanometric radius and small indentation depths. Thin, soft
films on hard substrates also are well-described by this equa-
tion when the indentation depth is limited [36-39].

Whereas limiting indentations to the nanoscale justifies
ignoring some types of inhomogeneities, the influence of small,
intrinsic adhesion forces is enhanced. The presence of capillary
and adhesive forces changes the contact profile and modifies
the force acting between indenter and sample during pull-out.
This behavior is highlighted by a significant attraction between
tip and surface upon pull-out seen as a hysteretic negative
unloading force (Figure 1). Accordingly, the contact radius
depends on the thermodynamic work of adhesion, Ay, consid-
ered in the JKR theory.

200 300
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Figure 1: Adhesion-induced hysteretic negative unloading force
observed on indenting PDMS (4% cross-linked) by AFM with a pyra-
midal silicon nitride tip of force constant 0.05 N/m. The colored area
represents the hysteresis between ingoing- and outgoing traces and
defines the energy loss.

Ebenstein and Wahl examined several ways of calculating the
modulus for real experimental data, in order to handle the inac-
cessibility of some necessary parameters. For instance, since the
true contact area is rarely known, for the JKR relation [40]:

g - 3REan

r ag (3)
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The contact radius at zero net force, ag as well as the adhesive
force P,gp can be found by curve fitting. Typically unloading
curves are preferably taken for analysis to avoid the plastic
deformation that is present during loading. In AFM this proce-
dure may lead to erroneous results: Since the AFM experiment
does not control the load, but rather the displacement, the
tip—surface system has an additional degree of freedom because
of a compliance of the cantilever, which leads to a more stable
contact during unloading. Hence, the fit to the JKR model,
which presumes load control, is invalidated [41].

For the DMT model the interaction is described by:
-1/ =3
E, =%PMR Y254 “)
where Py is the total force, including P,gp, and & the sample

deformation.

The Tabor parameter, which is used to distinguish between JKR
and DMT conditions is given by [10,40]:

|
AV
_ RAy )
= 72,2
TZO

When p is less than 0.1, the DMT theory is applied and when p
is greater than 5, the JKR theory is used [40]. The intermediate
regime between these two extremes is covered by the work of
Maugis [14]. The choice of the model (JKR, DMT or Hertz),
that is used for the reduced modulus calculation then requires
some a-priori knowledge of the material or preliminary investi-
gations as will be further developed below.

Instrumentation

Schematics of INI and AFM instruments are shown in Figure 2.
Table 1 gives a comparison of their capabilities and characteris-
tics. For INI, a calibrated force is applied to the indenter tip,
which in turn is constrained with a vertical spring. The lateral
spring constant can be considered infinite in the standard con-
figuration, and the indenter motion is confined to the plane
perpendicular to the sample. The vertical indenter displacement
is measured independently, providing nm-level sensitivity. The
accurate determination of the contact point then allows for a
direct determination of the indentation depth. Indentation place-
ment is directed by an optical view, or in some cases the
indenter tip itself is used to make a higher resolution profiling
scan of the surface to enable a placement in the tens of nm

range.
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Figure 2: (a) Schematic of instrumented nanoindenter, including P -
calibrated force; L - support springs; D - Position sensor; | - indenter tip
supported by shaft; S - sample. (b) Schematic of AFM showing Pz -
piezoelectric motion transducer; S -sample; C - integrated cantilever
and tip; D - cantilever motion detector; F - feedback; M - monitor for
display. To right the working of AFM is shown schematically: exten-
sion of spring changes before and after applying load. From [42].
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For AFM/SPM the situation is somewhat different. A cali-
brated displacement is applied to the base of the probe or to the
sample, and this motion is transduced into force by a flexing of
the cantilever beam that holds the probing tip. The degree of
flexure is measured, usually by optical means, and the force is
obtained with knowledge of the cantilever stiffness and of the
measured degree of bending. The sample—tip motion is actu-
ated by piezoelectric elements, which can be linearized by
closed-loop control. The cantilever beam is usually oriented at
an angle to the surface, which results in some tangential force
being applied in addition to the normal force. A tangential
motion along the long cantilever axis can lead to additional
flexural bending [43], while a force orthogonal to this direction
results in a sideways torsion with the ultimate torque being
moderated by the tip length [44]. Thus, the choice between INI
and AFM typically involves a trade-off between a more reliable
characterization of force and a larger dynamic force range for
the former and a better force and displacement sensitivity and a
superior imaging/placement for the latter [45-47]. For soft ma-
terials, in which an insensitivity to the initial contact can lead to
a severe underestimation of the contact depth in INI, the
enhanced sensitivity of the AFM carries some distinct advan-
tages. However, even though AFM has been successfully used
to probe mechanical properties on the nanoscale, there are a
number of drawbacks, which make the quantification of the
mechanical properties challenging. Many of the factors
discussed in previous reviews over the past decade are still
issues today [48-51]. Most notable of these are the implicit
assumptions of linear elasticity, which require the contact radius
and the indentation depth to be much smaller than the indenter
radius, and the absence of tangential stress so that forces are
restricted to the surface normal — all these are difficult to main-
tain in AFM.

Table 1: Comparison between instrumented nanoindentation (INI) and atomic force microscopy (AFM).2

characteristic

vertical spring constant

lateral spring constant

lowest fundamental resonance
displacement sensitivity

load sensitivity

dynamic range of force
nm-scale imaging

bandwidth

temporal stabilityd

INI

100 N/m

105 N/m

20-500 kHz

1nm

10 nN

108

nonexistent to fair
0.001-100 Hz
good

AFM

from <0.01 N/m to over 500 N/m
10-1000 N/mP

several thousand kHz

0.05 nm or better

<0.05 nN°®

103

excellent

1 Hz — several kHz

fair

aParameters given here are typical and may vary from instrument to instrument, °Typically 2 orders of magnitude greater than flexural (normal) spring
constant, “Depends on cantilever used in measurement. 9Sensitive to instrumental design: environmental control can improve this.
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Dynamic nanoindentation

Background and relevant models

Time-dependent phenomena, i.e., when the material strain is not
synchronous with the force or displacement applied to the
perturbation stress, have a strong influence on the load-vs-
deformation curves. Since there is a time lag between a change
in applied stress and the response of the material, the deforma-
tion response still “remembers” the increase in stress during a
hold at peak load or even during unloading. This leads to a
“nose” in the curve (as shown in Figure 3) and, in extreme
cases, to an apparent negative stiffness. This phenomenon will
depend on the rate of change of the force. Computational
approaches exist that modify the Sneddon contact mechanics
model to remove the time-dependent effects of viscoelastic ma-
terials [52,53]. Time-dependent compliance is ubiquitous and
can appear even in quite hard ceramics as result of the
rearrangement of point defects [54]. Under some conditions, the
nose can be due to viscoplasticity [55]. By choosing working
conditions that avoid viscoplastic deformation during
unloading, it may be possible to apply the O&P model with
consistent results [56]. However, there is still a need to utilize
analytical approaches that are directly suited for viscoelastic
materials. Many examples of such work can be found in the
literature. Since the classical solutions assume equilibrium
conditions, which do not strictly hold when there is a
viscoelastic response, numerical approaches have been devel-
oped [57,58]. The variety of analytical approaches can be justi-
fied by different considerations that must be made for different
classes of materials as has been recently reviewed [59].
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Figure 3: Load-vs-displacement curve taken by nanoindentation with a
Berkovich indenter tip on a polyurethane sample showing negative
stiffness, seen as the outward bulging of the curve, which develops in
the unloading (right branch) of the curve, because of creep.
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The wide variation in experimental protocols that is applied for
dynamic studies is a natural outcome of their diversity. In order
to put some order to these methods, it is necessary to under-
stand the basics behind the physical phenomena. Here, we will
limit the discussion to linear viscoelastic behavior, which means
that the strain depends only on time and not on the magnitude of
stress. This holds when the stress is kept small. The dynamics
can be experimentally studied by several means, the most

common being summarized here [60]:

1. creep relaxation, in which the indenter is rapidly brought
to a given force/stress and the change in strain required
to maintain this situation is monitored.

2. stress relaxation where the indenter is brought to a given
deformation/strain and the stress required to maintain it
is monitored.

3. periodic variation of stress, usually sinusoidal, at a given
frequency f, equivalent to a transient experiment at time ¢
=12nf= /.

To formulate the time response in terms of well-understood
mechanical elements, the viscous component is modeled most
simply as a combined spring and dashpot either in parallel
(Voigt model) or in series (Maxwell model), shown in Figure 4a
and Figure 4b. A comparison of these two models, as well as
the resulting constitutive equations can be found in the book of
Shaw and MacKnight [61]. These models address the fact that
the mechanical behavior of a viscoelastic material cannot be
described by either a simple spring or by a viscous element.
In general, the Maxwell model is more appropriate to a
viscoelastic fluid and the Voigt model a viscoelastic solid. In
comparison, these models yield the same results, except that the
Voigt model cannot describe a stress relaxation experiment
because the dashpot would develop a singularity in force with
step change of strain.

To illustrate these differences, for load control as it is used in
INI creep relaxation, the Voigt model, Figure 4a, can be
applied, but for nanoindentation stress relaxation as it is conve-
niently done in AFM, the Maxwell model (Figure 4b) is more
appropriate. Whereas these simplistic models give a general
means to quantify the physical phenomena, they do not encom-
pass the complexity inherent in a real system. Therefore, combi-
nations of Voigt and Maxwell components are often used to
better approximate reality. These could be a series of constitu-
tive elements connected in parallel, or in series, depicted in
Figure 4c and 4d, respectively. A combination of Voigt
elements connected in series is known as the Voigt—Kelvin
model. This model and its modifications are widely used for
nanoindentation creep relaxation analysis due to the suitability

of the Voigt model for solids as mentioned above [62-64].
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Figure 4: Fundamental models for a viscoelastic mechanical system.
(a) Voigt model (b) Maxwell model (c) Generalized Voigt model with 2
components (d) Voigt—Kelvin model.

Combinations of the different models are also used. A compari-
son of three different models (Maxwell, Voigt—Kelvin, and
combined Maxwell and Voigt—Kelvin) revealed that the latter
gave the best fit to experimental data and also displayed a
predictive power for experimentally-obtained indentation
curves [65].

