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The past two decades have seen atomic force microscopy (AFM) evolve from an experimental technique
to probe simple surface topography to one that can spatially map nanoscale material properties with
exquisite sensitivity and high resolution. An expanding array of modes and analysis methods has made
AFM a widely used technique for extracting nanoscale elastic and viscoelastic data from polymers and
other soft materials. However, the assumptions required for interpretation of nanoscale mechanical data
on polymers and the lack of clarity on the best practices for the different modes limits the quantitative
accuracy of AFM methods and the interpretation of mechanical data. The analysis of AFM data becomes
even more complex when multiple phases are present in a sample which further convolute measure-
ments and the interpretation of the output data. Here, we present a comprehensive summary of modes
and contact mechanics analyses relevant for AFM on polymers, along with assessment of sources of error
and potential artifacts in measurement data on these soft, adhesive, viscoelastic and often heterogenous
materials. As a result of the review into AFM best practices, we provide a series of recommendations for
conducting quantitative AFM measurements on polymer systems. Finally, we investigate the impact of
these advancements in the context of a specific case study: measurement of mechanical property gradi-

ents in nanostructured polymers.

© 2021 Elsevier B.V. All rights reserved.

Abbreviations: AFM, atomic force microscopy; AM, amplitude modu-
lated; AMAC, amplitude modulated approach curve; BE, band excitation;
BIMS, poly(isobutylene-co-p-methylstyrene); CNT, carbon nanotube; CR, con-
tact resonance; DART, dual AC resonance tracking; DMA, dynamic mechan-
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1. Introduction
1.1. Nanomechanical mapping with AFM

Since atomic force microscopy (AFM) was developed in the
1980s, [1] AFM has been used for the characterization of surfaces
and their properties by scanning a sharp tip attached to the end of
a cantilever across a sample surface, where deflections of the can-
tilever can be related to nanoscale changes in surface topography
and properties.

Since then, the past two decades have seen the rise of an
expanding range of AFM modes and techniques [2-6] that map
nanoscale mechanical properties with ever growing sophistication,
transforming AFM into an indispensable tool for the characteriza-
tion of the nanoscale properties of polymers and other soft ma-
terials. [7-9] Depending on the choice of the excitation signal and
feedback mechanism(s) a range of quasi-static and dynamic AFM
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operational modes can be accessed. Quasi-static AFM modes, also
commonly referred to as static modes, conduct force spectroscopy
measurements by driving the tip of an AFM cantilever into con-
tact with a sample surface while tracking the cantilever deflec-
tion as a function of the probe movement towards and into the
sample. Dynamic AFM modes excite the cantilever at a specified
frequency or range of frequencies close to the cantilever reso-
nance while the tip is near (commonly referred to as ‘non-contact
mode’), or in intermittent contact (commonly referred to as ‘tap-
ping mode’) with, a sample surface where perturbations to the
cantilever oscillation behavior due to tip-sample forces allows the
user to infer information about the surface properties. Table 1 pro-
vides a brief summary of current quasi-static and dynamic AFM
modes and their capabilities for measuring mechanical properties.
Beyond the “simple” acquisition of sample topography conducted
by traditional AFM, the advanced modes have been developed to
measure electrical, thermal, surface chemistry, [10] as well as me-
chanical properties - the focus of this review - which provide
sources of contrast between sample components that is not avail-
able from other high resolution imaging techniques (SEM, TEM,
etc.).

Despite the numerous advancements in AFM methods, the vis-
coelastic (VE), adhesive nature of polymers and soft materials
presents a significant challenge in quantitative AFM measurement
due to complex contact mechanics and non-linear sample defor-
mation. Multi-phase materials provide additional complications to
AFM measurement as the response of a material to AFM indenta-
tion is a convolution of contributions from a volume underneath
the AFM tip and may include several phases. At the same time, lo-
cal property measurements are the most insightful on multi-phase
systems to shed light on complex material interactions. Perhaps
the most well-known consequence of the finite probed volume is
the ‘substrate effect’ (also known as the ‘thin film effect’ or ‘stress
interaction effect’) where the measured force from an indentation
into a sufficiently thin film will have a contribution from the sup-
porting substrate, artificially increasing or decreasing the measured
modulus of the film depending on the relative stiffness of the sub-
strate.[39] While most well-known for its relevance in the study of
supported thin films, the substrate effect is also an important con-
sideration in the study of composite and blend systems generally,
as the various bodies in the sample can influence indentations in
the neighboring phase.

1.2. AFM and complex soft materials

1.2.1. Nanostructured polymers and the interphase

One of the most promising areas for local property measure-
ment of polymers by AFM is in elucidating the nature of the poly-
mer interphase. The interphase is a nanoscale (1-100 nm) region
of polymer with altered properties relative to bulk regions result-
ing from chemical and/or physical interactions between local poly-
mer chains and the surface of a neighboring domain. The changes
in polymer conformations and dynamics within the interphase is
thought to be responsible for many of the enhanced mechanical,
dielectric, transport, and thermal properties observed in thin films
and polymer nanocomposites (PNCs). [40,41] Polymer thin films,
supported thin films in particular, [42] are in some ways analo-
gous to PNCs due to similarities between the interactions of local
polymer chains with an embedded nanoparticle and with a stiff
chemically active surface. Advancements in understanding of the
interphase impacts a variety of application domains including mi-
croelectronics and energy storage devices, drug delivery systems,
structural composites and nanocomposites, polymer blends, poly-
mer adhesion and tribology.

The interphase layer and its formation also tell a fundamen-
tal story about polymers and the underlying material physics. As-
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pects of glass formation remain an unsolved problem in solid state
physics, [43,44] with multiple theories still competing to explain
the mechanisms of how a glass-former (such as a polymer) under-
goes such drastic change in physical properties at the glass tran-
sition temperature. The ability to understand the interphase mor-
phology, its local properties, and how it arises in real systems
can provide useful information about entanglement, chemistry, and
glass formation in polymers.

The drive in computational materials science towards big data
and machine learning approaches to the development of novel ma-
terials requires high fidelity data sets with accurate representa-
tion of the sample microstructure for quantification and prediction.
[45] Beyond the enormous range of material constituents available
for fabricating PNCs, the interactions between filler particles and
polymers add an additional wrinkle to attempts to predict or tai-
lor the macroscale properties. Nanomechanical AFM has the po-
tential for direct measurement of the impact of constituent mate-
rials and their interactions on the interphase and microstructure in
heterogenous systems such as PNCs. However, conducting nanome-
chanical AFM on PNCs remains a significant challenge as the mul-
tiple phases present result in changes to deformation behavior and
local sample topography, among other issues, that require careful
treatment for quantitative measurements.

1.2.2. Biological materials and indentation on cellular bodies

AFM has seen significant use in characterization of biological
materials and indentation measurements of the mechanical prop-
erties of cells, bacteria, proteins, and other soft biological sys-
tems. While early experiments were limited to static indentations
and topography, advancement in high-sensitivity low force AFM
modes, [46,47] experimental protocols, [11,14,48,49] and the com-
bination of AFM measurements with complementary techniques
[9] have made AFM a sophisticated analysis technique for biolog-
ical systems. AFM studies on biological systems is a crucial and
growing field, and there are several recent reviews on the sub-
ject [8,9,50]. Our review is focused on polymers and their com-
posites and blends, but the outcomes and content of our review
are broadly applicable to AFM on all soft materials, including bio-
logical materials.

1.3. Overview

In this review, we examine recent advances in the elastic and
viscoelastic characterization of polymers and the impact of in-
strument calibration and other experimental considerations. Sec-
tion 2 is an overview of the AFM modes that are most suitable
for nanoscale characterization of elastic and viscoelastic mechan-
ical properties of polymers. We also provide a summary of com-
monly used contact mechanics models for elastic properties as
well as contact models that include viscoelastic material behavior
for quasi-static and dynamic AFM modes. Section 3 summarizes
sources of error within AFM mechanical property measurements
from the calibration procedure as well as the measurement arti-
facts that result from non-linear deformation behavior and struc-
tural effects due to the presence of multiple phases in an indented
system. In light of these considerations, we provide some recom-
mendations and best practice for acquiring and interpreting AFM
data on polymer systems. Finally in Section 4 we examine recent
work on measuring local properties near surfaces in nanostruc-
tured polymers in the context of the lessons learned from Sec-
tions 2 and 3 and suggest future directions to refine AFM measure-
ments for the detailed measurement of local mechanical properties
in complex, heterogeneous polymers.



Table 1

Summary of common mechanical AFM modes and their general capability at the time of publication for nanoscale acquisition of elastic and viscoelastic properties. Quasi-static, dynamic and dedicated viscoelastic
measurement techniques are highlighted in blue, green, and orange respectively. F is the applied force to the surface, E, E’ and E” are the elastic modulus, storage modulus and loss modulus respectively, w is the
oscillation frequency, tan & is the loss tangent, n is the material viscosity, and z is the distance between the apex of the cantilever tip and the sample surface. Appropriate cantilever choice for a given sample is
required for accurate measurements in any mode, which is discussed further in Section 3.1.3.

Compatible Storage
Mode (Section) Schematic Physics Viscoelastic Properties?® Drive Frequency (Hz)? Modulus (Pa)* Contact Mechanics? Refs.

1 3 > 7 10® 10° 107 10° 10"
Force Volume (2.1) F(t)l | | | ‘ Quasi-Static E(t), n %O _ Hertz, JKR, DMT, Sneddon [2,10-13]

Pulsed Force (2.1) Quasi-Static E(t), n ﬁ:l: _ Hertz, JKR, DMT, Sneddon [14-17]

=
Single Frequency c = Dynamic tan 6°¢ [ | | ] [ I T T | - [18-24]
(2.2.2)

F(2)
Multi-frequency (2.2.3) Dynamic E', E’, tan §¢ [ | ] | [ I I I ] Sneddon [6, 25-28]
Contact Resonance Dynamic E,E | ] | | LI 1T 1 1 Hertz, Schwarz [29-33]
(2.2.4)
Dynamic Scanning Quasi-Static E'(w), E'(w) | | | | L 1 I 1 Hertz [34]

Inden. (2.3.1)

Nano-DMA (2.3.2) Quasi-Static E(w), E'(w) | ] 1 | CT T T 1 Hertz, DMT, JKR [35-38]

@ Generally accessible viscoelastic properties with each operating mode. Inclusion of w indicates property can be measured over a continuous range of frequencies.

b Available analysis frequencies for dynamic modes are typically limited to the neighborhood of the cantilever eigenfrequencies. Stated values are approximate for free resonance in air or N,. Quantitative force
volume in air is typically limited to 10 Hz and below.

¢ Demonstrated compatible storage modulus for quantitative analysis.

4 Commonly used contact mechanics available for analysis.

¢ Measures cantilever dissipation which is inclusive of numerous effects as well as material viscoelasticity.

10 30 LAWID [ ‘UDPLAYS [ ‘UOSUIOD M'A

0zr101 (120Z) 611 2udDS 1awhjod ul ssai30.d
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Fig. 1. Schematic of AFM operation during an indentation into a non-adhesive sam-
ple.

2. Elastic and Viscoelastic Property Measurement from
Quasi-static and Dynamic AFM

The viscoelastic, adhesive nature of polymers make them diffi-
cult systems to study with AFM, and so it is often the case that
there is not just one AFM technique that works across every sys-
tem of interest. In this section, we provide an overview of the
AFM modes which are most suitable for extraction of elastic and
viscoelastic mechanical property data from polymer blends and
composites. We first introduce quasi-static modes, then dynamic
modes, in each section summarizing methods for elastic and vis-
coelastic characterization; we include a separate section on several
dedicated viscoelastic modes. We also summarize commonly used
contact mechanics models for elastic properties as well as contact
models that include viscoelastic material behavior.