Classically, in the DMS (dynamic mechanical spectroscopy)
technique, a macroscopic sample is subjected to a modulated
stress and the strain is recorded [66]. The energy released by the
relaxation of a polymeric chain generates a phase shift between
the harmonic stress and strain, which is in turn used to express
the dynamic elastic moduli as defined above. This shift is
frequency-dependent, as the various modes of internal friction
of the polymer are excited at distinct characteristic times. In
order to probe the viscoelasticity at the nanoscale analogous
techniques are applied. An interpretation should consider that
the measured phenomena could be different at the nanoscale for
the general reasons already discussed and more specific prop-
erties of polymers such as issues of confinement [5,67].

We first consider the modulation experiment for which either

the stress or the strain could be modulated. In this case, stress
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and strain will exhibit a phase difference designated as angle 6

and the modulus can be now expressed as complex modulus £%*:

E('Dz‘E*‘cosS

" *| .
sz‘E ‘smﬁ

. ©)
E =FE —iE

*

E

—VE?+E"?

Here, E' is the storage modulus, which measures the energy
stored during one oscillation cycle, and E” is the loss modulus,
which measures the energy dissipated during an oscillation
cycle.

The phase lag, referred to as loss tangent (tan 3), arises from
any of a number of molecular-level lossy processes such as
entanglement, slip or friction between the monomer units.
Although the phase lag is not amenable to a direct theoretical
interpretation, it is relatively easy to be determined accurately
and provides useful qualitative information. Furthermore, tan &
takes on characteristic values, e.g., approximately 1 for amor-
phous polymers in the transition zone, and 0.1 for glassy and
crystalline polymers [60]. Most importantly, it does not require
any knowledge of the contact area and it can be used to clearly
identify phase transitions.

At the micro-level, the thermodynamic state of the polymer can
be related to a molecular motion at different hierarchical levels
— from the cooperative motion of entire chains through short
hops of individual segments and finally to internal rotations and
vibrations of the component molecules. Polymers exhibit
several phase transitions that can be correlated with the relax-
ation at characteristic frequencies [66]. The loss modulus will
vary over a wide range of frequencies and show peaks at
specific temperatures and frequencies that correspond to phase
changes. These changes can be effected both mechanically by a
change of frequency, and also through internal thermal motion.
A related approach to understand the molecular dynamics is
thus by varying the temperature [68,69]. The correspondence
between temperature and frequency is embodied in the tempera-
ture—time superposition [70]. In general, increasing the
temperature induces a molecular relaxation that leads to an
increased phase lag between stress and strain. The loss
modulus, which reflects the viscous damping of the sample,
then increases with temperature. Concomitantly, the storage
modulus is reduced since molecular relaxation loosens the

molecular bonds.
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Experimental aspects of the dynamic response
measurement

Some caveats should be applied in comparing experiments
made under different conditions: The creep response depends
on the tip shape, and results obtained by using the common
Berkovich indenter show an apparently more compliant sample
than a spherical tip [35,71]. Investigation of dynamic elastic
contacts showed that the frequency of oscillation strongly influ-
ences the contact radius [33]. Furthermore, the creep compli-
ance and the time-dependent shear modulus can vary with the
ultimate force applied because of a deviation from linear
viscoelastic behavior [30].

Because of their small size and the fine control over force and
displacement, the point probes are particularly amenable to
dynamic loading, in which a small modulation of several
nanometers is superimposed on the quasistatic loading curve,
and the displacement amplitude and phase angle between the
applied modulated force and the corresponding modulated dis-
placement are measured continuously at a given excitation
frequency [72]. Detailed explanations of force modulation tech-
niques and analyses can be found in the literature [20,73].
Briefly, the modulated force P = P sin(w?), results in a dis-
placement oscillation at the same frequency expressed by
h(t) = hg sin(wt — ¢). The dynamic in-phase and out-of-phase
equations can be re-written in terms of experimental observ-
ables as follows [74]:

N )

E,=" 1-v7) cosd 7
hOZBx/Z( ) @)

g =D Jn (1-v?)sind ®)

©" hy 284

where P is the steady-state modulated load amplitude, A is the
resulting modulated displacement amplitude, and d as defined
above is the angular phase shift between the applied force and
the measured displacement. The contact area 4 is not an observ-
able, but can be derived by calibrating the indenter. It has been
noted that these relations hold strictly only for shear between
two parallel plates and the application to nanoindentation exper-

iments should be used with caution [75].

By using the dynamic model shown in Figure 4c, an analytical
solution for the resulting displacement amplitude, /¢, and the
phase shift, 5, can be derived. In AFM, the modulation may be
applied at the tip or at the sample, which will lead to different
analytical solutions [63]. Here, the solution is given for force

modulation applied to the tip, as is typical for INI [64,73]. Thus,
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the measured displacement amplitude /( induced by the modu-
lated force amplitude Py is:

R

\/(k—mcoz )+ (ew)? ®

h():

and the measured phase shift between the applied force and
measured displacement is related to sample and instrumental

parameters by:

tan 6 co

= 5 10
K — mo? (10)

k=k+kg c=¢+c (11)

where cj, ¢g are the damping coefficients of the air gap in the
displacement transducer and sample, respectively, k; and kg
instrumental and sample stiffness, and m the indenter mass.
Typically, no correction is made for the additional moving mass
of the contact since it is insignificant relative to the indenter
construct. In the case where this assumption would no longer be
valid, an effective mass should be used in the equations together
with effective k and c¢ in order to avoid an overestimation of ¢
and hence of E”.

After calibration to determine m, cj, and k;, the sample-specific
values for £’ and E” can be obtained as shown in Equation 12.
These equations also illustrate how the damping coefficient can
be understood as the out-of-phase counterpart to the in-phase
stiffness giving the storage modulus. This leads naturally to

expression of tan o as the ratio of E"/E’.

_kn, E" Csm\/;; 6=tan‘1[clim) (12)
S

ek

E‘

ENP]

Despite the fact that for the configuration of nanoindentation
experiments, the basic assumptions that underlie such models
are not strictly satisfied, they yield reasonable results relative to
classic rheological studies and other macroscopic measure-
ments [35,75-78].

Creep relaxation, which was introduced in the previous section,
is also used to determine time-dependent phenomena. Although
most studies invoke the loss modulus £” and a viscosity coeffi-
cient 1, Yang et al. assign three contributions to the creep [79]:
the elastic deformation, analogous to the deformation used in
Equation 1, the viscoelastic deformation controlled by an expo-

nential term, and the viscous component 1.
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In the creep experiment, the probe tip is pushed into the ma-
terial at a fixed load Py and an initial depth /j. The force is held
constant by the system feedback throughout the creep time and
the creep is detected as change in position required to compen-
sate for the relaxation and to maintain constant force. Relax-
ation of the viscoelastic material then results in an increased
indentation depth. In principle, the creep displacement can be
directly read from the experimental displacement curves. For
INI this would be the displacement sensor reading of the
indenter position. For AFM it would be the z-piezo extension,
which is ideally monitored by a linearized sensor. However,
thermal drift and piezo creep can also contribute to the apparent
displacement, thus they must be minimized and/or measured
and corrected for. This can present a challenge, particularly in
AFM, which largely relies on piezoelectric motion transducers.
It should be noted that a z-sensor, which is used to linearize the
z-motion, cannot distinguish between creep and thermal drift. In
light of this discussion, additional differences between AFM
and INI can be added to those mentioned above: the time reso-
lution of the measurement, which is related to the inertia of the
system, and the drift/creep characteristics. These are noted in
Table 1 as bandwidth and temporal stability.

For a given creep time ¢, the corresponding displacement into
the surface A(7) is measured experimentally. The creep behavior
can then be modeled following [79] and [80]:

_ 4h(t)
By
5 (13)
— L _ Z Ei exp _EiEoo
Eoo 1 (El +E00)Eoo T]i(Ei +Eoo)

with /1 being the initial indentation and /(¢) the indentation at
time ¢. Ay (initial contact area) and Py are known or measured;
Such curves are then related to different relaxation modes of
polymers and the frequency spectrum of internal modes by
models such as Voigt—Kelvin, for which the model in Figure 4d
is extended to » intrinsic units. The applicability of different
mechanical models to a unique mechanical system is an estab-
lished mathematical concept that was recognized in the interpre-
tation of polymer systems (see [60], pp 16 and 17). Sun and
Walker applied the Zener model, with these elements connected
in parallel, to model creep in a number of different polymer
systems. They found that 1-3 elements were required
depending on the polymer studied. Ideally, each such element,
with its characteristic time, represents a given transition in the
polymer. As usual, over-interpretation should be avoided, and
one should always recall that the simplified or even complex
mechanical models are describing a substantially more com-

plex molecular system.
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Dynamic AFM probe nanoindentation

Boasting the advantage of wider bandwidth, smaller inertia of
the system, better lateral resolution and more sensitive force
detection, AFM provides some interesting opportunities for
monitoring the dynamics in nanoindentation. Operating the
AFM under dynamic mode has distinct advantages in reducing
the sample damage, particularly for delicate samples [81,82].
Also, the volume needed for probing is reduced even further,
which allows for the analysis of small areas and thin films down
to a single monolayer [83]. A recent example is the application
of AFM imaging together with the mechanical measurement to
give a detailed insight on cellular membrane mechanics, which
is only meaningful when the viscoelastic response is accounted
for [84]. The bandwidth advantage has been extended to the
MHz range, allowing an access to higher harmonics [85-89].
This provides several advantages: Higher harmonics can be
exploited to separate the mechanical measurement from the
topographic feedback, the signal-to-noise ratio can be impro-
ved, and the accessible dynamic force range is enhanced since
each harmonic is associated with its own characteristic spring
constant. Investigation of a material over a wide range of
frequencies also gives a sharper topographic contrast since
some materials, which may yield under the tip force, are unable
to respond at high modulation frequencies and thus appear to be
stiffer. The inclusion of multiple, higher frequencies, also
allows for a full characterization of the highly nonlinear
cantilever dynamics [81,90]. Nonetheless, the application of
such techniques still requires the knowledge of contact geom-
etry, an assumption of some contact model and/or force poten-
tial, and in some cases the input of some parameters of the ma-
terial. Thus the inherent fundamental limitations of quantitative
nanomechanical testing must be accounted for. New noncon-
tact techniques allow for the monitoring of the entire force
profile while starting at noncontact positions. The deconvolu-
tion implemented to convert the experimentally observed
frequency shift/amplitude change to a force can also introduce
some uncertainty [91]. Single-frequency techniques are still
more readily accessible in most laboratories. Dynamic imaging
modes that are commonly used in AFM provide the phase infor-
mation, typically as an image channel measured and displayed
simultaneously with the topographic image. The phase shift is
interpreted as giving an estimate, generally qualitative, of the
energy dissipation [92,93]. Nonetheless, there are many contri-
butions to such phase contrast including the changing
tip—surface contact area as the tip scans the sample. Each case
must be modeled differently.