Central to all nanomechanical AFM techniques is the require-
ment to measure the forces acting on the tip as a function of the
tip displacement towards and into the sample surface. Measuring
both the forces acting on the AFM tip and the tip displacement re-
quires independent measurement of the cantilever deflection and
displacement. A typical AFM (Fig. 1) uses a four-quadrant photo
detector to convert the deflection (d) of a cantilever to a voltage
output (V) by tracking the location of a laser spot on the photode-
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Fig. 2. Simulated experimental force-displacement (F-§) curve for the indentation
of a parabolic tip into a non-adhesive surface. The black line indicates the tangential
slope at a given indentation depth. The gradient of the slope provides the contact
stiffness, k(§) at a given indentation depth. Inset: Schematic of the indented region
where a is the contact radius, E and v are the elastic modulus and Poisson’s ratio
of the indented material respectively and Eg;, and vy, are the elastic modulus and
Poisson’s ratio of the tip.

tector after it has reflected off the back of the cantilever. While
other methods exist to actuate the cantilever, a piezo stack is typi-
cally used to drive the cantilever towards the surface. Here, we de-
fine the vertical displacement of the cantilever due to piezo motion
as z. Use of the four-quadrant photo detector to track the deflection
of the cantilever allows both the vertical and torsional deflections
to be tracked independently. For a simple case where the piezo
applies a linear ramp downwards, the indentation depth () into a
sample is the difference between piezo displacement, Az = z; - z,
and cantilever deflection, Ad = d; - dy.

To convert a measured voltage output from the photodetector
to the force acting on the tip (F), two calibration parameters must
be known. The first is the deflection sensitivity (S), which is the
measure of the nanometers of cantilever deflection per volt mea-
sured from the photo detector (also known as the inverse optical
lever sensitivity). The second is the spring constant, k. of the can-
tilever. The applied force of the AFM tip into surface and the in-
dentation depth can be calculated with Eqs. 1-2 respectively.

F =kc(dy — do) = ke (S(V1 = Vo)) (1)

8 = (21 —20) — (d1 — dp) (2)

A review of methods to fully calibrate the AFM instrument as
well as the influence of calibration error on indentation measure-
ments is provided in Section 3.1.

2.1. Quasi-static indentation

Considering the system represented in Fig. 1, a profile of de-
flection (d) vs z-position (z) can be produced by tracking the can-
tilever deflection and motion as the AFM probe moves towards
the surface. Through calibration of the deflection sensitivity of the
AFM and the cantilever spring constant the d-z profile can be con-
verted to a force (F)-displacement (§) profile providing a means
for force spectroscopy. An example of a typical force-displacement
(F-6) profile is presented in Fig. 2 for a parabolic tip indenting
into a non-adhesive surface. While the cantilever can move quickly
on the length-scale of the experiment (10~! to 10° nm s~1), the
dynamics of the cantilever motion are ignored, and indentation
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is considered quasi-static. While other quasi-static modes (such
as contact mode) exist, force spectroscopy analysis as described
above, and its derivatives forms the basis of quantitative quasi-
static mechanical property measurement in AFM.

For the tip geometry schematized in Fig. 2, it is clear that the
contact area, represented by the contact radius, a, between the tip
and the sample increases with indentation depth, such that the
force required to push the tip further into the material increases.
The local slope of the F-§ profile provides the contact stiffness,
k(8), (Eq. 3) and, for a given a, the reduced modulus, Ez (Eq. 4).
[51] The lack of direct measurement of the contact radius in AFM
during indentation prevents extraction of the reduced modulus
without prior knowledge of the tip shape.

oF
<38>a =k =2Era (3)

L (1-v? 1oV, )
Eg E Eip
To describe the development of contact area as a function of ap-
plied force and indentation depth (and subsequently to extract the
sample mechanical properties by fitting the full F-§ curve) requires
contact mechanics models that can predict the contact radius for a
variety of contact conditions and material behavior. Choosing the
right contact model is key to an accurate measurement of the local

modulus not just in quasi-static indentations, but dynamic inden-
tations (Section 2.2).

2.1.1. Contact mechanics

Since the introduction of Hertzian solution of the stress and de-
formation fields for contact between non-adhesive elastic bodies,
[52] contact mechanics have continued to evolve to account for ad-
ditional complexities. The Derjagun-Muller-Toporov (DMT model),
developed [53] in 1975 and the Johnson-Kendall-Roberts (JKR)
model, introduced [54] in 1971 extended the description of the
contact between two spheres to include adhesive interactions with
competing interpretations of contact behavior. [13] The conflict be-
tween the DMT and JKR models of adhesive, elastic contact was
resolved by the work of Maugis and Dugdale, who demonstrated
that they are in fact two regimes on either end of a continuum
of possible adhesion behavior. [55] Elastic contact mechanics mod-
els commonly used with AFM to extract a modulus by fitting the
F-6 profile are provided in Table 2 below. While the Oliver-Pharr
[56] contact model is widely used in nanoindentation studies, typ-
ical nanoscale AFM indentations use tips without a well-known
area function and the residual indent, if any, is too small to quan-
tify so Oliver-Pharr contact mechanics is not typically used in AFM
studies.

While the original Hertzian equations were developed for
spheres in contact, the work of Sneddon [58] has shown that for
all smooth, axisymmetric punches the applied force, F relates to
the indentation depth, § as given in Eq. 5.

F—=ad" (5)

Where n = 1 for a flat punch, n = 1.5 for paraboloids and
spheres, and n = 2 for cones. « is a constant that is dependent
on the material properties and geometry of the tip and sample.
The Sneddon relationship between force and displacement depth
is given in Table 2 for three typical tip geometries: parabolic, flat,
cylindrical punch, and conical. However, due to manufacturing de-
fects or tip wear, AFM tips may not be ideal representations of
any of these three geometries. In these cases, the exponent, n can
be kept as a free parameter when fitting AFM-force displacement
curves to improve the fit of force-displacement curves for non-
ideal tip geometries and the accuracy of the extracted modulus.
However, using n as a fitting parameter assumes that the non-ideal
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Table 2

Summary of the equations used to fit AFM force-indentation data for non-adhesive
and adhesive elastic bodies. All equations are given assuming that one of the in-
dented bodies is an elastic half-space.

Contact Mechanics  Tip Geometry Descriptive Equations

Hertz [57] Sphere? F(8) = Eg((a? + R?) In(&2) — 2aR),
§=4Infs

Sneddon Parabolic F(8) = 4Exv/R8%, a= VRS

[58] Flat Punch F(§) = 2EgRRS, a=R

Cone F(§) = Zanb g2 g = @b

DMT [53] Parabolic? F(8) = 2ErV/R8? — Fy,
a=&F+Faq)
Fugn = FS = F'% = 2wR

JKR [54] Parabolic?

a=
(£ (F(8) + 2Fugn + /4F (O Foan + 4F2,)) 7,

__ pret _ 3mwwR
Fgn = E 3, = 25

2 The parabaloid Hertz equations are also valid for spherical tips for small inden-
tations.

experimental F- § behavior is due to non-ideal tip geometry and
not plasticity, viscoelasticity, or some other phenomenon.

Each of the contact mechanics models listed in Table 2 allows
for an extraction of the elastic modulus from the indentation data,
but accurate measurement also requires a judicious choice of the
contact model that best represents the contact conditions between
the tip and the sample surface as well as the deformation behav-
ior of the material. An adhesion map developed by Johnson and
Greenwood [13] (Fig. 3(b)) can be used to choose the appropriate
elastic contact model for a given experiment based on the work of
adhesion (w) and the Tabor (u) or elasticity parameter (A) as cal-
culated by Eq 6..

2.06_ [Rw?
A=1.16p = B 3 2 (6)

where Dy is the interatomic interaction distance. Dy is typically
taken to be between 1-5 nm; one study measured the interac-
tion distance between polystyrene (PS) and silicon to be 1.5 to 2.5
nm. [59] With a known R, the F;;lg at pull-off (Fig. 3(a)) can be
used to calculate w as shown in Table 2. For a given force curve,
the ratio of the maximum indentation force Fpax to F;;}l along
with the calculated A can be used to find the adhesive contact
regime and appropriate contact model to use from the Johnson-
Greenwood map in Fig. 3(b). Fig. 3(c-h) shows schematically the
deflection of the cantilever and the tip-sample contact during the
complete force-displacement curve shown in Fig. 3(a). The differ-
ence in sample adhesion for JKR and DMT cases results in differ-
ent tip-surface contact conditions as illustrated. The schematics are
ordered by stages, starting with approach (I), snap-on (II), exten-
sion (IIl), retraction (IV), pull-off (V) and departure (VI). The choice
of appropriate contact model for the fitting of collected forces can
be automated to some extent by software that extracts F,q;, and
Fmax in conjunction with a known tip shape and estimated sample
modulus to find the appropriate contact mechanics regime from
Fig. 3(b). Sample viscoelasticity and other phenomena may vio-
late assumptions such that none of the contact mechanics models
perfectly describe the force curve, causing automated processes to
break down. Often, manual intervention is required to determine
which contact mechanics model is the best approximation to the
collected data.
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Fig. 3. (a) Schematic of a typical force curve on an adhesive, viscoelastic material. Within a single extend-retract cycle there are multiple regimes which are indicated with
roman numerals I-VI. Key F-§ points are also indicated. (b) Map of adhesive contact regimes as established by Johnson and Greenwood. [13], Copyright 1997. Adapted from
with permission from Elsevier Science Ltd. [13]. (c-h) Schematics of the AFM cantilever in each of the regimes (I-VI) indicated in (a). During (c) Stage I, the tip approaches
the samples (+z) and has not interacted with the sample. (d) Stage II is in the ‘attractive regime’ where the tip is pulled towards the sample (-d) and the tip snaps onto
the surface as it moves closer. In the DMT regime, the ‘snap-on’ of the tip onto the surface is a result of long range adhesion forces that are relatively weak compared to
the material modulus and the DMT ‘snap-on’ is not associated with any surface deformation. In the JKR regime, the surface is pulled towards the tip (-§) due to strong,
short range adhesive forces. The surface deformation alters the point of zero indentation depth (a). Stage Il occurs when the tip is pushed further into the sample (+8)
and the deflection of the cantilever is positive (+d), when the sample surface is applying a net repulsive force to the tip resisting the tip motion.(f) At Stage IV the tip has
reached the maximum indentation depth and the tip has begun to retract (-z) but the restoring force due to the material elasticity is still stronger than the adhesive force
and a net repulsive force is applied to the tip. Eventually the indentation cycle reaches stage V (g) and the surface is no longer applying a net repulsive force (-d) but the
adhesive forces maintain tip-sample contact until the pull-off force (F,q) required to overcome the adhesion is reached. (h) Once the adhesive forces are overcome, the tip is
freed from the sample (Stage VI) and continues to move away from the surface (-z). The schematics of the tip in Stage Il (d) and V (g) represent the system at snap-on and
pull-off. The piezo motion (z), indentation depth (§) and cantilever deflection (Ad) relative to the baseline deflection (dy) is indicated.

2.1.2. Extensions for viscoelasticity

AFM measurements of viscoelasticity and polymer relaxation
near the glass transition temperature (Tg) are a difficult topic
to study and significant debate continues in the field as to
the best approach for viscoelastic interpretation of AFM inden-
tations. [10,25,35,50,60-65] While continuum approaches brought
over from bulk scale testing have been widely applied and use-
ful for estimations of viscoelasticity during indentation, the com-

plexity of the viscoelastic model is limited by the number of
spring and dashpot elements used and assumptions made about
the contact area and surface deformation. [66] Despite the lim-
itations to viscoelastic modelling of the AFM indentation, nu-
merous studies have used various viscoelastic interpretations
of F-§ curves for capturing the surface viscoelasticity of poly-
mers and other soft materials, some of which are highlighted
below.
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The simplest option to describe the viscoelastic behavior in ma-
terials characterized by AFM are spring-damper models that repre-
sent the material behavior as group of springs and dashpots at-
tached in parallel and/or series. These methods provide relation-
ships between the force and displacement that account for the
time dependence of the sample modulus. Applying the correspon-
dence principle to Hertz indentation theory [67] yields Eq. 7 for
a three element viscoelastic solid and a constant loading rate,
U= Fmax/tmax .

2
2y = UL 1=vTt (1 - Eﬁ)(1 et )
4\/R E. T Ey

Where E, and Ey are the long- and short-time moduli respec-
tively and 7 is the characteristic relaxation time. The viscoelastic
model of Eq. 7 was applied experimentally by Chyasnavichyus et
al.,[10] to describe their ‘loading rate spectroscopy’ AFM data. Time
constants extracted from the fitting Eq. 7 to the indentations can
then be used along with the modulus values to estimate the stor-
age and loss modulus of the material. Central to the application of
Eq. 7 is the assumption of a constant loading rate during indenta-
tion.

Efremov et al. [14,50] applied a viscoelastic model for Hertzian
indentation Eq. 8-(9) developed by Ting [68] to the approach and
retract curve of AFM indentations on cellular and other biologi-
cal samples at low (<10 Hz) and high (2 kHz) indentation rates
in fluid and found excellent agreement between Ting’s model and
the experimental data when modelling the time dependent modu-
lus either with a three element solid model or power law rheolog-
ical behavior.

F(6,8(0) = 5385 [y E(t —§) %2 dE,0 <t <ty

B3
F(t,8(t) = 528 (O E( — &) 82 dE ty <t < tipg

3(1-12) &

(8)

Bt~ §) g2 dE =0 (9)
()

Here, F(t, §(t)) is the time dependent indentation force, £ is a
dummy variable for integration, ty, is the time until the maximum
indentation point and t;,4 is the total time for an indentation. The
viscoelastic properties of the indented material can be calculated
by evaluating Eqs. 8-9 for the displacement history during a given
indentation by optimizing the fitting parameters of a chosen relax-
ation function to fit the experimental data.

Extending viscoelastic contact mechanics to include JKR adhe-
sion is much more complicated due to the rate dependence of the
work of adhesion and the hysteresis in adhesion for viscoelastic
materials where the energy required for separating the tip and
sample is greater than bringing them together. [67] The viscoelastic
form of the JKR contact model is as shown in Eq. 10 for a known
loading history. [69]

3R |:3R71 (GoKi(1))?

a(t) = +C(t) = F(t)

4 2

2

+ COK,(t)\/ (hTRCOKI(t))

Where ((t), Cp, and K are the creep compliance, instantaneous
compliance, and the stress intensity factor at the crack tip by
considering the adhering and peeling between tip and sample as
a crack healing and growth. C*F is a convolution where CxF =
/g, C(t-& )g—gdf . Accurately describing JKR contact with viscoelas-
ticity requires additional rate-dependent parametrization of tip-
sample cohesion, making viscoelastic JKR unwieldy for application
to AFM, where contact conditions are not particularly well-known.
Assuming rate-independent adhesion parameters (Ki(t) = K¢) al-
lows for a more readily applicable viscoelastic JKR model for an

+37TR(C(E) * F(t))J (10)
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elastic tip contacting a viscoelastic half-space. [69] While not phys-
ically reasonable for the unloading portion of indentation curves
on polymers with rate-dependent behavior, there is some experi-
mental evidence on elastomers [70,71] that the energy release rate
does not vary significantly during the loading portion of an inden-
tation curve, making Kj(t) = K. a reasonable approximation for the
approach portion of an AFM indentation.

Alternatively, Attard’s approach [60,72-74] discretizes the sur-
face into axisymmetric nodes and numerically solves a set of equa-
tions to calculate the deformation and pressure at each node. From
the calculated pressure and deformation, the force-displacement
curve for the approach and retract portion of the curve can be re-
constructed to fit indentations onto adhesive, viscoelastic materi-
als. The greatest benefit of Attard’s approach is the flexibility in
choice of models to described adhesive forces and viscoelastic be-
havior. Recent tools for the simulation of AFM indentation has in-
corporated Attard’s model to approximate AFM tip-sample inter-
actions. [75] An extension of Attard’s approach has been recently
developed to include transverse elements for modelling in-plane
surface interactions. [66]

2.1.3. Extensions for hyperelasticity

Lin et al. have extended the Hertzian contact model to use
Mooney-Rivlin hyperelasticity to fit indentation curves on hyper-
elastic materials Eqs. 11-(12) by estimating the average strain un-
derneath an AFM tip. [76] The use of a Mooney-Rivlin model as
opposed to elastic models improves fitting on large indentations in
hyperelastic materials.

852 — 3J/R8% + 3R83/2
8 —2+/R81/2 +R
R 5/2 _ R 2 R3/2 3/2
+ 7R2B, N 3R8% + 3R3/25 _
—83/2 + 3J/RS — 3RV + R3/2
At infinitesimal strains,
Eq. 11 is reduced to Eq. 12
_ 4k
97 (1 —v2)
Where E, is the initial Young’s modulus of the hyperelastic ma-
terial. B; and B, are material constants. For Eqgs. 11 and 12, set-
ting B, = 0 yields the neo-Hookian version of the hyperelastic
contact model. Additional equations covering hyperelastic force-

displacement behavior for a variety of strain energy potential func-
tions have been summarized in ref. [77].

F = an/231<

(11)

Hertzian mechanics applies, and

Bi+B; = (12)

2.14. Scanning quasi-static modes

Force volume (FV) and pulsed force mode (PFM) are similar
modes that allow for extraction of quasi-static force curves as
shown in Fig. 3 from the applied z-piezo displacement and the
measured cantilever deflection while scanning across a sample
by oscillating the cantilever well below resonant frequencies (and
thus differentiating these modes from dynamic AFM modes in Sec-
tion 2.2 that oscillate near or at the resonant frequency). FV uses
a linear ramp profile at low frequencies (<70Hz) and was the first
scanning quasi-static mode developed [78] to directly extract con-
tact stiffness and modulus over an nxn array of locations on a
sample by ramping the z-piezo at a constant rate until a set maxi-
mum deflection threshold is reached. The inertial effects associated
with the transition from extension to retraction of the cantilever
during (Fig. 3e-f) FV’s linear ramp limits quantitative accuracy at
fast scanning rates above 10 Hz without corrections for the inertia.
[11,15] PFM was developed to address this limitation, using a sinu-
soidal ramp and active peak force control to reduce the cantilever
acceleration at maximum extension enabling higher drive frequen-
cies (theoretically up to 20-50 kHz depending on the cantilever).
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[16,79] PFM has seen significant development since its introduc-
tion in the 1990s, and is now referred to in the literature with a
variety of terms and is incorporated into a number of commercial
AFMs under a variety of trademarks.

As the entire F-§ curve is measured for both of FV and PFM, the
contact models described in Table 2 as well as the viscoelastic and
hyperelastic extensions can be used to extract modulus, adhesion
energy, and relaxation times from the acquired data in both FV and
PFM. While fitting algorithms for elastic contact mechanics models
are generally included in most commercial and open source AFM
software, more advanced analysis (e.g. incorporation of viscoelas-
ticity) generally requires external fitting software.

For PFM, the rapid scan rate allows for arrays of force curves
to be collected rapidly over a large area, providing high resolution
maps of modulus, adhesion and dissipation that was not previously
achievable with FV AFM. Algorithms for the fast, automated fitting
of the acquired curves have been continually developed for real
time property measurement with PFM while scanning. [76, 80-82]
While the use of a piezo limits the maximum z rate that can be
used in conjunction with PFM methods, some direct drive meth-
ods have been developed which can further increase the driving
frequency by up to two orders of magnitude. [83] and broaden the
dynamic range of a single cantilever. [84]

A benefit of not driving the cantilever on resonance as required
by dynamic modes is that a wide range of indentation rates can be
achieved with a single cantilever. This rate flexibility is particularly
useful for studying viscoelastic properties, as discussed further in
Section 2.3 and 3.2.4. Currently, PFM methods are typically used
for construction of high-resolution property maps, but the sinu-
soidal ramp can complicate analysis on viscoelastic materials due
to the varying indentation rate. FV is more appropriate for control
of the indentation rate on viscoelastic material, or the specification
of desired ramp profiles that may include a dwell time, secondary
oscillations, or an external sample perturbation.

2.2. Dynamic indentation

AFM can also be operated by driving the cantilever at or near
its fundamental resonant frequency or one of its higher eigen-
modes. By driving the cantilever at or near resonance a high oscil-
lation amplitude can be achieved with relatively little drive input.
To perform dynamic AFM, a driving force excites a cantilever and
then traces a sample surface while measuring the changes induced
in the oscillation. The change in behavior between a freely oscil-
lating cantilever and the same cantilever interacting with a sur-
face during oscillation allow the surface properties to be probed
by characterizing the perturbations to tip motion. A number of
textbooks and reviews [5,20,85-88] discuss the physics of dynamic
AFM in detail. Here we provide a brief overview so that mechanical
property measurements with dynamic modes can be understood.
Compared to quasi-static methods, dynamic AFM, particularly mul-
tifrequency methods, promises advantages in sensitivity to mate-
rial properties as well improvements in the spatial and time reso-
lution of measurement. [3]

2.2.1. Free cantilever oscillation

When a cantilever is far from the influence of the sample sur-
face, the tip-sample force (Fis) is zero, and the cantilever can be
modelled as a damped, forced harmonic oscillator (Eq. 13). In
Eq. 13, m is the mass of the cantilever, f; is the resonant frequency,
Q is the quality factor and Fy(t) is the driving force acting on the
cantilever over time, t. In the simplest case, F4(t) is a harmonic sig-
nal (Eq. 14) that oscillates the cantilever at the resonant frequency
of the cantilever, f; and amplitude F,. The resulting cantilever de-
flection, d(t) can be described by Eq. 15. Here dj is the mean can-
tilever deflection, A is the tip oscillation amplitude, and ¢ is the
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Fig. 4. Schematic representation of dynamic cantilever motion near the sample sur-
face

phase lag between drive input F4(t) and the output cantilever de-
flection d(t). For a freely oscillating cantilever, ¢ = 90°. The can-
tilever motion is schematized in Fig. 4.

md + ked + Z”é”fld:ﬁs(z)ﬁd(t) (13)
Ey(t) = Ry cos (27 fit) (14)
d(t) = do + Acos2m fit — @) (15)

As a mechanical system, the AFM cantilever has high order
eigenmodes in addition to the fundamental resonance of the can-
tilever. Relative to the fundamental (n =1) eigenmode, the high or-
der eigenmodes modify the effective cantilever resonant frequency,
cantilever stiffness, quality factor and deflection sensitivity during
oscillation. The scaling in cantilever properties (Eq. 16) can be es-
timated by solving for the roots (A,) of the characteristic equa-
tion of a rectangular cantilever (1 + cos(A) cosh(A,) = 0), where
An = 1.875, 4.694, 7.855, 10.996 for n = 1 — 4.

2 A A N
fn—(h) flakn—<f1> k]’Q”_ﬁ 1 (16)

Oscillating the AFM cantilever at higher order eigenmodes has
been demonstrated as beneficial for improved sensitivity and prop-
erty contrast while imaging in certain conditions compared to os-
cillation at the fundamental eigenmode of the same cantilever. [89-
92] AFM modes utilizing high order eigenmodes will be discussed
further in Sections 2.2.3-4.

2.2.2. Oscillation near a sample surface

As the oscillating cantilever approaches a sample surface, the
tip motion is perturbed as a function of distance from the surface
and analysis of these perturbations with respect to the free can-
tilever response allow characterization of the surface forces (Fis(z))
acting on the tip. [93] Near a polymer surface, we can expect Fis(z)
to have a profile qualitatively similar to the approach curve given
in Fig. 3(a) that includes surface forces and deformation. In dy-
namic AFM, the amplitude, resonant frequency, and phase lag of
the cantilever motion changes (Fig. 5) with decreasing z in re-
sponse to the change in the relative magnitude and direction of
forces acting on the tip. Both attractive and repulsive forces act on
the AFM tip simultaneously, [20] and separating the influence of
the various surface forces relevant in dynamic AFM has remained
challenging. Reconstruction of the forces acting on the tip as a
function of z requires either solution of the inverse problem of cal-
culating the amplitude and phase lag as the tip approaches the sur-
face, or direct measurement of the time resolved interaction force.
[94-98]
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Fig. 5. A representative amplitude modulated approach curve (AMAC) with the
free-air (F), attractive (A) and repulsive (R) regimes indicated for an adhesive sam-
ple. The amplitude and phase profiles as a function of z-distance is indicated as
black and red, respectively. An additional profile showing the frequency shift as
a function of z-distance for a frequency modulated (using a phase-locked loop)
approach curve with equivalent cantilever and sample properties is also given in
blue. Harmonic approximations indicating the shift in the amplitude (black) and
phase (red) of the cantilever motion near resonance in the attractive and repulsive
regime. All profiles are generated using the online VEDA software [102]. The sample
is modelled as an adhesive, viscoelastic material similar to the material described
in Fig. 3(a).

Previous work has established that dynamic AFM can operate
either in net attractive or repulsive interaction regimes on ap-
proach to the sample surface dependent on whether the average
force acting on the tip during an oscillation cycle is pulling the tip
towards the surface or pushing it away. [99,100] As demonstrated
by the simulated amplitude modulated approach curve (AMAC) in
Fig. 5, when the tip begins to interact with the surface, the oscilla-
tion is initially attractive as adhesive forces are dominant and the
oscillation amplitude and resonant frequency of the cantilever de-
crease while the phase lag increases (associated with regime II in
Fig. 5). Once the tip is brought closer, the phase lag decreases as
repulsive forces strengthen. Further reduction in z leads to opera-
tion in the repulsive regime with ®; < 90° and an increase in res-
onant frequency with a further reduction in oscillation amplitude
as repulsive forces due to material deformation are dominant.