Theoretical studies exploit phase and amplitude data together to
identify and quantitatively measure the different dissipation
processes [82,94]. One caveat arising from the modulation tech-

niques is that the phase lag signal carries information on add-

822



itional dissipative processes other than viscoelastic energy dissi-
pation, such as surface adhesion and capillary forces [95]. “On-
the-fly” measurements of dissipation, which integrate the area
under the hysteretical force—distance curves as depicted by the
blue-shaded region in Figure 1 can also include these effects of
adhesion and thus cannot be unequivocally assigned to
viscoelastic processes in the material. Such effects are critical
issues for polymers. For this reason, equating phase contrast
with a viscoelastic effect would be misleading in many cases.
Calculations by Garcia and coworkers succeeded in separating
and quantitatively reproducing different contributions to dissi-
pation [96]. This work underscores the importance of including
the contribution of the oscillating cantilever to the overall

mechanical response.

Eastman and Zhu show that the adhesion forces depend
strongly on the surface energy of the tip, and on the wettability
of the tip surface in a humid environment [97]. In ambient
conditions, the surface of a polymer is likely to be covered by a
thin layer of water that is sufficient for increasing the capillary
and possibly van der Waals interaction. Any additional adhe-
sion will act to increase the hysteresis in the force—distance
curve and thus complicate the application of simple mechanical
models.

In addition to these environmental effects, the instrumental
contribution to damping must be accounted for. These inherent
instrumental properties include those of the spring (cantilever),
of the electronics, and of the piezoelectric transducer. For INI,
careful calibration protocols have been described to account for
these [64,73]. For SPM there is no unified approach to this
procedure, yet. Such calibration requires knowledge of the
frequency-dependent amplitude and phase shift and is critical
for accurately evaluating the stiffness and damping coefficient
of the tested material. For dynamic INI, the modulation is
applied at the tip—sample contact. In dynamic AFM operation
the displacement may be applied to the base of the cantilever or
to the base of the sample, in which case the cantilever spring
acts in series with the tip—surface compliance [20,73]. A very
different response is obtained when the modulation is applied at
the tip—sample contact [98]. Burnham et al., in an analysis of
the mechanics of dynamic AFM contact, described the various
modes, in which the AFM can be used to study energy dissipa-
tion [63]. They split the possible operation modes into three
categories: force modulation, sample modulation and tip modu-
lation. They found that a proper choice of measurement cate-
gory and associated frequencies is needed for different types of
samples.

The system response for a typical AFM measurement can be

calculated from Equation 12, following the setup of Figure 4d.
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In this case the total stiffness K and damping C differ from

Equation 11 as follows:

_ kiks .
k+kg’
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The instrumental contributions to stiffness and damping, &; and
¢ respectively, are determined by an independent calibration.
Then, from the measured system response, the stiffness and
damping of the sample can be extracted. Clearly, this procedure
entails a careful calibration of the instrumental damping both
for INI and AFM.

Researchers have wrestled with the best way to measure the
dynamics for two decades. One of the earliest attempts to
measure the dynamic modulus by AFM was performed by
applying a modulation directly to the sample z-piezo [99]. In
this early work, the instrumental phase shift was removed by
conducting a comparative measurement on a stiff, clean surface.
By modifying the AFM setup, Hutter et al. induced small oscil-
lations to the deflection signal by inserting the modulation
directly to the feedback loop to generate a compensatory oscil-
lation of the sample z-piezo [100]. This approach is proposed as
easy to implement, and allows for the measurement of the
dynamic modulus while imaging the sample. This setup
provided a quantitative measurement of the viscoelastic prop-
erties of PVA fibers. Also here, the instrumental phase response
was assessed by a measurement of a perfectly rigid sample.
McGuiggan and Yarusso calibrated the instrumental phase shift
on a hard surface. They pointed out that this method ignores slip
that may occur at the surface [101]. They furthermore note that
most models do not include adhesion hysteresis, an unknown tip
shape, and other factors. They chose to report their data as tan &
since the ratio between loss and storage modulus cancels out the

unknown terms.

Minary-Jolandan and Yu also related to the potential errors
when the instrumental phase shift is measured on a hard surface
and noted that it may lead to large errors on rather compliant
samples, which exhibit only small phase shifts [102]. They
proposed a method to remove the offset phase directly on the
sample of interest at zero contact force, which provides an accu-
rate in-situ calibration of the instrument. This method accounts
for all factors contributing to the phase shift except for those
caused by the compression of the sample under the tip. There-
fore, this method would not work on a soft polymer brush with
ill-defined interface.

For the resonance modes, system response and phase shift are

non-negligible in air. Yuya et al. removed the internal beam
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damping by evaluating its behavior suspended in air [103]. A
known reference was used for calibration, allowing them
to measure storage and loss modulus with an ultrasonic
contact technique utilizing the first three flexural modes. For
measurements in any fluid, including air, there will be a drag
force on the bulk cantilever. In liquid, this drag force is very
significant. Mahaffy et al. recorded this force in an aqueous
environment as the tip approached the surface, but before it
made contact and thus comprised a noncontact measurement
of the phase shift [104]. A combination of the two corrections
was made in a study of viscoelastic behavior of cells [105].
In this work, the hydrodynamic drag of the cantilever was
measured at varying heights above the surface, and in
addition, the phase response of the AFM piezo was measured
in contact with a stiff cantilever probe on a hard surface in air.
These few examples prove that there is no accepted standard-
ized protocol for the characterization of the intrinsic phase shift,
even though the use of a rigid substrate as reference is quite
widely used.

The point-probe techniques also lend themselves to measure-
ments that are not necessarily based on AC methods for the
characterization of viscoelastic materials. In many dynamic
processes it is found that more energy is required to separate
two surfaces than is released when they come into contact. This
is usually manifested as a hysteresis between the loading and
the unloading curves in force measurements. The fine resolu-
tion can be achieved with noncontact AFM allows for a quanti-
tative detection of dissipation that involves the formation and
the breakage of weak intermolecular bonds in an organic mole-
cule [106]. However, for many practical cases, the separation
entails energy dissipation in the bulk material — generally a
viscoelastic/plastic deformation, as well as capillary and adhe-
sive forces.

The analysis of AFM force—distance curves of polydimethyl-
siloxane (PDMS) showed a strong influence of the measure-
ment conditions such as the loading—unloading rate and the
dwell time, as well as intrinsic material properties like the
crosslinking density and chemical surface modifications
[80,107-109]. The viscoelastic response has been studied both
through hysteresis in the loading—unloading portion of the curve
[110,111], and in the adhesive pull-off segment [80,109].
Analyzing the results in this fashion allows one to distinguish
between the bulk relaxation (observed in the temporal depend-
ence of adhesion-induced indentation upon tip extension) and
relaxation at the tip—surface interface (observed in the temporal
dependence of the retraction curve). The distinction between the
mechanical response of a bulk polymer and its surface is one
important goal of all point-probe measurements and has also

been achieved by using dynamic INI [67].
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Current status

Evidently a multitude of experiments and protocols are
described in the literature for extracting the viscoelastic prop-
erties of soft polymers by using dynamic INI and AFM nanoin-
dentation. The need to develop standard methods in dynamic
nanoindentation has been shown to be crucial for the reliability
and repeatability of the experiments. Such a standardized
method should include a clear protocol for the modulation, the
calibration process of the instrument, the reference materials
and the frequency ranges. Some efforts have been made in this
direction, but there is no consensus on the matter yet [51].
Nonetheless, it is anticipated that under the action of ISO
TC164 SC3 accepted protocols will be decided upon [112].

When these two point probe techniques are used to measure the
same surface, the divergence between INI and AFM is apparent.
As indicated above, there are notable differences between what,
and how they measure. The comparison between instrumented
nanoindentation and AFM probe nanoindentation provided here

has emphasized some of these differences.

Demonstration of the concepts

By way of demonstrating some of these issues, an experimental
comparison between AFM and instrumented dynamic nanoin-
dentation for assessing the viscoelasticity in polymers is
presented below. Simple approaches were chosen to demon-
strate that meaningful data can be obtained with relative ease,
and also to point out the resultant inaccuracies. In order to high-
light the issues that are discussed in this review, particular
attention is given to the calibration of the instrument. The
dynamic moduli of two polymers are estimated on the basis of
Equation 12.

Nanoindentation experiments were performed on isotactic
polypropylene (iPP, 127,000 g/mol) by using instrumented
nanoindentation (Agilent DCM) and AFM tip based nanoinden-
tation (NTMDT NTEGRA). A typical INI load-vs-displace-
ment curve is displayed in Figure 5A. The modulation results
(continuous stiffness measurement CSM™, modulation ampli-
tude 5 nm) displayed in Figure 5B reflect the modulus value,
which is determined by the instrument software by using stan-
dard O&P analysis [23]. The curve in Figure 5B starts at high F
values and rapidly decreases down to an indentation depth of
about 60 nm, after which it settles to an asymptotic value. This
is due to surface effects in addition to the unreliability of the
area function at very small depths and a relatively large ampli-
tude of oscillation compared to the deformation at low depths.
Averaged over 20 tests, the asymptotic reduced storage
modulus is 2.7 £+ 0.2 GPa. After adjusting for a Poisson ratio of
0.45, the resultant value of 2.15 GPa compares well with litera-

ture data that report a Young’s modulus of 1.8 GPa at this
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frequency [113]. The data in Figure 5 represent the storage
modulus. In order to measure the smaller loss component,
dynamic analysis was performed by using the relations summa-
rized in this review, and reported below.
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Figure 5: Modulus measurements on polypropylene (A) Load-vs-
deformation curve (B) Reduced storage modulus determined using
continuous stiffness measurement vs depth. CSM modulation ampli-
tude 5 nm at 45 Hz.

Dynamic instrumented nanoindentation

In order to extract the storage and the loss modulus from
dynamic testing, the instrument response must be characterized
and corrected for. The introduction of a frequency specific
phase lock amplifier in the continuous stiffness measurement
(CSM) induces a frequency-dependent phase shift. Conse-
quently, a correction of the phase shift is required. The calibra-
tion is made according to the protocol described by Herbert et
al. [64]: With the indenter tip hanging in free space the stift-
ness and the damping of the instrument are measured as a func-
tion of the frequency by using Equations 9—-11 above.