The cantilever motion while interacting with the surface can be
described by measuring the changes between the input and out-
put oscillation amplitude (A), shift in resonant frequency (Af) of
the cantilever, as well as the phase lag (¢) between the input drive
signal and measured cantilever deflection output signal. The highly
non-linear character of the surface forces acting on an AFM tip as it
approaches the sample prevent harmonic models being used to de-
scribe the cantilever dynamics and extraction of the instantaneous
contact stiffness unless the cantilever is oscillating at very small
amplitudes as demonstrated by Holscher et al. [101].

The impact of the surface on the cantilever dynamics can be
better interpreted by considering the energy transfer between the
tip and the sample. When the cantilever moves closer to the sur-
face (decrease in z), the time averaged force ({Fs)), virial ({Fs -z))
and energy dissipated by the cantilever in the surface (Ey;s) devel-
ops as the relative contributions from the attractive and repulsive
forces change with z. If the cantilever is operating on resonance,
Egis can be calculated from A and ¢ (Eq. 17). [103]

kA .
Egis = T(AO sing —A) (17)
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The change in phase lag can also be related to the virial, <Fis-z>
while operating at its resonant frequency by (Eq. 18)

kAq
Fs-z) = —==A 1
(Fs-2) = —5gAcosg (18)
Additionally the average force acting on the tip during an os-
cillation cycle, <Fis> increases as z decreases as described by
Eq. 19 for a cantilever oscillating on resonance. [103]

1

2\ 2
(R~ 52 (1- (fg) (19)

Measurements of the virial and dissipated energy can quantify
the strength of conservative and dissipative forces acting on the
tip. Detailed analysis of the changes in dissipated energy with A
can identify the source of dissipation in the tip-sample interaction.
[104] Sample elasticity and Van der Waals forces are both exam-
ples of conservative tip-sample interactions whereas sample vis-
cosity and capillary effects are examples of dissipative tip-sample
interactions. In addition to the average force measurement pro-
vided in Eq. 17, Knoll et al. provides a means to estimate the in-
dentation depth in dynamic AFM modes through comparison of ac-
quired AMAC curves on the soft material of interest with curves
acquired on an infinitely stiff material with the same cantilever.
[105]

The properties which can be extracted from a sample surface
depends on both (a) the choice of oscillation properties to use for
feedback while scanning and (b) whether or not the cantilever is
simply sinusoidally driven (Eq. 14), that is, whether the driving fre-
quency or amplitude is actively adjusted in response to changes in
the interaction forces on the tip. There are two principal, single-
frequency, dynamic operation modes:

- amplitude modulated (AM) AFM
- frequency modulated (FM) AFM

In AM AFM, the amplitude of the tip oscillation (A;) is kept at a
constant setpoint smaller than the free air amplitude (A;o) by ad-
justing the height of the cantilever (z). The changes in z required to
maintain a constant oscillation amplitude provides a profile of the
AFM surface topography. If the tip touches the surface during os-
cillation, then the oscillation is classified as intermittent contact or
tapping mode, otherwise if the tip is perturbed by attractive sur-
face forces only, then the oscillation is classified as non-contact.

Material contrast can be observed during AM AFM scanning
using a well-known technique called phase imaging [93] where
changes in the phase lag during scanning across a sample pro-
vides information about transfer of energy between the tip and the
surface. While changes in the phase lag (Eq. 20) have both elas-
tic and inelastic contributions, [88] during AM AFM the amplitude
is used for feedback control to adjust z position and maintained
at a constant setpoint (A;). Therefore the first term, correspond-
ing to elastic forces in Eq. 20 is constant during AM AFM scanning.
As a result, only the dissipative, inelastic term in Eq. 20 will al-
ter the measured phase lag during scanning in AM AFM. [106] The
dissipated energy can be useful for mapping of soft materials as
changes in material viscoelasticity, adhesion and hydrophobicity
will result in contrast between components in the phase channel
of collected data. Measurements of the dissipated energy on a SEBS
triblock copolymer found that the dissipated energy measured via
AM AFM and quasi-static modes are comparable. [63]

o A(w) QE;s
wo Ao 7T kcAo1A1 (@)

Alternatively, FM (frequency modulated) AFM scanning main-
tains a constant frequency shift between the resonant frequency

sing = (20)
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of the cantilever far away from the surface and the resonant fre-
quency of the cantilever close to the surface while recording the
oscillation amplitude and tip sample separation. As a result, F4(t) is
no longer a simple sinusoid, but rather Fg4(t) is constantly adjusted
to keep the cantilever oscillating on resonance at constant ampli-
tude. The shift in resonant frequency (Eq. 21) and driving ampli-
tude is dependent on the average forces active on the AFM tip and
as such provides direct information on the average force acting on
the tip during an oscillation. [101]

(Fsd)
Af=—fo kA2
A harmonic approximation of the cantilever dynamics by
Schroter et al. [107] allows for the extraction of effective tip-sample
contact stiffness (ki) and damping coefficient (ctq¢) over an oscilla-
tion cycle as a function of z-position from the A and ¢ of the can-
tilever oscillation. The model of Schroter et al. differs from previ-
ous harmonic approximations of the cantilever oscillation near the
sample surface due to calculating the measured k¢ over the entire
oscillation cycle rather than attempting to determine the instan-
taneous force gradient. To calculate ks (Eq. 22) and e (Eq. 23),
the resonance peak must be fit with the equations for a driven
harmonic oscillator to determine resonant frequency, w, the am-
plitude of the external driving force F; the vibrating mass, m as
well as the cantilever spring constant, k. and the quality factor,
Q. For the approximation of the cantilever as a harmonic oscil-
lator several conditions need to be met. Namely the cantilever
must have a high quality factor (Q > 200) so that harmonics in-
duced during cantilever oscillation are suppressed and that the in-
duced harmonic frequencies do not coincide with the higher order
eigenmodes of the cantilever. Additionally, the cantilever oscilla-
tion must maintain a sinusoidal waveform while interacting with
the surface. These conditions can be quite easily met by a range
of commercial cantilevers operating in air. However, as these are
averaged values over an entire oscillation, both attractive and re-
pulsive contributions are included in the averaged value, prevent-
ing Schréter’s harmonic approximation from being used to extract
local modulus and viscosity.

(21)

Kes =keff—I<C=m(w2+cos<de/m) — ke (22)

A
Qepr  —sing Fy/m

m w A (23)

2.2.3. Dual frequency intermittent contact modes

While initially multi-frequency AFM was conducted by excit-
ing the fundamental and passively measuring induced higher har-
monic cantilever oscillations due to tip-sample forces, recent ad-
vancements in multi-frequency AFM have been achieved by simul-
taneously exciting a cantilever at two of its eigenfrequencies (f;),
typically the fundamental and another, high-order eigenfrequency
Eqs. 24-(25) to acquire highly sensitive measurements of variations
in surface forces. [92,108] Flexural and torsional modes can also be
excited simultaneously to obtain properties in-plane and perpen-
dicular to the surface, [109] but more attention has been paid to
the simultaneous excitation of two flexural modes. The first mode
can either operate in AM or FM mode for surface tracking, while
the higher order mode can either be passively driven or also con-
trolled through AM, FM or phase modulation (PM). [28]

Ey(t) =) " knAi cos(27t fut) (24)

d(t) =do + ) AnCOS(27T fut — pn) (25)

The use of multiple oscillation modes improves the sensitiv-
ity of the high order mode to the force gradient [110] and there-

10
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fore changes in material properties. The use of higher order eigen-
modes can also complicate interpretation of phase data. Kiracofe et
al. have established that there are three interaction regimes in dual
frequency AFM, [111] with the relative kinetic energies of the two
excited modes determining the regime. In the limit where A, <<A;,
equations to extract mechanical properties from the measured de-
flection signal have been developed for several bimodal operation
modes and subsequently applied for the mechanical property map-
ping of soft materials. [26,28,46,112] Of these, AM-FM has been the
most widely adopted as it provides stable operation, relatively sim-
ple data analysis and high sensitivity. [28]

In AM-FM AFM, the first eigenmode is amplitude modulated for
surface tracking, and the second eigenmode is frequency modu-
lated to detect shifts in the resonant frequency (Af;) of the higher
mode due to changes in sample stiffness and dissipation. A block
diagram describing the inputs and outputs utilized in AM-FM AFM
is given in Fig. 6. The first mode is driven at a large free-air am-
plitude (Ay;) with a setpoint low enough (A;) to enforce repulsive
interactions with the sample surface (¢; < 90°). The second eigen-
mode is driven at a relatively low free air amplitude Ag;, typically
less than 10% the amplitude of first eigenmode to prevent exces-
sive cross-talk. [28,113]

Two theoretical approaches for the analytical calculation of
modulus have been developed for AM-FM. In both, assumption of
Hertzian contact mechanics allows for the extraction of modulus
from the measured variables by comparing the data acquired si-
multaneously from the two excited resonances. [110] The result-
ing equations from Garcia et al. to calculate the sample deforma-
tion and reduced modulus for a paraboloid tip is given in Eqs. 26-
27,[19] which have been further generalized using Sneddon contact
mechanics for a range of tip shapes. [46]

_ 1 k1 fz 2 2\ 1/2
8= 2Q1<k2> (Afz> (A1 —AY) (26)
442 A\ A2
Er = —Qik —_ 27
R \/RQI 1<k1f0,2) A, A (27)

Here ki, foi A;j Ap; and Q;, are the spring constant, resonant
frequency, amplitude, free air amplitude and quality factor of the
ith mode respectively. During a scan, each of these variables are
held or controlled to set values, Af, is the sole observed prop-
erty that varies as a surface is scanned. Eg is the reduced mod-
ulus and & is the sample deformation. Sample topography (h) as
measured by AM-FM includes contributions from the sample de-
formation (8) during indentation. The sample topography can be
corrected by subtracting the §(x, y) map from the h(x, y) map.

FM-FM AFM swaps the amplitude modulation of the fundamen-
tal resonance with frequency modulation. The local elastic mod-
ulus and deformation can be calculated by considering the mea-
sured frequency shifts of the first and second resonance as shown
in Eqgs. 28-29. [112] FM-FM has not seen the same widespread ap-
plication as AM-FM due to limitations in the robustness of surface
tracking.

(9K fou Af
Eir =/t 2, 5/ 2%
kifo2 Afi
d=A Lp— 29
"kafor AS (29)

An alternative method to calculate surface properties from AM-
FM observables has been developed by Labuda et al. [28] and relies
on the calculation of the virial of the first eigenmode, which is as-
sumed to behave as a simple harmonic oscillator. The approach of
Labuda et al. has been recently extended to incorporate the Kelvin-
Voigt element describing the viscoelasticity of the sample surface.
[25]
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Fig. 6. Block chart describing control and feedback during AM-FM scanning. [27], Copyright 2017. Reproduced with permission from the American Chemical Society.
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Fig. 7. Schematized representation of contact resonance AFM measurement for the
mechanical model detailed in ref. 73

2.2.4. Contact resonance

The previous section on dynamics have focused on intermit-
tent contact modes, where the tip is not in contact with the sam-
ple surface for the entire oscillation. Additional dynamic modes,
commonly collected under the term ‘contact resonance’ (CR) AFM,
[5] is conducted by holding the cantilever tip on the surface at a
constant force setpoint while the sample is excited and measur-
ing the amplitude and phase of the cantilever response across a
range of frequencies to build the contact resonance spectra of the
AFM cantilever (Fig. 7). While initial CR techniques used ultrasonic
frequencies above the resonances of the AFM cantilever, [114,115]
more modern techniques utilize the enhanced sensitivity by us-
ing excitation frequencies near the cantilever eigenfrequencies. The
low oscillation amplitudes used along with the tip remaining in
contact with the sample during analysis means that the tip-sample
interaction is linear and therefore easier to relate to the contact
stiffness compared to intermittent contact modes. From the spec-
tra, the change in resonant amplitude and phase responses relative
to the free air resonance spectrum can be used to calculate the
stiffness and damping of the sample surface, but requires complex
models of the beam deflection and the coupling between the AFM
tip and the surface. A variety of characteristic equations have been
developed to describe the modal behavior of the cantilever while
coupled to the sample surface with varying degrees of complex-
ity and a selection of models that cover a variety of situations are
provided in Table 3.