The calibration revealed a significant variation in damping with
the frequency (Figure 6).
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Figure 6: Calibration of the system damping for INI. The damping was
computed for each frequency at different vertical extensions of the
indenter over a range of £ 30 ym. The damping is computed by using
Equations 9-11 and is reported here as Cijw. (a) System damping as a
function of the frequency for a displacement near 0. (b) System
damping as a function of the displacement of the indenter head at

200 Hz frequency.

Figure 7 shows the variation of the loss moduli and loss tangent
with the modulation frequency (®/27) at a depth of 1000 nm for
the iPP films. As mentioned previously, tan § is particularly
suited for detecting dissipative processes such as friction
[60,114]. The progressive increase of the loss tangent with the
frequency can be attributed to the increase of internal chain fric-
tion at higher frequencies [66]. In comparison to the storage
modulus, the values of loss modulus observed in Figure 7
contribute little to the magnitude of the complex modulus, so
the careful calibration procedure is essential to get accurate
data.
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Figure 7: Dynamic INI of iPP as a function of the frequency. The error
bars indicate the standard deviation calculated for at least five
measurements in three different places.

AFM-based modulation

In this experiment, the tip was first indented to a depth of 50 nm
into the sample in the AFM (Bruker, multimode). Prior to the
experiment, the cantilever spring constant and the deflection
sensitivity were determined with the Nanoscope software
(former from the thermal noise and the latter by measuring the
deflection of the cantilever with the displacement on a hard
surface). The tip radius for various depths was estimated from a
sample of known modulus by using the DMT relation and quan-
titative mechanical mapping (QNM®) mode (Bruker). A modu-
lation was then applied at several frequencies in the range of
5-300 Hz. A digital lock-in amplifier was used to detect the
amplitude and the phase of the cantilever oscillation relative to
the drive signal. The modulation was conducted by using two
oscillatory modes. In the first method, called z-modulation here,
a sinusoidal signal is added to the z-voltage of the piezoelectric
tube [99,115]. This leads to a modulated deflection of the
cantilever of 5-10 nm and thus a variation of the force between
tip and sample. This modulated amplitude is fed into a lock-in
amplifier and the output of the lock-in amplifier is recorded as
amplitude vs time. Because of the mechanical and instrumental
response, the amplitude and phase of the instrumental contribu-
tion depend on the frequency. For a quantitative analysis of the
data it is therefore necessary to correct for the response with the
apparatus transfer function by using an incompressible sample.
In the second mode, tip modulation, the cantilever base is
modulated via the tip holder. Here the contribution of the instru-
ment damping is isolated by vibrating the cantilever in air
and the loss modulus of the sample is calculated by using
Equation 11 and Equation 12.

The subtraction of instrumental damping is less straightforward
in AFM than in INI. It has been suggested that for frequencies
well below resonance, modulating the tip in air will give a
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negligible phase shift [102]. In our system, a small but observ-
able shift can be detected as shown in Figure 8a. The phase lag
rose slightly with the modulation frequency, from 0.5° at 5 Hz
to 2.5° at 300 Hz. When the tip was brought in contact with the
sample, the phase lag jumped to 180° as a direct consequence of
the contact. After nulling this phase jump, the phase lag
recorded on a hard surface was indeed larger than that recorded
with the tip being suspended in air, and the phase lag increased
from 2° to 10° in the frequency range from 5 to 300 Hz.
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Figure 8: AFM tip modulation: (a) Phase shift and (b) amplitude in air
(dashed line) and on sample (solid line).

Variations in the loss modulus and in tan & with the modulation
frequency were obtained from the AFM results for iPP
according to Equation 12. The results are displayed in Figure 9.
Increases of both the loss modulus and the loss tangent are
observed. The comparison of both absolute values obtained in
dynamic INI vs AFM and the change of E” and tan § with the
frequency are favorable. The differences will be discussed
below.

Creep measurements

Creep tests were performed on 1-mm thick polymethyl
methacrylate (PMMA, My, = 350,000 ) films. The tests were
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Figure 9: Dynamic AFM measurements of iPP as a function of the
frequency. The measurements were made at a depth h = 50 nm by
using a probe with a spring constant k = 33 N/m and a nominal tip
radius of 50 nm. The oscillation amplitude was maintained at 10 nm.

performed by using an AFM (NTEGRA, NT-MDT). The AFM
probe was indented to an initial depth of 50 nm into the surface,
then held at a constant load while monitoring the change in the
z-sensor over a creep time of 10 s. The sensitivity of the
detector was previously calibrated to compute the deformation
variation with time /(f). During the creep test, the contact area
between the tip and the sample increases with the displacement
of the probe into the sample. The contact area is estimated as an
approximately conical shape for depths of 25 nm and beyond,
by using the manufacturer value for the half-angle of the tip.

The resulting curves were fit to Equation 13 to obtain £, the
storage modulus at steady state conditions, as well as viscosity
;i and modulus E; at characteristic times t; The latter is calcu-
lated from the relationship t; = ny/Ej. Single, double, and triple
exponential fits were attempted: the triple exponential fit was
not significantly better than the double exponential fit. The
following values are obtained: Asymptotic storage modulus,
E, =6.25 GPa; E| = 1.53 GPa, n; =42 MPas, 1) = 0.027 s;
E, =2.08 GPa, np =71 MPa's, 1, = 1.01 s.

As a comparison, the dynamic nanoindentation of PMMA gives
E'=3.89 GPa and E” = 0.537 GPa at 45 Hz and £’ = 3.4 GPa
and £” = 0.33 GPa at 1 Hz. A recent study about the elastic and
viscoelastic properties of PLLA/HA films that also used a biex-
ponential fit found relaxation times of this order [116]. When
the creep time is increased, plastic yielding occurs as seen in
Figure 10. The graph deviates from the asymptotical behavior
and FE, increases (i.e., for t =100 s, £, = 7.2 GPa).

Discussion
The brief summary of the experimental analyses highlights the
different factors that can influence the final results. The correla-
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Figure 10: AFM probe creep test showing the creep compliance
calculated using Equation 11 for PMMA. (a) A 10 second creep test.
(b) Longer time showing effect of plastic yield (see text), in deviation of
curve at long times.

tion between INI and AFM results should include a discussion
of the dynamic testing protocol, surface effects, and calibration
issues. In the following section, the data presented above will
serve as a support for the comparison of the techniques, in terms
of protocol and source of errors.

Evaluation of the methods

Instrument calibration

In INI a calibrated force is applied along the surface normal.
The load is controlled by electromagnetic or electrostatic actua-
tors, the displacement is measured independently and the
indenter head is supported by springs, in our case with a vertical
stiffness of approximately 100 N-m™! and a lateral stiffness of
10000 N-m~! [64]. This strong asymmetry in compliance

confines the motion to the surface normal in accordance with
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the Voigt model applied here. A key issue in dynamic nanoin-
dentation is to successfully evaluate the instrumental contribu-
tion to the measured stiffness and damping. As previously
noted, the frequency response of the instrument is controlled by
the magnitude of the moving mass, the stiffness of the support
springs and the damping of the head. Here INI has some advan-
tages over AFM, for instance the widely used capacitive or
electrostatic sensing of the indenter motion is stable over time
and thus accurate for low frequencies, which allows for an
access to frequencies usually used in rheological studies
(0.1-1000 Hz).

Contrary to INI, among the various studies made on dynamic
AFM, there is no consensus for quantifying the instrumental
damping so that a number of different calibration methods exist.
Most literature reports make use of a rigid substrate, such as
sapphire or a silicon wafer as a reference sample. Since the sub-
strate displays a purely elastic response, any phase shift
observed can then be attributed to the instrument damping. As
noted in [102], the use of a rigid sample is not accurate for ma-
terials that display small phase lags on the same order of that of
the reference sample.

The modulation source

In the classical dynamic test at the macroscale the phase
lag is measured from the strain response to a sinusoidal tensile/
flexural stress. In contrast the phase lag in nanoindentation is
controlled by the displacement response of the indenter to
sinusoidal loading. The combined response of the instrument
and the sample is described in the case of dynamic INI by two
springs in parallel. The parallel model describes a configuration,
in which equal forces are applied on both sample and indenter
tip. This is in line with AFM, where a displacement, rather than
a force is applied, typically at the base of the cantilever so the
two springs (sample and instrument) are in series. The fact that
the force is not restricted to the surface normal in AFM has
been discussed above and also widely in the literature
[63,64,117]. Lateral forces can arise because of the angle
between the cantilever and the sample owing to the instru-
mental configuration. But this can be compensated for by
controlling the angular path of the loading curve [118].

Even with such a correction the cantilever may twist during the
indentation, especially at the start of the indentation, because of
a torque arising from the imperfect vertical loading of the tip
owing to the sample roughness, and the alignment of sample or
tip. This can lead to either a flexural or a torsional force. The
former will be detected in an optical-lever-based AFM system
as normal force. The latter may, or may not, influence the
detected normal force signal depending on the extent of cross-

talk, but it will certainly influence the overall force balance. The
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torsional force could be significant in magnitude, considering
the much larger magnitude of the torsional spring constant,
which for a rectangular cantilever is related to the normal spring
constant with a proportionality constant of [cantilever length/tip
height]2. For typical Si single crystal micromachined cantilevers
this factor ranges between 30-1000 [44]. Edwards et al. devel-
oped a correction factor for both rectangular and v-shaped
cantilevers, which encompasses the tilt and the torque of the
cantilever and extracts the pure normal force [119]. The correc-
tion also accounts for different tip geometries.