To measure the contact stiffness k*, the dynamic properties of
the cantilever (cg) oscillating on resonance in the free air (f,%)
must first be measured using Eqs. 30-31, where is A0 is root to
the characteristic equation in the free air for the eigenmode, n and

1

L is the length of the cantilever.

2212
T: = 4712ng = Cl% (30)
AL = cgl/ f2 (31)

The tip is then brought into contact with the sample and held
at a constant setpoint while a new resonance spectrum is acquired.
The new AnL is then calculated from the new resonance frequency
of the coupled tip-sample system and input into a characteristic
equation that describes the coupled system such as Eq. 32 and
solved for the contact stiffness k*. For purely elastic behavior, only
the real component of the wave number is used and input into
the characteristic equation. Here Eq. 32 is taken from ref. [29] and
includes the elastic and dissipative components of the tip-sample
contact while ignoring lateral forces.

2 (AnL1)’[1 + cos AnLy cosh AnL; ]

= (o +iB(Mnl1)?)

[(1 + cos Ayl cosh AnL’) (sinh ApL; cos ApLy — sinAnLy cosh AnLy)

+(1 — cos ALy coshkyLy) (sin Anl’ cosh ApLl’ — cos A,L’ sinh knL/)]
(32)

Where, o (Eq. 33) and B (Eq. 34) are the elastic and dissipative
components of the tip-sample contact model respectively

a = k*13/3E1 (33)
B = oLy/y/9EIpA (34)

Here, p, E, and I are the density, elastic modulus, and moment
of inertia for the rectangular cantilever. k* and o are the contact
stiffness and damping coefficient of the Kelvin-Voigt element rep-
resenting the elastic and dissipative components of the tip-sample
contact. For elastic behavior, 0 = 0. L; is the distance between the
base of the cantilever and the tip and L’ is the distance between
the tip and the free end of the cantilever where L; = L- L. The rel-
ative position of the tip and therefore L’ and L; can be determined
experimentally by acquiring contact resonance spectra across mul-
tiple resonance peaks and solving Eq. 32 for multiple values of L; |
L to find the value of L; / L at which the measured contact stiffness
is in agreement for multiple eigenmodes. The reduced modulus is
then calculated from Hertzian contact mechanics via Eq. 35. [119]

(35)

Simultaneous excitement of the torsional and flexural eigen-
modes of a cantilever coupled to the sample surface allows for the

k* = 3/E2RF
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Table 3

Range of elastic and viscoelastic contact resonance models for measurement
Reference Beam Shape  Modes Surface Forces Contact elements  Tip position
Rabe et al. (1994) [116] Rectangular Flexural Normal Spring Fixed
Wright et al. (1997) [117] Rectangular Flexural Normal, Lateral Spring Fixed
Turner et al. (1997) [118] Rectangular ~ Flexural Normal Spring, Dashpot Fixed
(Rabe et al. (2000) [119] Rectangular Flexural Normal Spring Arbitrary
Dupas et al. (2001) [120] Rectangular Flexural Normal, Transverse Spring, Dashpot Arbitrary
Turner and Wiehn (2001) [121] Rectangular Flexural, Torsional Normal, Transverse Spring Fixed
Hurley and Turner (2004) [122]  Rectangular  Flexural Normal Spring, Dashpot Arbitrary
Rezaei and Turner (2016) [123] U-shaped Flexural, Torsional Normal, Transverse Spring, Dashpot Arbitrary

shear and elastic modulus to be extracted and then used to calcu-
late the material Poisson’s ratio. [124] Similarly, the simultaneous
excitement of the torsional and flexural modes of a U-shaped can-
tilever can measure the loss tangent in-plane with and normal to
the surface. [125]

To improve the either the scan speed or quantitative measure-
ment of viscoelastic properties multiple permutations of the con-
tact resonance method have been developed [126-132], each with
some compromise between scanning speed and quantitative accu-
racy. [31,32,133] From the various permutations, CR AFM modes
can generally be classified into either point-by-point measure-
ments or continuous scanning measurements. Band excitation (BE),
[126] and FastForce Volume contact resonance (FFV CR)[132] are
examples of CR AFM modes that uses frequency sweeps or chirps
to collect the entire contact resonance spectrum across a surface
on a point by point basis. Alternatively, the surface can be contin-
ually scanned with one or more features of the contact resonance
spectrum tracked, as of this review, dual AC resonance tracking
(DART)[128, 129] remains the only continually scanning CR AFM
mode capable of viscoelastic property measurement by simultane-
ously exciting two frequencies either side of the contact resonance
peak during scanning to estimate the full contact resonance spec-
tra.

The sensitivity of CR AFM to changes in contact stiffness is de-
pendent on matching the effective stiffness of the cantilever to the
contact stiffness. [119] [134] As such, a single eigenmode is only
compatible with a defined range of material moduli for a given tip
radius. [135] The use of a soft cantilever with a low static k. and
higher eigenmodes can be beneficial for conducting CR AFM on
polymers as a low force setpoint can be used to engage the sam-
ple while higher order eigenmodes can be excited for improved
contact resonance sensitivity. [136] Full characterization of the a
cantilever’s eigenmodes can be used to optimize laser spot posi-
tion on the cantilever and improve sensitivity. [137] CR can also be
used to probe local chemistry by using an IR pulse or other opti-
cal techniques to excite the volume underneath the AFM tip and
record the amplitude and decay of the cantilever oscillation in re-
sponse. [138]

By far the biggest limitation for the CR AFM when studying
polymers is that stiff samples (=1 GPa) with low damping are re-
quired due to the limitations from the transfer function [31] and
assumptions made in the construction of the characteristic equa-
tions. [32,118,123] Hertzian (non-adhesive) contact mechanics is
the only commonly used contact model for modelling of the tip-
sample contact, leading to issues when dealing with adhesion in
a sample, although use of the Schwarz model has been demon-
strated. [33] Temperature dependent CR AFM measurements also
must take into account changes in the environment that can affect
the resonant frequency and damping properties of the cantilever.
[139] Historically, acoustic excitation of the cantilever has led to a
‘forest of peaks’ due to additional parasitic resonances, making sta-
ble operation especially difficult in liquid environments. However,
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this issue has been mostly addressed with the introduction of di-
rect excitation methods. [140,141]

2.2.5. Extensions for viscoelasticity

As discussed in Section 2.1.2, viscoelastic interpretation of AFM
indentations onto polymer surfaces remain fraught, especially for
intermittent contact, dynamic indentations, where the tip-sample
interactions are not as well defined as quasi-static methods. What
follows is a summary of recent approaches for interpretation of
viscoelastic measurements with dynamic AFM techniques. While
single frequency dynamic AFM modes are primarily qualitative
imaging modes, the phase and amplitude data channels can pro-
vide a measure of tip-sample dissipation, which is the result of
different contributions for polymer samples [18,142]:

- Adhesion

« Viscoelasticity

» Squeeze Film Damping
» Hydrodynamic Effects
« Capillary Effects

Of particular interest for the characterization of polymers and
other soft materials is the contrast due to adhesion and viscoelas-
ticity between components. The theoretical and experimental work
of Proksch et al. [18] has demonstrated that single frequency AM
AFM can be used to qualitatively map the loss tangent of viscoelas-
tic materials (Eq. 36). For the specific case where the cantilever is
driven at resonance, then an estimate of the loss tangent can be
calculated as shown

Aq/Ag 1 — sin gy
Cos ¢y

This measure of the loss tangent is in fact a measure of the
cantilever dissipation and includes additional dissipative effects
beyond material viscoelasticity including the long-range surface
forces, hydrodynamic effects and is less precise than loss tangent
measurements made with CR AFM. [133] Methods to reduce con-
tributions to the cantilever dissipation that are not the result of
material viscoelasticity is discussed in Section 3.2.

The loss tangent for AM-FM AFM can be estimated in a similar
manner to AM AFM from the decrease in amplitude (A;) for the
first resonant frequency via Eq. 36. [25,143] Observables in AM-
FM AFM can also be used to calculate the compressive viscosity
(nc) and local relaxation time (t) as follows from Eq. 37 and 38
respectively [25]

tand ~ (36)

1 EerrEqis

e = 277.'601 V1 (37)
— e
T = E (38)

Where E is the effective elastic modulus from Eq. 27, Eg;s; and
V; are the dissipated energy and virial of the first flexural eigen-
mode and can be calculated from Egs. 17-18 respectively. FM-FM
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AFM also allows the calculation of viscosity through consideration
of the two resonances during mapping from Eq. 39. [112]

2 I3 1 Af3 (AR for— AfiFoa)
7T2RA1 Q]k] f(%Z Af]ZF()]

For VE analysis of CR AFM, the dissipative component of
Eq. 32 is no longer assumed to be zero and the wavenumber be-
comes complex (AnL; = (an +iby)). The elastic component, a and
the dissipative component, b can be calculated by fitting the am-
plitude and phase data of a contact resonance spectra [29] or the
amplitude and quality factor of the resonance peak. [144,145] Once
a and b are known, Eq. 32 must then be numerically solved for o
and B with the elastic solution providing an initial guess. The stor-
age and loss modulus can be directly related to the contact stiff-
ness and dissipation as follows in Eq. 40 if the contact area, a is
known. [29]

n= (39)

k*  .mwfo
— 4+ f”

2a a (40)

Ej = Ej + iE'7g =

Challenges in measuring the contact radius of the tip has led
to a comparative analysis between a sample of unknown prop-
erties and a calibration sample to obtain quantitative measure-
ment of the reduced storage (E'g) and loss modulus (E”R). By first
performing a contact resonance measurement on a sample with
known properties (E'g ) and E”g o), calibration values for the con-
tact stiffness (o.y) and damping (B.,) and resonance frequency (f
€pcat) €an be calculated and then used with Eq. 41 for subsequent
measurements by measuring «, 8, and f ¢, on the sample with un-
known properties.

m
o \" fib

E, =E; <7> ER=E g ca | =25—

R R.cal Aeql Roca ficalﬁcal

By considering the dynamics of the free cantilever in conjunc-
tion with a Kelvin-Voigt representation of material viscoelastic-
ity, the loss tangent can be determined from the CR measure-
ment without intermediary steps or knowledge of the contact ra-
dius with Eq. 42, and differs as a measure of loss tangent from
Eq. 36 due to its assumption of full tip-sample coupling rather than
intermittent contact.

CORG
fnfree

o

Alternative viscoelastic, dynamic AFM modes also exist that re-
volve around interpretation of the multi-frequency waveform that
is induced by tip-sample interactions. For intermodulation AFM,
[64,146-148] two excited frequencies interact and form what are
termed intermodulation products during contact with the surface.
The amplitude and phase of the intermodulation products can be
recorded and used to calculate conservative and dissipative forces.
Importantly, the technique can reconstruct a force-amplitude curve
by continuously varying the oscillation amplitude while the can-
tilever is held at a constant z and the intermodulation products are
recorded. Recently, another alternative dynamic method has been
introduced, termed ‘Single-Impact Atomic Force Spectroscopy’ in-
tended for operation in liquids that extracts viscoelastic surface
properties through a wavelet transform analysis of the impulsive
excitation of the AFM cantilever from a single tip-sample impact.
[65]

(41)

tand = (42)

2.3. Dedicated viscoelastic AFM techniques

While some of methods described in Sections 2.1.2 and 2.2.5 are
capable of measuring viscoelastic properties (contact resonance) or
dissipation (PFM, tapping mode, AM-FM), using an AFM to directly
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measure viscoelastic properties across a broad range of frequen-
cies and temperatures, particularly on soft adhesive materials, re-
mains a work in progress. [7] For multi-component polymers, in-
cluding composites and layered systems, the capability to map the
viscoelastic properties at the nanoscale across multiple frequen-
cies is highly desirable for developing our understanding of the
altered dynamics of the polymer near interfaces. [149] To achieve
this, dedicated VE AFM techniques require the ability to measure
the viscoelastic properties across a range of temperatures and fre-
quencies so that master curves can be constructed for nanoscale
data and shift factors can be calculated.