Surface effect-surface detection

The ability of these nanoscale techniques to probe the outer few
nm of the surface presents an opportunity and a challenge:
Firstly, a proper location on the surface requires great precision.
The pitfalls in improper surface detection have been high-
lighted by Deuschle et al. [120]. In that work, the detection of
the surface by triggering on a rise in the force above a noise
threshold was compared to changes in contact stiffness that
were derived from the amplitude of the modulation, Py/hq. For a
PDMS sample with a modulus of 1 MPa, the surface was
"missed" by 580 nm when using the former method with a
resulting error in the computation of the modulus of 400%,
whereas for a dynamic approach the overshoot was only 30 nm
and the error in modulus only 10%. Various extrapolation
methods can be used to determine the contact point
[41,121,122] and it may be done by fitting the approach curves
to an appropriate model [34,123]. Surface effects dictate the
mechanical response in many nanoscale problems. Furthermore,
surface properties can be quite different than those of the bulk.
On the other hand, limiting the analyses to only a few nm
presents a few more problems — firstly, discrete atomic/molec-
ular events may be important, and the models that are used in
general and are covered in this review are all continuum
models. Secondly, getting knowledge of the contact geometry is
much more difficult at this scale: Presumptions of a smooth
surface and a geometrically ideal axiosymmetric indenter do not
hold. In addition, the effects already discussed, which involve
the influence of adhesion, etc., become dominant at this scale.
For example, one dynamic study on an epoxy surface found that
it was necessary to penetrate the surface by 130 nm in order to
overcome the surface roughness and get representative results
[124]. Monitoring the convergence of the CSM values with
depth as shown in Figure 5 helps to estimate the depth at which
surface geometric effects are overcome. Recently, accurate
measurements of the modulus for several polymers at depths of
only several nanometers was shown to be possible by properly
accounting for adhesion, carefully characterizing the tip shapes,
and limiting the maximum stress [125]. Surface effects also
influence the models chosen, both because the linear elastic

regime is exceeded at relatively small loads and depths, and
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because the tip geometry is hard to track over the different size
scales. Sometimes, this depth cannot be controlled, for instance
when the adhesive force is large (see Figure 1) and even at zero
external loading force the depth can be significant.

Sources of error and internal calibration

Internal calibration and errors are perhaps the most critical
aspect of nanoindentation. Here too, there is a divergence
between the emphasis in AFM and in INL

Spring stiffness and instrument compliance

For INI the force is applied directly to the tip through a cali-
brated transducer: This force is the same as that on the sample.
Thus, over a wide range of sample moduli, the stiffness of the
spring is independent of the stiffness of the studied material. In
contrast, AFM is controlled by displacement. The total displace-
ment is split into cantilever bending and deformation, so that
the ultimate force that can be applied on the sample is depen-
dent on the cantilever spring stiffness [126]. The choice of a
particular cantilever fixes the spring constant and hence ulti-
mate deformation of the sample. If the deformation is too small,
there will be sensitivity problems, and if it is too large, the
assumptions on contact area, deformation mode, and even linear
elasticity may be violated. In general, one cantilever probe can
test a limited (approximately 2 orders of magnitude) span of
elastic moduli. A useful rule of thumb for choosing an appro-
priate spring may be estimated from the contact stiffness for a
Hertzian contact S = 2aE” [20].

There are a number of ways to calibrate the cantilever spring
constant, covered in a review by Sader [127], and even careful
calibration will generally result in a relative uncertainty on the
order of 10%. The forces in INI are generally factory calibrated,
although most manufacturers provide for some on-site calibra-
tion. Standard procedures for good working practice strongly
recommend 1% tolerance for both force and displacement
[128]. Instrument compliance must also be included in the
determination of the sample deformation. For polymers that
have elastic moduli of a few GPa or less, the precise calibration
of this value is not expected to contribute significantly to the
results.

Contact area

A main shortcoming of nanoindentation is the inability to opti-
cally view the indentation area in real time, or directly upon
load release as in microindentation. Rather, the contact area is
calculated based on the knowledge of the accurate indenter
geometry, which in turn yields the projected contact area at
each depth. This is only possible for a well-defined tip. The INI
community developed several methods to accurately estimate

the shape of the tip. One method is based on an AFM scan of
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the tip, which gives the real geometry of the indenter [129]. But
this requires removing the tip from the head for each such
measurement. For small depths, as they are used in nanoinden-
tation, the shape at the end of the tip is critical and this geom-
etry can change significantly over the course of a day’s work
[130,131]. Some attempts have also been made to image the
imprint of the indenter left in the sample by AFM scanning
[57,129]. Another possibility is to use the INI indenter tip as a
probe scanner to scan a sample with very sharp features as it is
widely done for AFM tip radius calibration [132,133].

Blind reconstruction is attractive since it only requires the data
obtained from the topographical scan that was performed during
the routine course of the experiment [132]. However, this tech-
nique does not give the complete area function of the tip, rather
only for those parts that come into contact with the sample
during such a scan [134]. When deeper depths are accessed in
the indentation cycle, the relevant data needed about the tip
profile may not be available. For this reason, reference-based
techniques have become attractive, in a fashion quite similar to
that adapted in the O&P method for INI, in which a standard
sample of known modulus is used to estimate the tip shape in
AFM [134,135]. Recently, AFM tip areas were determined by
first applying a large tip that could be characterized optically
using INI, then using that value as a reference for determining
the AFM tip size by Hertzian analysis [136]. The objective of
tip-shape calibration is to estimate the cross-section area of the
indenter tip as a function of the distance from the apex.
Although most procedures make such tip calibration on one
sample, calibrating the area function on two different materials
(for instance, sapphire and fused quartz) further increases the

accuracy of the area function [122].

In contrast to INI, AFM probes are consumables and often
several tips may be used in the course of a measurement, so
extensive calibrations are not practical. One should keep in
mind that those calibrations still depend on the reliability of the
internal calibration (deflection sensitivity, spring constant,
validity of analytical model, topography). They also depend on
the reliability of the analytical model used to back-calculate the
tip area from a known modulus. In this context, it is worth
noting that the determination of the loss factor, tan 8, does not
require a determination of the area thus removing a major

source of uncertainty [137].

Deflection sensitivity

The force applied to the cantilever results in a flexure, charac-
terized by the deflection angle in an optical beam setup. The
deflections must be kept within the linear response regime of
both cantilever spring and optical system. This linear response

is calibrated by pressing the tip on a non-deforming surface.
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Although simple to perform, care is required to obtain a mean-
ingful result: The displacement calibration can vary with the tip
velocity [138] and the alignment of the cantilever. The calibra-
tion is also prone to artifacts, such as those due to friction at the
tip—surface contact that can introduce systematic errors to the
value [139].

Conclusion

This review has outlined the considerations which should be
made in the nanomechanical testing of viscoelastic materials by
using point probes. It should be clear from the reading that there
are still many loose ends to tie up in order to discover the best
way to make such measurements. However, both the INI and
AFM techniques have the means and technology in place to
push the field forward. Great strides have been made in
ensuring the reliability and usefulness of the data. The
advances, both on the technical and the conceptual level, thus
work in unison to forge new levels of understanding of
viscoelastic processes at the nanoscale.

References

1. Ashkin, A.; Dziedzic, J. M.; Bjorkholm, J. E.; Chu, S. Opt. Lett. 1986,
11, 288-290. doi:10.1364/0L.11.000288

2. Tabor, D.; Winterton, R. H. S. Proc. R. Soc. London, Ser. A 1969,
312, 435-450. doi:10.1098/rspa.1969.0169

3. Israelachvili, J. N.; Tabor, D. Proc. R. Soc. London, Ser. A 1972, 331,
19-38. doi:10.1098/rspa.1972.0162

4. Xie, H.; Onal, C.; Régnier, S.; Sitti, M. In Afomic Force Microscopy
Based Nanorobotics; Siddlano, B.; Khatib, O., Eds.; Springer-Verlag:
Berlin, Heidelberg, 2012; pp 87—143. doi:10.1007/978-3-642-20329-9

5. Zhou, J.; Komvopoulos, K. J. Appl. Phys. 2006, 100, 114329.
doi:10.1063/1.2398797

6. Boussinesq, J. Applications des Potentiels a I'etude de equilibre et du
mouvement des solides elastiques; Gauthier-Villars: Paris, 1885.

7. Hertz, H. J. Reine Angew. Math. 1882, 92, 156-171.
doi:10.1515/crll.1882.92.156

8. Sneddon, I. N. Int. J. Eng. Sci. (Oxford, U. K.) 1965, 3, 47-57.
doi:10.1016/0020-7225(65)90019-4

9. Johnson, K. L. Contact Mechanics; Cambridge Univ. Press:
Cambridge, 1985. doi:10.1017/CB09781139171731

10. Tabor, D. J. Colloid Interface Sci. 1977, 58, 2—13.
doi:10.1016/0021-9797(77)90366-6

11. Derjaguin, B. V.; Muller, V. M.; Toporov, Yu. P.
J. Colloid Interface Sci. 1975, 53, 314-325.
doi:10.1016/0021-9797(75)90018-1

12. Johnson, K. L.; Kendall, K.; Roberts, A. D.
Proc. R. Soc. London, Ser. A 1971, 324, 301-313.
doi:10.1098/rspa.1971.0141

13. Barthel, E. J. Colloid Interface Sci. 1998, 200, 7-18.
doi:10.1006/jcis.1997.5309

14. Maugis, D.; Barquins, M. J. Phys. D 1978, 11, 1989-2023.
doi:10.1088/0022-3727/11/14/011

15. Schwarz, U. D. J. Colloid Interface Sci. 2003, 261, 99-106.
doi:10.1016/S0021-9797(03)00049-3

16. Bulychev, S. I.; Alekhin, V. P.; Shorshorov, M. K.; Ternovskii, A. P.;
Shnyrev, G. D. Zavod. Lab. 1975, 41, 1137-1140.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Beilstein J. Nanotechnol. 2013, 4, 815-833.

Ternovskii, A. P.; Alekhin, V. P.; Shorshorov, M. K;

Khrushchov, M. M.; Skvortsov, V. N. Zavod. Lab. 1974, 39,
1242-1247.

Loubet, J. L.; Georges, J. M.; Marchesini, O.; Meille, G. J. Tribol.
1984, 106, 43—-48. doi:10.1115/1.3260865

Pethica, J. B.; Hutchings, R.; Oliver, W. C. Philos. Mag. A 1983, 48,
593-606. doi:10.1080/01418618308234914

Pethica, J. B.; Oliver, W. C. Phys. Scr. 1987, T19, 61-66.
doi:10.1088/0031-8949/1987/T19A/010

Binning, G.; Quate, C. F.; Gerber, C. Phys. Rev. Lett. 1986, 56,
930-933. doi:10.1103/PhysRevLett.56.930

Doerner, M. F.; Nix, W. D. J. Mater. Res. 1986, 1, 601-609.
doi:10.1557/JMR.1986.0601

Oliver, W. C.; Pharr, G. M. J. Mater. Res. 1992, 7, 1564—1583.
doi:10.1557/JMR.1992.1564

Oliver, W. C.; Pharr, G. M. J. Mater. Res. 2004, 19, 3—-20.
doi:10.1557/jmr.2004.19.1.3

Pharr, G. M.; Oliver, W. C.; Brotzen, F. R. J. Mater. Res. 1992, 7,
613-617. doi:10.1557/JMR.1992.0613

Miyake, K.; Fujisawa, S.; Korenaga, A.; Ishida, T.; Sasaki, S.

Jpn. J. Appl. Phys. 2004, 43, 4602-4605. doi:10.1143/JJAP.43.4602
Beegan, D.; Chowdhury, S.; Laugier, M. T. Surf. Coat. Technol. 2005,
192, 57-63. doi:10.1016/j.surfcoat.2004.02.003

Poole, W. J.; Ashby, M. F.; Fleck, N. A. Scr. Mater. 1996, 34,
559-564. doi:10.1016/1359-6462(95)00524-2

Overney, R. M.; Leta, D. P.; Pictroski, C. F.; Rafailovich, M. H.; Liu, Y.;
Quinn, J.; Sokolov, J.; Eisenberg, A.; Overney, G. Phys. Rev. Lett.
1996, 76, 1272-1275. doi:10.1103/PhysRevLett.76.1272
Vanlandingham, M. R.; McKnight, S. H.; Palmese, G. R;;

Eduljee, R. F.; Gillespie, J. W., Jr.; McCulough, R. L.

J. Mater. Sci. Lett. 1997, 16, 117-119. doi:10.1023/A:1018533708655
Asif, S. A.; Colton, R. J.; Wahl, K. J. Nanoscale Surface Mechanical
Property Measurements: Force Modulation Techniques Applied to
Nanoindentation. In Interfacial Properties on the Submicron Scale;
Frommer, J.; Overney, R., Eds.; ACS Books, 2000.

Odegard, G. M.; Gates, T. S.; Herring, T. M. Exp. Mech. 2005, 45,
130-136. doi:10.1007/BF02428185

Greenwood, J. A.; Johnson, K. L. J. Colloid Interface Sci. 2006, 296,
284-291. doi:10.1016/j.jcis.2005.08.069

Han, L.; Frank, E. H.; Greene, J. J.; Lee, H.-Y.; Hung, H.-H. K;;
Grodzinsky, A. J.; Ortiz, C. Biophys. J. 2011, 100, 1846—1854.
doi:10.1016/j.bpj.2011.02.031

vanLandingham, M. R.; Chang, N.-K.; Drzal, P. L.; White, C. C;
Chang, S.-H. J. Polym. Sci., Part B: Polym. Phys. 2005, 43,
1794-1811. doi:10.1002/polb.20454

Gao, H.; Chiu, C.-H.; Lee, J. Int. J. Solids Struct. 1992, 29,
2471-2492. doi:10.1016/0020-7683(92)90004-D

Hay, J.; Crawford, B. J. Mater. Res. 2011, 26, 727-738.
doi:10.1557/jmr.2011.8

Chen, X.; Vlassak, J. J. J. Mater. Res. 2001, 16, 2974-2982.
doi:10.1557/JMR.2001.0408

Xu, H.; Pharr, G. M. Scr. Mater. 2006, 55, 315-318.
doi:10.1016/j.scriptamat.2006.04.037

Ebenstein, D. M.; Wahl, K. J. J. Colloid Interface Sci. 2006, 298,
652-662. doi:10.1016/j.jcis.2005.12.062

Notbohm, J.; Poon, B.; Ravichandran, G. J. Mater. Res. 2011, 27,
229-237. doi:10.1557/jmr.2011.252

Cohen, S. R. Heterog. Chem. Rev. 1994, 2, 135-144.

830


http://dx.doi.org/10.1364%2FOL.11.000288
http://dx.doi.org/10.1098%2Frspa.1969.0169
http://dx.doi.org/10.1098%2Frspa.1972.0162
http://dx.doi.org/10.1007%2F978-3-642-20329-9
http://dx.doi.org/10.1063%2F1.2398797
http://dx.doi.org/10.1515%2Fcrll.1882.92.156
http://dx.doi.org/10.1016%2F0020-7225%2865%2990019-4
http://dx.doi.org/10.1017%2FCBO9781139171731
http://dx.doi.org/10.1016%2F0021-9797%2877%2990366-6
http://dx.doi.org/10.1016%2F0021-9797%2875%2990018-1
http://dx.doi.org/10.1098%2Frspa.1971.0141
http://dx.doi.org/10.1006%2Fjcis.1997.5309
http://dx.doi.org/10.1088%2F0022-3727%2F11%2F14%2F011
http://dx.doi.org/10.1016%2FS0021-9797%2803%2900049-3
http://dx.doi.org/10.1115%2F1.3260865
http://dx.doi.org/10.1080%2F01418618308234914
http://dx.doi.org/10.1088%2F0031-8949%2F1987%2FT19A%2F010
http://dx.doi.org/10.1103%2FPhysRevLett.56.930
http://dx.doi.org/10.1557%2FJMR.1986.0601
http://dx.doi.org/10.1557%2FJMR.1992.1564
http://dx.doi.org/10.1557%2Fjmr.2004.19.1.3
http://dx.doi.org/10.1557%2FJMR.1992.0613
http://dx.doi.org/10.1143%2FJJAP.43.4602
http://dx.doi.org/10.1016%2Fj.surfcoat.2004.02.003
http://dx.doi.org/10.1016%2F1359-6462%2895%2900524-2
http://dx.doi.org/10.1103%2FPhysRevLett.76.1272
http://dx.doi.org/10.1023%2FA%3A1018533708655
http://dx.doi.org/10.1007%2FBF02428185
http://dx.doi.org/10.1016%2Fj.jcis.2005.08.069
http://dx.doi.org/10.1016%2Fj.bpj.2011.02.031
http://dx.doi.org/10.1002%2Fpolb.20454
http://dx.doi.org/10.1016%2F0020-7683%2892%2990004-D
http://dx.doi.org/10.1557%2Fjmr.2011.8
http://dx.doi.org/10.1557%2FJMR.2001.0408
http://dx.doi.org/10.1016%2Fj.scriptamat.2006.04.037
http://dx.doi.org/10.1016%2Fj.jcis.2005.12.062
http://dx.doi.org/10.1557%2Fjmr.2011.252

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Aimé, J. P.; Elkaakour, Z.; Gauthier, S.; Michel, D.; Bouhacina, T.;
Curély, J. Surf. Sci. 1995, 329, 149-156.
doi:10.1016/0039-6028(95)00122-0

Liu, Y.; Wu, T.; Evans, D. F. Langmuir 1994, 10, 2241-2245.
doi:10.1021/1a00019a035

Bhushan, B.; Koinkar, V. N. Appl. Phys. Lett. 1994, 64, 1653—1655.
doi:10.1063/1.111949

Withers, J. R.; Aston, D. E. Adv. Colloid Interface Sci. 2006, 120,
57-67. doi:10.1016/j.cis.2006.03.002

Cohen, S. R.; Apter, N.; Jesse, S.; Kalinin, S.; Barlam, D.;

Peretz, A. |; Ziskind, D.; Wagner, H. D. Isr. J. Chem. 2008, 48, 65-72.

doi:10.1560/1JC.48.2.65

Unertl, W. N. J. Vac. Sci. Technol., A 1999, 17, 1779-1786.
doi:10.1116/1.581890

VanLandingham, M. R. J. Res. Natl. Inst. Stand. Technol. 2003, 108,
249-265. doi:10.6028/jres.108.024

VanLandingham, M. R,; Villarrubia, J. S.; Guthrie, W. F.;

Meyers, G. F. Macromol. Symp. 2001, 167, 15—44.
doi:10.1002/1521-3900(200103)167:1<15::AID-MASY15>3.0.CO;2-T
Butt, H.-J.; Cappella, B.; Kappl, M. Surf. Sci. Rep. 2005, 59, 1-152.
doi:10.1016/j.surfrep.2005.08.003

Briscoe, B. J.; Fiori, L.; Pelillo, E. J. Phys. D: Appl. Phys. 1998, 31,
2395-2405. doi:10.1088/0022-3727/31/19/006

Feng, G.; Ngan, A. H. W. J. Mater. Res. 2002, 17, 660—668.
doi:10.1557/JMR.2002.0094

Korobko, R.; Kim, S. K.; Kim, S.; Cohen, S. R.; Wachtel, E.;
Lubomirsky, I. Adv. Funct. Mater. 2013, in press.
doi:10.1002/adfm.201301536

Moeller, G. J. Polym. Sci., Part B: Polym. Phys. 2009, 47, 1573—1587.

doi:10.1002/polb.21758

Jakes, J. J.; Lakes, R. S.; Stone, D. S. J. Mater. Res. 2012, 27,
463-474. doi:10.1557/jmr.2011.363

Attard, P. Phys. Rev. E 2001, 63, 061604.
doi:10.1103/PhysRevE.63.061604

Attard, P. Langmuir 2001, 17, 4322—4328. doi:10.1021/la010086p
Oyen, M. L.; Cook, R. F. J. Mech. Behav. Biomed. Mater. 2009, 2,
396-407. doi:10.1016/j.jmbbm.2008.10.002

Ferry, J. D. Visoelastic properties of Polymers; Wiley: NY, 1980.
Shaw, M. T.; MacKnight, W. J. Introduction fo Polymer Viscoelasticity,
3rd ed.; John Wiley & Sons: Hoboken, New Jersey, 2005.
doi:10.1002/0471741833

Wahl, K. J.; Asif, S. A. S.; Greenwood, J. A.; Johnson, K. L.

J. Colloid Interface Sci. 2006, 296, 178—188.
doi:10.1016/j.jcis.2005.08.028

Burnham, N. A.; Gremaud, G.; Kulik, A. J.; Gallo, P.-J.; Oulevey, F.
J. Vac. Sci. Technol., B 1996, 14, 1308—1312. doi:10.1116/1.589086
Herbert, E. G.; Oliver, W. C.; Pharr, G. M. J. Phys. D: Appl. Phys.
2008, 41, 074021-074029. doi:10.1088/0022-3727/41/7/074021
Vandamme, M.; Ulm, F.-J. Int. J. Sol. Struct. 2006, 43, 3142—-3165.
doi:10.1016/.ijsolstr.2005.05.043

Sperling, L. H. Introduction to Physical Polymer Science, 4th ed.;
Wiley, Hoboken: New Jersey, 2005; pp 362—-414.