Complicating viscoelastic analysis in frequency space for inter-
mittent contact modes is that the constant impact between the tip
and the sample induces resonances in the sample surface in addi-
tion to the driven tip oscillation. [89] Dynamic modes that drive
the tip at or near the resonance of the cantilever are limited in
their frequency dependent analysis to the eigenfrequencies avail-
able for a given cantilever. The relatively high resonant frequency
of typical AFM cantilevers (>10kHz), also limits the ability of dy-
namic AFM to measure the nanoscale properties of a viscoelastic
material and compare to the measurement made by a DMA or
Nanoindentation without the use of time-temperature superposi-
tion.

One of the most obvious initial solutions for local VE proper-
ties of polymers is to use the AFM to perform a nanoscale “creep
test” where the AFM tip is driven into a sample and held to main-
tain a constant load while the change in deflection is recorded.
[150] However, nonlinearities associated with drift and creep in
the z piezo in addition to possible plastic deformation of the sam-
ple result in this technique being inaccurate for long dwell times.
[150] In addition, this early technique is very slow, with limited
scan rates. What follows is an overview of modern AFM techniques
that promise quantitative measurement of viscoelastic properties
across a range of time scales and temperature. [151]

2.3.1. Dynamic scanning indentation

The dynamic scanning indentation (DSI) method introduced by
Kolluru and Eaton et al. leverages the sinusoidal ramp of exist-
ing PFM modes to apply an oscillatory load to a sample surface
while remaining constantly in contact (Fig. 8(a-b)). [34] As PFM is
a quasi-static mode, the driving frequency of the sinusoidal ramp-
ing can be varied across multiple decades from 10 Hz to 2000 Hz.
The force-displacement curves result in classic viscoelastic hystere-
sis loops (Fig. 8(a)) and the time resolved force and displacement
exhibit the corresponding phase shift. With the inclusion of a tem-
perature controlled cell, DSI is able to construct master curves of
the storage modulus, loss modulus and loss tangent of styrene bu-
tadiene rubber as well as polyisoprene rubber by fitting the dis-
placement (§(t)) and force profiles (F(t)) similar to bulk DMA anal-
ysis. To convert the fitted curves to modulus, a Hertzian contact
stiffness and a constant contact radius is assumed due to the rela-
tively deep indents, high rate of indentation and the adhesive ma-
terials studied. The loss tangent can be measured directly from
the lag between the displacement and force profiles. Comparison
to DMA data is favorable with quantitative agreement between in
shift factors and viscoelastic data across multiple AFMs and rub-
bers. The use of the PFM mode enables DSI to be a relatively fast
scanning mode compared to previous viscoelastic modes. However,
as the tip remains constantly in contact with the sample while
scanning, there will be large lateral forces on the tip and the sam-
ple.

2.3.2. Nano-DMA

There are several examples of techniques [35-37,47] termed
‘nano-DMA’ or ‘nanorheology’ that utilize an external actuation
to oscillate the sample or AFM tip from across a broad range of



D.W. Collinson, RJ. Sheridan, M.J. Palmeri et al.

(@) B3] (nano-DMA)Approach 24 (b)
R

Force, P

g

Standard AFM Indentationv

Displacement, 0

Test specimen

(c)

Photo diode :
0—19 Lock-in amplifier
i 1

LASER

Cantilever

Sample

Piezo electric
actuator

AFM scanner

F=Ut

Progress in Polymer Science 119 (2021) 101420

,]0,00 T T T J: T T ﬂ T
_ @
f= Py LN
& 13 =t 0.0 ° 5
¢ ]
I A i~
= . !
Y ;. g : . g
% Distance (nm)1%0 ** :" . 7 U§
i ®o -
(/' ¢ Bulk DMA| ~ T B4
A | . |5
=
0
Frequency, »
2.0
(d) 97 ® E'xr 509
 E'wg M o
po A tan Or A 'A/ ﬁf' 15
I 8 o E! N L
< '?:nkx P
QJ A tan Opy ;‘A ? A an g
~0 7 g 42 10 2
&8 : 2 =
o 00000000000006680 L 2,
= 64 R A
< ] A 8 L [0S
8 /\é\\ﬁ\l
e AR
S _,«/«A/WM
T T T T T T T T T -00
-1 0 1 2 3 4 5 6 1
Log(a,f/Hz)
3 B = 4.0
/ 35
E"/El
-3.0
)
2.5 c
&
2.0 w
£1.5 W
-1.0
0.5
bR T T T L 00
10 20 30 40 50 60 70

Temperature, °C

Fig. 8. (a) Comparison of a typical PFM force curve (blue) to a DSI force curve (orange). In a typical PFM force curve, tip detaches from the surface during each cycle. For
a DSI curve, the sample remains in contact with the surface and the resulting force curve is cyclical as a result of material viscoelasticity and the sinusoidal ramp (b) Map
of loss tangent as generated by a 64x64 pixel scan of a SBR/SNR blend. A data point take acquired from the SBR phase (triangle) and the SNR phase (star) are plotted on
the loss tangent master curve generated by a DMA for each rubber. [34] Copyright 2018. Adapted with permission from the American Chemical Society. (c) Schematic of
the AFM setup for nano-DMA experiments (d) Master curve generated by the Nano-DMA technique (Solid symbols) compared to a master curve acquired by a DMA (open
symbols). [36], Copyright 2013. Adapted with permission from the American Chemical Society. (e) Schematic of the simple linear solid (SLS) model of viscoelastic contact
during a loading-rate spectroscopy indentation. (f) Master curve generated for PnBMA under the SLS contact assumptions. [10], Copyright 2014. Adapted with permission

from the American Chemical Society.

frequencies (1 Hz to 20kHz) while the AFM tip is held on the
sample at a constant setpoint. A schematic of the experimen-
tal setup developed by Igarashi et al. [36] for viscoelastic mea-
surements is provided in Fig. 8(c-d). By measuring the deflection
response of the cantilever while the sample is oscillated, stor-
age and loss modulus data can be constructed across a broad
range of frequencies. While the displacement of the piezo used
to oscillate the sample cannot be measured directly, conducting
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a frequency sweep on a rigid substrate provides a reference for
experiments conducted on soft materials. JKR theory for an os-
cillating tip on soft, viscoelastic materials [36] is used to ex-
tract the storage and loss modulus data from the measured dy-
namic stiffness. The nano-DMA technique and associated meth-
ods can be differentiated from contact resonance due to the use
of quasi-static analysis of the cantilever motion and sub-resonant
frequencies.
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Fig. 9. Overview of scanning across a sample to perform blind tip reconstruction. (a) The true sample surface (thin black lines) and the dilated profile (thick black lines)
measured by the tip pictured. Three local maxima are labelled ‘1’, ‘2’ and ‘3’ at the apex of each surface feature. A multi-step tip reconstruction is then performed with (b)
showing the overlap (grey shaded area) in the image maxima 1 (thin line) and maxima 2 (thick black line). (c) The intersection acquired from maxima 1 and 2 (thin black

line) in

(b) is then modified by including maxima 3 (thick black line) with the resulting intersection (shaded grey area) showing improvement in the tip estimation. The full

blind tip reconstruction is shown in (d) with the reconstructed tip profile (thick black line) compared to the actual tip profile (line). [161], Copyright 2000. Reproduced with
permission from Elsevier Science Ltd. Comparison of tip profiles extracted from blind tip reconstruction during repeated contact mode scanning on a ultrananocrystalline
diamond sample (colored data points) to outlines of the same AFM tip imaged in TEM for (e) a SiNx coated Si probe and (f) an unsharpened SiNyx probe. [165], Copyright

2010. Adapted with permission from the American Chemical Society.

Nano-DMA measurements have strong quantitative agreement
with DMA data on rubbers (Fig. 8(c-d)) and the capability to create
high resolution scans of heterogenous rubber blends and compos-
ites. The broad frequency range of nano-rheology AFM is useful for
the local characterization of the dynamics at the nanoscale, exem-
plified by the work of Ueda et al. to examine the nano-rheological
behavior of a bound rubber layer compared to the bulk rubber in
a rubber-carbon black nanocomposite. [152]

2.3.3. Loading rate spectroscopy

In comparison to the frequency-space analysis conducted by the
‘nano-rheology’ and ‘DSI’ techniques, the loading rate spectroscopy
method provided by Chyasnavichyus et al. examines the viscoelas-
tic response soft polymers under constant loading rates at varying
temperatures. [10,153] By changing the indentation frequency of a
FV indentation from 0.125 Hz to 10 Hz, the loading rate could be
varied from 37.5 nm s~! to 3000 nm s~! for a constant z-piezo dis-
placement. By modelling the compliance of the PnBMA as a simple
linear solid (Fig. 8(e-f)), Chyasnavichyus et al. were able to extract
the viscoelastic properties by fitting the time dependent displace-
ment data with Johnson’s modified Sneddon model. The long-term
modulus (Ew) and instantaneous modulus can be measured inde-
pendently at very slow and fast indentation rates respectively and
used to convert the loading rate spectroscopy data to E’ and E”.
Loading rate spectroscopy is limited in its analysis of viscoelastic
behavior due to the assumption of simple linear solid behavior of
the tested material and the conversion of time-dependent creep
compliance measurements to storage and loss modulus. The use of
a force volume mode also limits the scanning capabilities of the
technique for collection of high-resolution scans on a polymer sur-
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face. Similar methods have been employed by other groups to ex-
tract viscoelastic property data from cells in fluids by adjusting the
scanning rate in FV or PFM. [11,14] However, these studies have
lacked the additional step of master curve construction using tem-
perature variance.

2.4. Conclusions

In addition to the development of new contact resonance and
bimodal dynamic AFM modes in the past decade, dedicated vis-
coelastic measurement modes have improved the quantitative ac-
curacy of viscoelastic measurements and allowed for full nanoscale
viscoelastic master curves on polymers. It is noted that the dedi-
cated VE techniques are generally quasi-static modes with the tip
in constant contact with the surface during analysis, eliminating
other contributions that may obscure the viscoelastic material re-
sponse (Section 3.2.4) and accessing a continuous range of fre-
quencies. A number of more complicated AFM methods or analysis
techniques that promise improved or more detailed measurement
of surface properties have been introduced, but a lack of a central-
ized, open resource for the software required to conduct or analyze
data from these modes has prevented mainstream uptake. No AFM
mode is a one-size-fits-all solution to nanomechanical mapping on
polymers and other soft materials. When choosing an AFM analy-
sis technique to use for a given study, the additional hardware re-
quirements, acquisition time, accuracy and flexibility of each tech-
nique must all be considered.

For rubbers and rubber composites, the soft, highly dissipa-
tive response limits the application of contact resonance tech-
niques. While dynamic AFM can provide fast mapping of surface
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analysis) where the secondary component has a higher elastic modulus than the indented material for demonstration purposes. The higher elastic modulus of the secondary
component means that for a given indentation depth the induced stress is higher than if the secondary components had a modulus similar to the indented material. Each
of the three lower plots represents a class of non-linear deformation behavior that can impact AFM indentation on polymers. Adhesive effects have been excluded and
the force curves have been shifted horizontally for clarity. For large strain conditions, the elastic curve demonstrates the ideal Hertzian case. The hyperelastic material
behavior results in a stiffer response due to material incompressibility. The plastic case is the result exceeding the yield stress of the indented material, causing permanent
deformation and hysteresis in the force curve. Viscoelasticity influences the indented material response based on the induced strain rate in the polymer through changes in
tip shape, indentation rate and operating temperature. Finally, the geometry of the system can modify the indentation, as a nearby stiff secondary component such a particle
or a substrate will result in an artificially stiff response from the indented material due to the spatial constraints. An AFM tip may also initially begin to indent into one
component but as the indentation increases may directly contact a neighboring component, causing a change in deformation behavior.

dissipation and the loss tangent, acquisition of quantitative vis-
coelastic analysis will require either viscoelastic analysis of FV
and PFM force curves or the use of one of the dedicated vis-
coelastic techniques. For predominantly glassy polymer blends,
contact resonance can provide quantitative viscoelastic properties
and the choice of exact contact resonance technique will de-
pend on whether accuracy (band excitation) or acquisition speed
(DART) is preferred. Both AM-FM AFM and quasi-static techniques
can provide maps of mechanical properties, with AM-FM bet-
ter for sensitivity and resolution while quasi-static methods can
better interpret changes in adhesion and use appropriate con-
tact mechanics in response for quantitative accuracy. However
if, for example, a parametric study on a set of supported ho-
mogenous polymer films with different films thicknesses is re-
quired, then resolution and acquisition speed may not be a pri-
mary concern and AFM modes that provide the most accurate, di-
rect measurement of mechanical properties would be preferred.
While the above examples are not an exhaustive list of every
experimental system and possible AFM modes that can be uti-
lized, they illustrate what must be considered before choosing
an AFM mode and embarking on a study using nanomechanical
AFM.
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3. Nanomechanical AFM experiments