Chakravartula, A.; Komvopoulos, K. Appl. Phys. Lett. 2006, 88,
131901. doi:10.1063/1.2189156

Cappella, B.; Kaliappan, S. K.; Sturm, H. Macromolecules 2005, 38,
1874-1881. doi:10.1021/ma040135f

Loubet, J. L.; Oliver, W. C.; Lucas, B. N. J. Mater. Res. 2000, 15,
1195-1198. doi:10.1557/JMR.2000.0169

Williams, M. L.; Landel, R. F.; Ferry, J. D. J. Am. Chem. Soc. 1955,
77, 3701-3707. doi:10.1021/ja01619a008

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

Beilstein J. Nanotechnol. 2013, 4, 815-833.

Sakharova, N. A.; Fernandes, J. V.; Antunes, J. M.; Oliveira, M. C.
Int. J. Solids Struct. 2009, 46, 1095-1104.
doi:10.1016/j.ijsolstr.2008.10.032

Lucas, B. N.; Oliver, W. C.; Swindeman, J. E. In Mater. Res. Soc.
Symp. Proc.; Moody, N. R.; Gerberich, W. W.; Burnham, N;

Baker, S. P., Eds.; San Francisco, 1998; Vol. 522, pp 3-14.
doi:10.1557/PROC-522-3

Asif, S. A. S.; Wahl, K. J.; Colton, R. J. Rev. Sci. Instrum. 1999, 70,
2408-2413. doi:10.1063/1.1149769

Herbert, E. G.; Oliver, W. C.; Lumsdaine, A.; Pharr, G. M.

J. Mater. Res. 2009, 24, 626-637. doi:10.1557/jmr.2009.0089
White, C. C.; VanLandingham, M. R.; Drzal, P. L.; Chang, N. K;;
Chang, S.-H. J. Polym. Sci., Part B: Polym. Phys. 2005, 43,
1812-1824. doi:10.1002/polb.20455

Tranchida, D.; Kiflie, Z.; Acierno, S.; Piccarolo, S. Meas. Sci. Technol.
2009, 20, 095702. doi:10.1088/0957-0233/20/9/095702

Tsukruk, V. V.; Gorbunov, V. V.; Huang, Z.; Chizhik, S. A. Polym. Int.
2000, 49, 441-444.
doi:10.1002/(SICI)1097-0126(200005)49:5<441::AID-PI240>3.3.CO;2
-L

Huang, G.; Wang, B.; Lu, H. Mech. Time-Depend. Mater. 2004, 8,
345-364. doi:10.1007/s11043-004-0440-7

Yang, S.; Zhang, Y.-W.; Zeng, K. J. Appl. Phys. 2004, 95, 3655-3666.
doi:10.1063/1.1651341

Sun, Y.; Walker, G. C. Langmuir 2005, 21, 8694—8702.
doi:10.1021/1a050448;

Gannepalli, A.; Yablon, D. G.; Tsou, A. H.; Proksch, R.
Nanotechnology 2011, 22, 355705.
doi:10.1088/0957-4484/22/35/355705

Garcia, R.; Herruzo, D. T. Nat. Nanotechnol. 2012, 7, 217-226.
doi:10.1038/nnano.2012.38

Tirosh, E.; Benassi, E.; Pipolo, S.; Mayor, M.; Valasek, M.;

Frydman, V.; Corni, S.; Cohen, S. R. Beilstein J. Nanotechnol. 2011,
2, 834-844. doi:10.3762/bjnano.2.93

Medalsy, I. D.; Mller, D. J. ACS Nano 2013, 7, 2642—-2650.
doi:10.1021/nn400015z

Gotsmann, B.; Seidel, C.; Anczykowski, B.; Fuchs, H. Phys. Rev. B
1999, 60, 11051-11061. doi:10.1103/PhysRevB.60.11051

Stark, M.; Stark, R. W.; Heckl, W. M.; Guckenberger, R.

Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 8473-8478.
doi:10.1073/pnas.122040599

Rabe, U. Atomic Force Acoustic Microscopy. In Applied Scanning
Probe Methods Vol II; Fuchs, H.; Bhushan, B., Eds.; Springer: Berlin,
2006; pp 37-90.

Sahin, O.; Magonov, S.; Su, C.; Quate, C. F.; Solgaard, O.

Nat. Nanotechnol. 2007, 2, 507-514. doi:10.1038/nnano.2007.226
Guo, S.; Solares, S. D.; Mochalin, V.; Neitzel, |.; Gogotsi, Y.;

Kalinin, S. V.; Jesse, S. Small 2012, 8, 1264—1269.
doi:10.1002/smll.201101648

Jesse, S.; Kalinin, S. V.; Proksch, R.; Baddorf, A. P.; Rodriguez, B. J.
Nanotechnology 2007, 18, 435503.
doi:10.1088/0957-4484/18/43/435503

Welker, J.; lllek, E.; Giessibl, R. J. Beilstein J. Nanotechnol. 2012, 3,
238-248. doi:10.3762/bjnano.3.27

Cleveland, J. P.; Anczykowski, B.; Schmid, A. E.; Elings, V. B.

Appl. Phys. Lett. 1998, 72, 2613-2615. doi:10.1063/1.121434

Scott, W. W.; Bhushan, B. Ultramicroscopy 2003, 97, 151-169.
doi:10.1016/S0304-3991(03)00040-8

Garcia, R. Amplitude Modulation Atomic Force Microscopy;
Wiley-VCH Verlag GmbH & Co. KgaA: Weinheim, Germany, 2010.

831


http://dx.doi.org/10.1016%2F0039-6028%2895%2900122-0
http://dx.doi.org/10.1021%2Fla00019a035
http://dx.doi.org/10.1063%2F1.111949
http://dx.doi.org/10.1016%2Fj.cis.2006.03.002
http://dx.doi.org/10.1560%2FIJC.48.2.65
http://dx.doi.org/10.1116%2F1.581890
http://dx.doi.org/10.6028%2Fjres.108.024
http://dx.doi.org/10.1002%2F1521-3900%28200103%29167%3A1%3C15%3A%3AAID-MASY15%3E3.0.CO%3B2-T
http://dx.doi.org/10.1016%2Fj.surfrep.2005.08.003
http://dx.doi.org/10.1088%2F0022-3727%2F31%2F19%2F006
http://dx.doi.org/10.1557%2FJMR.2002.0094
http://dx.doi.org/10.1002%2Fadfm.201301536
http://dx.doi.org/10.1002%2Fpolb.21758
http://dx.doi.org/10.1557%2Fjmr.2011.363
http://dx.doi.org/10.1103%2FPhysRevE.63.061604
http://dx.doi.org/10.1021%2Fla010086p
http://dx.doi.org/10.1016%2Fj.jmbbm.2008.10.002
http://dx.doi.org/10.1002%2F0471741833
http://dx.doi.org/10.1016%2Fj.jcis.2005.08.028
http://dx.doi.org/10.1116%2F1.589086
http://dx.doi.org/10.1088%2F0022-3727%2F41%2F7%2F074021
http://dx.doi.org/10.1016%2Fj.ijsolstr.2005.05.043
http://dx.doi.org/10.1063%2F1.2189156
http://dx.doi.org/10.1021%2Fma040135f
http://dx.doi.org/10.1557%2FJMR.2000.0169
http://dx.doi.org/10.1021%2Fja01619a008
http://dx.doi.org/10.1016%2Fj.ijsolstr.2008.10.032
http://dx.doi.org/10.1557%2FPROC-522-3
http://dx.doi.org/10.1063%2F1.1149769
http://dx.doi.org/10.1557%2Fjmr.2009.0089
http://dx.doi.org/10.1002%2Fpolb.20455
http://dx.doi.org/10.1088%2F0957-0233%2F20%2F9%2F095702
http://dx.doi.org/10.1002%2F%28SICI%291097-0126%28200005%2949%3A5%3C441%3A%3AAID-PI240%3E3.3.CO%3B2-L
http://dx.doi.org/10.1002%2F%28SICI%291097-0126%28200005%2949%3A5%3C441%3A%3AAID-PI240%3E3.3.CO%3B2-L
http://dx.doi.org/10.1007%2Fs11043-004-0440-7
http://dx.doi.org/10.1063%2F1.1651341
http://dx.doi.org/10.1021%2Fla050448j
http://dx.doi.org/10.1088%2F0957-4484%2F22%2F35%2F355705
http://dx.doi.org/10.1038%2Fnnano.2012.38
http://dx.doi.org/10.3762%2Fbjnano.2.93
http://dx.doi.org/10.1021%2Fnn400015z
http://dx.doi.org/10.1103%2FPhysRevB.60.11051
http://dx.doi.org/10.1073%2Fpnas.122040599
http://dx.doi.org/10.1038%2Fnnano.2007.226
http://dx.doi.org/10.1002%2Fsmll.201101648
http://dx.doi.org/10.1088%2F0957-4484%2F18%2F43%2F435503
http://dx.doi.org/10.3762%2Fbjnano.3.27
http://dx.doi.org/10.1063%2F1.121434
http://dx.doi.org/10.1016%2FS0304-3991%2803%2900040-8

95. Friedenberg, M. C.; Mate, M. C. Langmuir 1996, 12, 6138-6142.
doi:10.1021/1a960331i

96. Garcia, R.; Gémez, C. J.; Martinez, N. F.; Patil, S.; Dietz, C.;
Magerle, R. Phys. Rev. Lett. 2006, 97, 16103.
doi:10.1103/PhysRevLett.97.016103

97. Eastman, T.; Zhu, D.-M. Langmuir 1996, 12, 2859—-2862.
doi:10.1021/1a9504220

98. Xu, X.; Koslowski, M.; Raman, A. J. Appl. Phys. 2012, 111, 54303.
doi:10.1063/1.3689815

99. Radmacher, M.; Tillmann, R. W.; Gaub, H. E. Biophys. J. 1993, 64,
735-742. doi:10.1016/S0006-3495(93)81433-4

100.Yang, N.; Wong, K. K. H.; de Bruyn, J. R.; Hutter, J. L.
Meas. Sci. Technol. 2009, 20, 025703.
doi:10.1088/0957-0233/20/2/025703

101.McGuiggan, P. M,; Yarusso, D. J. J. Mater. Res. 2004, 19, 387-395.
doi:10.1557/jmr.2004.19.1.387

102.Minary-Jolanadan, M.; Yu, M. F. Ultramicroscopy 2008, 108, 821-825.

doi:10.1016/j.ultramic.2008.01.005

103.Yuya, P. A;; Hurley, D. C.; Turner, J. A. J. Appl. Phys. 2008, 104,
074916. doi:10.1063/1.2996259

104.Mahaffy, R. E.; Park, S.; Gerde, E.; Kas, J.; Shih, C. K. Biophys. J.
2004, 86, 1777—1893. doi:10.1016/S0006-3495(04)74245-9

105.Smith, B. A.; Tolloczko, B.; Martin, J. G.; Griitter, P. Biophys. J. 2005,
88, 2994-3007. doi:10.1529/biophysj.104.046649

106.Lange, M.; van Vérden, D.; Méller, R. Beilstein J. Nanotechnol. 2012,
3, 207-212. doi:10.3762/bjnano.3.23

107.Choi, G. Y.; Kim, S.; Ulman, A. Langmuir 1997, 13, 6333-6338.
doi:10.1021/1a970525d

108.Kim, S.; Choi, G. Y.; Ulman, A.; Fleischer, C. Langmuir 1997, 13,
6850-6856. doi:10.1021/1a970649q

109.8un, Y.; Akhremitchev, B.; Walker, G. C. Langmuir 2004, 20,
5837-5845. doi:10.1021/1a036461q

110.Gillies, G.; Prestidge, C. A.; Attard, P. Langmuir 2002, 18, 1674—1679.
doi:10.1021/1a011461g

111.Vakarelski, I. U.; Toritani, A.; Nakayama, M.; Higashitani, K. Langmuir
2001, 17, 4739-4745. doi:10.1021/1a001588q

112.http://www.iso.org/iso/home/standards_development/list_of iso_techn

ical_committees/iso_technical_committee.htm?commid=53558.

113.Brun, C.; Delobelle, P.; Fromm, M.; Berger, F.; Chambaudet, A.;
Jaffiol, F. Mater. Sci. Eng., A 2001, 315, 63—69.
doi:10.1016/S0921-5093(01)01200-X

114.Ashby, M. F. Acta Metall. 1989, 37, 1273-1293.
doi:10.1016/0001-6160(89)90158-2

115.Maivald, P.; Butt, H. J.; Gould, S. A. C.; Prater, C. B.; Drake, B.;
Gurley, J. A; Elings, V. B.; Hansma, P. K. Nanotechnology 1991, 2,
103-106. doi:10.1088/0957-4484/2/2/004

116.Uzim, C.; Hellwig, J.; Madaboosi, N.; Volodkin, D.; von Klitzing, R.
Beilstein J. Nanotechnol. 2012, 3, 778-788. doi:10.3762/bjnano.3.87

117.Braithwaite, G. J. C.; Luckhan, P. F. J. Colloid Interface Sci. 1999,
218, 97-111. doi:10.1006/jcis.1999.6298

118.Cannara, R. J.; Brukman, M. J.; Carpick, R. W. Rev. Sci. Instrum.
2005, 76, 053706. doi:10.1063/1.1896624

119.Edwards, S. A.; Ducker, W. A.; Sader, J. E. J. Appl. Phys. 2008, 103,
064513. doi:10.1063/1.2885734

120.Deuschle, J.; Enders, S.; Arzt, E. J. Mater. Res. 2007, 22, 3107-3119.

doi:10.1557/JMR.2007.0394
121.Lin, D. C.; Dimitriadis, E. K.; Horkay, F. J. Biomech. Eng. 2007, 129,
430-440. doi:10.1115/1.2720924

Beilstein J. Nanotechnol. 2013, 4, 815-833.

122.Cabibbo, M.; Ricci, P.; Cecchini, R.; Chudoba, T.; Rymuza, Z.;
Sullivan, J.; Dub, S.; Cohen, S. Micron 2012, 43, 215-222.
doi:10.1016/j.micron.2011.07.016

123.Notbohm, J.; Poon, B.; Ravichandran, G. J. Mater. Res. 2012, 27,
229-237. doi:10.1557/jmr.2011.252

124.Zhang, Y.-R.; Bai, S.-L.; Yang, D.-Y.; Zhang, Z.; Kao-Walter, S.

J. Polym. Sci., Part B: Polym. Phys. 2008, 46, 281-288.
doi:10.1002/polb.21365

125.Dokukin, M. E.; Sokolov, |. Macromolecules 2012, 45, 4277-4288.
doi:10.1021/ma202600b

126.Vanlandingham, M. R.; McKnight, S. H.; Palmese, G. R.; Elings, J. R.;
Huang, X.; Bogetti, T. A.; Eduljee, R. F.; Gillespie, J. W., Jr. J. Adhes.
1997, 64, 31-59. doi:10.1080/00218469708010531

127.Sader, J. Calibration of Atomic Force Microscope Cantilevers. In
Encyclopedia of Surface and Colloid Science; Hubbard, A. T., Ed,;
Marcel Dekker: NY, 2002.

128.1S0-14557-2 Metallic materials — Instrumented indentation test for
hardness and materials parameters —Part 2 Verification and
calibration of testing machines, 2009.

129.Takagi, S. J. Mater. Res. 2012, 27, 294-301.
doi:10.1557/jmr.2011.300

130.Chiu, Y. L.; Ngan, A. H. W. Acta Mater. 2002, 50, 1599-1611.
doi:10.1016/S1359-6454(02)00025-3

131.Bull, S. J. Z. Metallkd. 2002, 93, 870-874.

132.Villarrubia, J. S. J. Res. Natl. Inst. Stand. Technol. 1997, 102,
425-454. doi:10.6028/jres.102.030

133.Markiewicz, P.; Cohen, S. R.; Efimov, A.; Ovchinnikov, D. V_;
Bukharaev, A. A. Probe Microsc. 1999, 1, 355-364.

134.Clifford, C. A.; Seah, M. P. Appl. Surf. Sci. 2005, 252, 1915-1933.
doi:10.1016/j.apsusc.2005.08.090

135.Young, T. J.; Monclus, M. A.; Burnett, T. L.; Broughton, W. R;
QOgin, S. L.; Smith, P. A. Meas. Sci. Technol. 2011, 22, 125703.
doi:10.1088/0957-0233/22/12/125703

136.Griepentrog, M.; Krémer, G.; Capella, B. Polym. Test. 2013, 32,
455-460. doi:10.1016/j.polymertesting.2013.01.011

137.Hayes, S. A.; Goruppa, A. A.; Jones, F. R. J. Mater. Res. 2004, 19,
3298-3306. doi:10.1557/JMR.2004.0437

138.Rutland, M. W.; Tyrrell, J. W. G.; Attard, P. J. Adhes. Sci. Technol.
2004, 18, 1199-1215. doi:10.1163/1568561041581324

139.Pratt, J. R.; Shaw, G. A.; Kumanchik, L.; Burnham, N. A.

J. Appl. Phys. 2010, 107, 44305. doi:10.1063/1.3284957

832


http://dx.doi.org/10.1021%2Fla960331i
http://dx.doi.org/10.1103%2FPhysRevLett.97.016103
http://dx.doi.org/10.1021%2Fla9504220
http://dx.doi.org/10.1063%2F1.3689815
http://dx.doi.org/10.1016%2FS0006-3495%2893%2981433-4
http://dx.doi.org/10.1088%2F0957-0233%2F20%2F2%2F025703
http://dx.doi.org/10.1557%2Fjmr.2004.19.1.387
http://dx.doi.org/10.1016%2Fj.ultramic.2008.01.005
http://dx.doi.org/10.1063%2F1.2996259
http://dx.doi.org/10.1016%2FS0006-3495%2804%2974245-9
http://dx.doi.org/10.1529%2Fbiophysj.104.046649
http://dx.doi.org/10.3762%2Fbjnano.3.23
http://dx.doi.org/10.1021%2Fla970525d
http://dx.doi.org/10.1021%2Fla970649q
http://dx.doi.org/10.1021%2Fla036461q
http://dx.doi.org/10.1021%2Fla011461g
http://dx.doi.org/10.1021%2Fla001588q
http://www.iso.org/iso/home/standards_development/list_of_iso_technical_committees/iso_technical_committee.htm?commid=53558
http://www.iso.org/iso/home/standards_development/list_of_iso_technical_committees/iso_technical_committee.htm?commid=53558
http://dx.doi.org/10.1016%2FS0921-5093%2801%2901200-X
http://dx.doi.org/10.1016%2F0001-6160%2889%2990158-2
http://dx.doi.org/10.1088%2F0957-4484%2F2%2F2%2F004
http://dx.doi.org/10.3762%2Fbjnano.3.87
http://dx.doi.org/10.1006%2Fjcis.1999.6298
http://dx.doi.org/10.1063%2F1.1896624
http://dx.doi.org/10.1063%2F1.2885734
http://dx.doi.org/10.1557%2FJMR.2007.0394
http://dx.doi.org/10.1115%2F1.2720924
http://dx.doi.org/10.1016%2Fj.micron.2011.07.016
http://dx.doi.org/10.1557%2Fjmr.2011.252
http://dx.doi.org/10.1002%2Fpolb.21365
http://dx.doi.org/10.1021%2Fma202600b
http://dx.doi.org/10.1080%2F00218469708010531
http://dx.doi.org/10.1557%2Fjmr.2011.300
http://dx.doi.org/10.1016%2FS1359-6454%2802%2900025-3
http://dx.doi.org/10.6028%2Fjres.102.030
http://dx.doi.org/10.1016%2Fj.apsusc.2005.08.090
http://dx.doi.org/10.1088%2F0957-0233%2F22%2F12%2F125703
http://dx.doi.org/10.1016%2Fj.polymertesting.2013.01.011
http://dx.doi.org/10.1557%2FJMR.2004.0437
http://dx.doi.org/10.1163%2F1568561041581324
http://dx.doi.org/10.1063%2F1.3284957

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.4.93

Beilstein J. Nanotechnol. 2013, 4, 815-833.

833


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.4.93

	Abstract
	Review
	Introduction
	A brief history of point-probe nanomechanical testing
	Fundamental equations and their limitations
	Instrumentation
	Dynamic nanoindentation
	Background and relevant models
	Experimental aspects of the dynamic response measurement
	Dynamic AFM probe nanoindentation
	Current status
	Demonstration of the concepts
	Dynamic instrumented nanoindentation
	AFM-based modulation
	Creep measurements


	Discussion
	Evaluation of the methods
	Instrument calibration
	The modulation source
	Surface effect-surface detection
	Sources of error and internal calibration
	Spring stiffness and instrument compliance
	Contact area
	Deflection sensitivity


	Conclusion
	References