The contact mechanics models discussed in Section 2.1.1 are
predicated on the assumption of ideal contact conditions, where
the volume beneath the tip is comprised of a single material and
the contact area is symmetric. Indentation of polymers of scien-
tific and engineering interest, including PNCs, polymer blends, bio-
materials, films and other systems are rarely as experimentally
simple as the picture described by contact mechanics models due
to complexity from the presence of multiple components and the
non-ideal behavior of the materials. Here we examine recent work
that aims to the best possible measurement of mechanical prop-
erties on complex polymers, and the approaches to avoid, mini-
mize, or correct for sources of error in AFM mechanical property
measurement. This includes an examination of current AFM cali-
bration methods and sources of error in each AFM measurement,
a description of mechanical phenomena due to multi-body effects,
nonlinear material behavior, environmental conditions, and the in-
fluence of sample topography on the measurement of mechanical
properties. Multiple recent textbooks [86,87] and reviews [154,155]
aptly demonstrate how AFM errors manifest in topography maps
and so are not discussed further in this review
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3.1. Calibration and operation of the AFM

It is important to recall that in AFM operation (see Fig. 1), in or-
der to obtain the force from the measured voltages, the deflection
sensitivity, S, and cantilever spring constant, k., must be known;
in order to obtain the indentation depth the piezo displacement, z,
must also be known. In addition, to calculate the modulus of the
sample, E, the tip radius, R, and sample Poisson’s ratio, v, must
be known. The choice of AFM tip for any given experiment there-
fore requires calibrations to be performed to obtain estimates for
R, S, and kc. In addition to these standard calibrations, it is also im-
portant to understand errors and uncertainties in z displacement,
deflection offset, contact point and Poisson’s ratio. A substantive
overview of AFM calibration is provided by Butt et al. in a previ-
ous review, and we augment that work by summarizing significant
findings and new understandings in the intervening 15 years. [2] In
this section, we first review the state of the art for each calibration
typically performed for quantitative AFM experiments, providing
detail on the assumptions, inherent errors, and uncertainties asso-
ciated with each one. Then we summarize other sources of exper-
imental error and make recommendations on best practices (Sec-
tion 3.2) for calibration and minimization of errors for mechanical
property measurements via AFM.

3.1.1. Tip radius

Table 2 shows that probe radius is a crucial component of
any attempt to determine modulus through indentation. Although
manufacturers often quote a range and nominal value for tip radius
of their probes (e.g., “8 nm nominal, max 12 nm” or “< 10 nm”),
quantitative nanomechanical AFM requires confirmation of the ex-
act tip shape. [156] Directly acquiring some data about the tip
shape is necessary for accurate characterization of the contact area
[157] and helps identify tip shape drift over the course of an exper-
iment, as well. [158] Of the methods to characterize probe radius,
electron microscopy is possibly the most direct. However, electron
microscopy requires substantial expertise to acquire a sharp image
without altering the tip shape through heating or deposition. Fur-
thermore, the process is laborious and offers substantial risk to the
probe while handling.

A solution to these issues was introduced by Villarruba,
[159] who demonstrated that scanning a suitable calibration sam-
ple having numerous sharp apexes with the AFM probe of inter-
est would allow an estimate of the tip profile to be introduced
via a blind tip reconstruction algorithm (Fig. 9(a-d)). And while
advances in blind tip construction algorithms have been achieved
since the work of Villarruba, [160-163]| this method still requires
careful choice of samples to be used for blind tip reconstruction.
Probes sharper than the imaging features can result in tip esti-
mates that are biased large and the scale of the substrate rough-
ness also limits the depth to which the shape of the probe can be
estimated. This technique’s main drawbacks are the risk of alter-
ing the tip shape over the course of the calibration scan due to
the hard, sharp surfaces required and the algorithmic uncertainty
of the estimated tip shape. Despite these limitations, a compari-
son between TEM images and tip profiles from blind tip recon-
struction show reasonable agreement for the tip apex (Fig. 9(e,f)).
Sokolov’s group has reported uncertainties of ~10% for large (~1
pum) probes and ~35% for sharper (22 nm) probes with Villarru-
bia’s method.[164]

Indirect, in situ techniques to estimate the tip radius have
been demonstrated using the bistability of dynamic AFM operation
[166,167], adhesion measurements, [168] local modulation of tip
height and contact area with a well-defined roughness, [169] and
tip-sample capacitance. [166] Alternatively, studies have avoided
direct characterization of the tip radius by using a material with
known, well-defined mechanical properties as a calibration stan-
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dard. [170,171] Compared to direct imaging of the AFM tip, indirect
methods are limited by the assumptions of the models used to ex-
tract the tip radius from a measurement and often an ‘effective tip
radius’ is returned rather than the actual tip profile.

3.1.2. Deflection sensitivity

The deflection sensitivity, S, which defines the relation between
cantilever deflection and voltage measured from the photo detec-
tor (Fig. 1), is a function of the specific optical configuration and
alignment of the light source, cantilever, and detector. Although
other configurations are possible, [172,173] most AFM instrumen-
tation works on the principle of the optical lever, with a focused
monochromatic laser or super-luminescent diode light source and
a four-quadrant photodiode detector. (See Fig. 1) The variance that
will be observed in the deflection signal, V, will be approximately
the integral of the thermal spectrum up to the frequency specified
by either the low-pass filter or the sampling rate of the analog-
to-digital converter attached to the photodiode. The optical lever
sensitivity should be maximized (i.e. minimize S) when optimiz-
ing a detector-noise-limited AFM because the detector noise level
is independent of S.

“Hard contact” calibration of deflection sensitivity requires col-
lecting an indentation curve against a substrate that is stiff enough
that approximately all the piezo displacement, z, is transmitted to
the deflection of the cantilever, d. (See Fig. 1) Then S is the inverse
of the slope of the contact portion of the voltage-displacement
curve. Although this is a straightforward process, there are sev-
eral drawbacks to this “hard contact” deflection sensitivity method.
First, the indentation must occur on a very hard, clean substrate; it
is necessary to image the neighborhood of the indentation to en-
sure there is no contamination present, a step that is often omit-
ted. Second, a substantial stress on the probe tip is required, es-
pecially for stiff cantilevers, and can often lead to alteration of the
tip shape, drastically increasing the uncertainty of the probe radius
in a manner that is difficult to quantify. This alteration of the tip
shape can be avoided by operating in an uncalibrated mode until
after the data collection is complete. However, uncalibrated oper-
ation increases error due to the third drawback, namely that the
unavoidable drift in the deflection sensitivity over time demands
regular re-calibration including time-consuming sample exchanges.
Finally, the resulting deflection sensitivity is highly correlated with
the z displacement calibration, which is especially problematic for
systems operating under open-loop z position control. [174]

A “non-contact” calibration of deflection sensitivity is possible
when the spring constant is obtained through a method other than
the thermal method. [175] In this case, the equipartition theorem
can be inverted to solve for deflection sensitivity. [176] This non-
contact calibration sidesteps every drawback of contact calibration:
the tip shape is preserved, there is no correlation with z calibra-
tion, and re-calibration can be performed in seconds under almost
any conditions and we recommend it whenever k. is obtainable by
means other than the thermal method. An important limitation is
that the thermal cantilever fluctuations are inversely proportional
to ke, so a very stiff cantilever may require unreasonable measure-
ment times to achieve an appropriate signal-to-noise ratio.

3.1.3. Cantilever spring constant

The calibration of the cantilever spring constant has been the
target of many creative efforts over the years. [177,178] However,
at this time there are three methods that are in widespread use.

The most common procedure to estimate a cantilever spring
constant for many years was the thermal method. [176] In this
method, given a deflection sensitivity and a thermal power spec-
trum, the equipartition theorem specifies a spring constant. While
this method can be performed on any AFM with minimal extra
equipment, the measurement is very sensitive to the quality of the
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estimate of deflection sensitivity; any error in S is doubled in k..
Furthermore, this method is typically associated with a hard con-
tact calibration of S through indentation onto a sapphire calibra-
tion sample, inviting tip damage or contamination. While the ther-
mal method can be used in conjunction with a non-contact deflec-
tion sensitivity calibration, the error in measurement of k. can vary
between 15-50% dependent on the laser spot location on the can-
tilever, accuracy of the deflection sensitivity calibration and other
factors. [175,179] Generally, we recommend avoiding the thermal
method for spring constant calibration when possible.

The Sader method for spring constant calibration relies on the
hydrodynamic behavior of cantilevers in air. [180] Derived first for
rectangular cantilevers and then expanded to arbitrary plan view
geometries, [181] this method offers a good approximation of the
spring constant without the need for special equipment. Recently
the Sader method has been applied in a new modality, [182] some-
times called Qf3 scaling, [183] where measurements are consid-
ered relative to a reference cantilever (or equivalently, a tabulated
hydrodynamic coefficient) and it is no longer necessary to know
the exact plan dimensions, density of the air, or hydrodynamic
function as long as reference data is available for equivalent can-
tilevers. The uncertainty of the Qf'3 scaling method lies in four
parts: the uncertainty in the estimation of the reference factor,
the uncertainty in the correspondence of the cantilever being cali-
brated to the reference cantilever, the uncertainty in the estimation
of the quality factor, Q, and the uncertainty in resonant frequency,
f- When Q and f are properly measured from the thermal spectrum
for a sufficiently long integration time, the reference factor is the
main source of error [148] and is on the order of 10-15% for can-
tilevers listed in sadermethod.org. [182]

The premier method to calibrate the cantilever spring constant,
ke, is currently to use a laser Doppler vibrometer (LDV) [184] to
measure the thermal velocity power spectrum of the cantilever,
followed by applying the equipartition theorem to directly calcu-
late the effective spring constant at the focal point of the laser
without additional calibration. [185] There are small errors intro-
duced by the need to locate the tip position precisely and in mod-
eling the cantilever eigenmode, but fundamentally the measure-
ment is limited by detector noise. [181] In other words, the cal-
ibration can be sufficiently precise, given enough measurement
time, to be a negligible factor in the overall uncertainty of mod-
ulus measurements. This calibration method requires specialized
instrumentation (i.e. the LDV) that is not standard equipment on
commercial AFMs, so it is rarely performed by end users and
more commonly used by probe manufacturers. Factory LDV cal-
ibrated probes are quoted to guarantee accuracy within 10%, so
the actual standard uncertainty is probably 5% or less. An ad-
ditional user calibration is unlikely to improve upon that uncer-
tainty. For calibration of the spring constant of high order eigen-
modes, the increased sensitivity of the stiffness to the tip shape
and added mass limits direct application of the Sader method,
[185] but cantilever specific scaling have been applied to estimate
the stiffness of high-order eigenmodes based on the Qf-3 scaling
modality. [183]

Recently a ‘Standardized Nanomechanical Atomic Force Mi-
croscopy Procedure (SNAP) was introduced in an effort to stan-
dardize the calibration procedure for AFM cantilevers to improve
reproducibility of measurements, where using cantilevers with vi-
brometer calibrated spring constants was able to significantly re-
duce the variation in results between labs by using the pre-
calibrated spring constants from LDV to calculate the deflection
sensitivity from the thermal power spectrum. [186] This non-
contact approach eliminates a host of problems caused by con-
tact deflection sensitivity estimation, but also requires that special
care be taken to use correct static-to-dynamic spring and sensitiv-
ity corrections.
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Table 4
Calculated ratios of dynamic-to-static spring constants, &, and optical lever sensitiv-
ities, x. [187], Copyright 2014. Adapted with permission from AIP Publishing LLC.

Cantilever Model No. & X

Rectangular 1.030 1.090
AC160TS 1.101 1.254
AC240TS 1.043 1.117
BL-RC150VB(L) 1.035 1.106
BL-RC150VB(S) 1.042 1.128
FMR 1.029 1.089
NCHR 1.036 1.107
TR400(S), TRS00(S) 1.054 1.130
TR400(L), TR80O(L) 1.072 1.176
Triangular 1.181 1.412

N.B. The use of the x coefficients must be combined with a consistent positioning
of the light source on the extreme end of the cantilever.

3.1.4. Dynamic vs static calibration

For simplicity, we have omitted any discussion up to this point
regarding the difference between the static (ksi) and dynamic
(kgyn) spring constant or the corresponding static (Ssrot) and dy-
namic (Sqy,) deflection sensitivity of a cantilever. These twin prop-
erties arise due to the difference in mode shapes between end-
loaded, quasi-static bending and free-end, resonant bending in
the small angle limit. [187] Non-contact calibration methods (e.g.
thermal method) will measure the dynamic cantilever properties
whereas contact methods will measure the static cantilever proper-
ties (e.g. indentation on a hard surface). Ignoring the difference be-
tween the static and dynamic cantilever properties results in sub-
stantial systemic error. We can define correction factors to convert
between these properties as shown in Eqs. 43a and 43b-

den

= 43a
Sstat ( )
k

= ~m (43b)
ksta[

Most AFM manufacturers have included a default value of 1.08
or 1.09 for x and ignore £ entirely. However, studies have shown
that the size, shape, and alignment of the cantilever and light
source can change these values, introducing an error of up to
100% in some cases when used for the contact calibration of k..
[187] Therefore, for the most accurate absolute modulus estimates,
researchers should use the tabulated estimates of Sader, Lu, and
Mulvaney [187] to correct their calibrations (Table 4), or use the
method described in ref. [187] to estimate the necessary values, ei-
ther through finite element calculation or by comparing force and
amplitude ramps.

3.1.5. Poisson’s ratio

The sample Poisson’s ratio, v is typically of secondary interest
to AFM practitioners. However, an estimate of v is necessary to
calculate a final absolute Young's modulus through the equations
in Table 2. Some papers have cited uncertainties as high as 0.1
for polymers, a 25% error for glassy polymers. [164] This error is
somewhat suppressed when propagated through to the modulus
error, but nevertheless the uncertainty of v contributes an addi-
tional 7% to 15% error to the modulus estimate. Therefore, it is
crucial to obtain a better estimate for a specific material at ex-
perimental conditions to produce quantitative modulus maps. The
ability to measure this material property locally at the nanoscale is
sorely needed but so far remains elusive on polymers.

3.1.6. Piezo displacement
Fine position control in AFM is often provided by piezoelec-
tric translation mechanisms. These mechanisms have well-known



D.W. Collinson, RJ. Sheridan, M.J. Palmeri et al.

nonlinearity, hysteresis, and creep in their voltage response pro-
files. [188,189] For small, repeated motions, the motion of a piezo
stage can be approximated as proportional to the applied voltage.
The random uncertainty of this positioning is limited by the volt-
age source noise and can be effectively very small (under 10 pi-
cometers). The voltage-displacement proportionality is a calibra-
tion factor that should be estimated at the specific amplitude and
frequency of the desired experimental conditions to minimize the
systematic uncertainty. Wagner et al. [174] was able to estimate
the calibration factor for a relatively small displacement of 8 nm
with a relative error of 7%. However, it is not clear if efforts were
made to match the frequency and amplitude of calibration to the
subsequent experiment. Holman et al. [189] showed that, for larger
amplitudes the calibration factor can change by as much as 30%
depending on the voltage range, and the hysteresis shift factor can
add a bias of 10 - 15% of the voltage range. These offsets were
modeled empirically to as low as 0.1% error but it is impractical to
do so in the context of an AFM without precise real-time position
measurement.

Responding to these problems, manufacturers have added ca-
pacitive or LVDT position measurement to the translation mech-
anism to enable “closed-loop” (feedback-controlled) mode opera-
tion. In this mode, the applied piezo voltage is controlled to pro-
duce the desired position transducer voltage, eliminating piezo
nonidealities. The transducer itself needs a calibration, but this cal-
ibration is generally valid over a larger range of frequencies and
amplitudes. Along with systemic calibration error, closed-loop sys-
tems introduce extra random sensor noise that is usually speci-
fied by the instrument manufacturer and is on the order of 100
picometers.

3.1.7. Deflection offset

In determining the force resulting from cantilever deflection, it
is necessary to set up the system such that the apparent deflec-
tion is zero when the cantilever is experiencing zero force (see
Fig. 1). Originally, this was a matter of carefully aligning the re-
flected beam in the center of the four-quadrant detector. However,
this manual alignment is subject to various low-frequency drifts
[190] and will substantially bias force measurement over time. The
use of “relative” force measurements, where a force offset voltage
Vp is subtracted from each indentation, mitigates this drift prob-
lem. The algorithms that a manufacturer might use to calculate Vj,
in real time are typically undocumented, so we do not discuss such
algorithms here. In force curve analysis, practitioners typically ob-
tain the V, from least squares fits of low-order polynomials to the
approach and departure regions of the force curve (Fig. 3) man-
ually, although algorithmic options exist. [76] The systemic bias
from the choice of fit region and the order of polynomial is dif-
ficult to quantify, especially in the presence of interfering physi-
cal phenomena such as long-range potentials, surface reflections,
and adhesion snap-off and ring-down. Such physical interference
is best removed by altering experimental conditions or by direct
modeling of the interfering phenomenon. The random noise from
such fits is (under modest assumptions) [191] proportional to the
detector noise and inversely proportional to the square root of the
number of data points fitted. Thus, with any substantial number of
fitted points this noise can typically be neglected.

3.1.8. Displacement offset

As discussed in Section 2.1, simple AFM contact models are de-
fined in terms of the indentation depth, which must be calculated
in terms of the measured cantilever deflection, d and the displace-
ment, z. Similar to the cantilever deflection, an offset is required
to shift the output of the calibrated z sensor so that it reads zero
when the unperturbed tip and surface would hypothetically be co-
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incident. In the case of pure, non-adhesive Hertzian contact, the
zeroed displacement is equivalent to the point of contact, z,.

There are many ways of choosing z, that range from informal
to algorithmic. [192,193] However, the resultant output of these
methods varies greatly, and many have narrow/specific applicabil-
ity. The importance of z, is often overlooked, even though it has
been shown that modulus estimates can be very sensitive to the
selection of the contact point. [76,80,194]

One paper [195] provides rigorous inference and uncertainty
quantification of zy, where they found an uncertainty of approxi-
mately 10 nm was found on the contact point of an approximately
700 nm indentation (1.4 % error). Even in this case, with modest
noise levels and unimpeachable data analysis, the relative uncer-
tainty due to z is responsible for about 40% of the overall uncer-
tainty in the Young’s modulus estimate. However, the algorithm is
specific to Hertzian contact, computationally intensive, and mathe-
matically complex, and thus is unlikely to find wider application.

Other authors have attempted to automate force curve analy-
sis more generally, including finding the contact point. Lin, Dim-
itriadis and Horkay [76,80] have offered a decision tree of least
squares fits hoping to capture a large variety of interaction laws
and interference issues, including z, determination. Melzak et al.
[196] and Fujinami et al. [82] propose that the contact point should
be inferred entirely from fitting data well into the contact regime
through linearization. Benitez et al. [193] developed a threshold-
based algorithm around local linear regressions. All of these al-
gorithms are manageable in complexity and comparable in per-
formance and robustness. However, they lack rigorous uncertainty
quantification or discussion on biases of their contact point de-
termination. A need remains for a rigorous, robust, and tractable
method to infer the uncertainty in z, from AFM force-displacement
curves. In the meantime, the effect of this source of error can be
minimized in practice by increasing indentation depth when pos-
sible, as will be explained further in the following sections.

3.1.9. Hertz model error propagation

We have listed examples of publications that confront the
question of uncertainty and error propagation directly. However
they are narrowly focused on a specific system and location in
parameter-space, making their conclusions difficult to generalize.
[174,197] In a recent work, we analyzed the first-order linear er-
ror propagation of a simplified model from which we drew general
recommendations on how to best eliminate modulus measurement
error in practice, which we will summarize here. [198] Applying
the chain rule for each of the error sources discussed in this sec-
tion to the inference of the Young’s modulus via the paraboloid
Hertz contact model (Table 2), along with some algebraic manip-
ulation, we obtain the equation for the relative error in the esti-
mated modulus.

() = G+ 2aze) () + (138 (3)]
+(1+38)"] (o) + (v%%) (44)
+H3+39)] ()" + (%)

With this equation, we can understand the influence of each
of the key parameters and their calibration or measurement un-
certainty on the accuracy of the modulus calculation. Eq. 44 can
be divided into two parts, representing systematic (whole-image,
from R, v, S, and k¢) and random (pixel-wise, from V, V,, z, and
zp) errors. A remarkable feature that is immediately recognizable
is the presence of a dimensionless factor, d/§, the ratio of deflec-
tion to indentation depth. This ratio is a measure of the fraction of
the compliance of the system that is due to the movement of the
cantilever versus the movement of the substrate. If this quantity
is allowed to grow, all else being equal, it will scale the random
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error components as well as the deflection sensitivity component.
This dependence of error on d/§ is also in direct agreement with
the findings of Wagner et al.,[174] where the deflection sensitivity
calibration was the dominant component of modulus error due to
excessive compliance of their cantilever.

When the correlation between S and k. introduced by non-
contact (or contact) thermal calibration is accounted for in the er-
ror propagation, the dependence of the modulus error due to k.
(or S, respectively) seems to disappear at a special indentation ra-
tio of d/6 = 2/3 as a consequence of oppositely-signed contribu-
tions from deflection sensitivity error via deflection and indenta-
tion. This surprising result was demonstrated experimentally for
several polymer systems in [198]. In these experiments, the mod-
ulus sensitivity to k. approached zero for real force curve fits at
the “magic” indentation ratio of d/6 = 0.55, remarkably close to
the ideal value of 2/3. Note that calibration is still important when
testing at the magic ratio value for d/§; error in k. still affects dis-
tances, depths, and forces measured in the system even at these
special conditions.

3.1.10. Scanning considerations

As the AFM rasters across the sample surface, measurement of
the surface properties is influenced by any changes in topography,
contact mechanics or operating conditions. Ensuring accurate me-
chanical property measurement during AFM scans can be influ-
enced by the control loop feedback settings, choice of cantilever
used, driving frequency, operating environment, and the scanning
mechanism. ‘Video-rate AFM’ or fast scanning AFM, has seen in-
tense research interest to capture dynamic processes, particularly
biological, over short time scales. [199,200]Fast scanning AFM gen-
erally requires operating in fluid with small cantilevers and with
custom hardware to enable the fastest scanning speeds. [201] Here
optimization of scanning parameters for accurate mechanical prop-
erty measurement is discussed.

For dynamic AFM, selection of cantilevers for mechanical prop-
erty measurement has multiple aspects that must be considered,
especially for viscoelastic properties. Generally for dynamic AFM
the cantilever stiffness should be set to match the expected contact
stiffness of the material for best sensitivity to changes in material
properties. [202] When measuring viscoelastic surface properties
and obtaining viscoelastic contrast, attention should be paid to the
expected relaxation times of the phases present and whether the
fundamental resonant frequency of a cantilever or one of its higher
eigenmodes is suitable to discriminate between them. For quanti-
tative dynamic AFM, analytical calculation of mechanical properties
in AM AFM and AM-FM AFM (Sections 2.2.3 and 2.2.5) requires
assumptions about the interaction between the oscillating tip and
the surface forces which set boundaries on the free air amplitude,
Ap and the setpoint, Asp. The most impactful is the assumption of
Hertzian contact, where adhesive forces are required to be insignif-
icant, both relative to the magnitude of repulsive forces acting on
the tip and that the length scale of adhesive forces is small relative
to the amplitude of oscillation. [18,25,28]

Reducing the impact of adhesion on property measurements in
AFM generally requires deeper indentations and higher forces be
applied by increasing A so that the repulsive force exerted on the
tip is larger than the attractive forces. Targeted measurement of
dissipated energy due to surface viscoelasticity, adhesion, or some
other mechanism can be achieved by careful selection of Asp/Ap.
[203,204] While cantilever selection is often dictated by choosing
a ke and w; to enable sensitivity to changes in surface properties,
cantilevers with low Q may also dissipate energy to higher har-
monics during contact, artificially increasing the measured dissipa-
tion and resulting in a systematic error during property measure-
ments. [205]
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For scanning in AM AFM, the cantilever resonant frequency, fy,
and quality factor, Qp, for a given eigenmode will also influence the
control loop and response to changes in the surface properties and
topography while scanning. The mechanical bandwidth (By) of a
given cantilever and excited eigenmode is related to the resonance
frequency and quality factor [206] as follows in Eq. 45

fa
Qn

A large B, is desirable to minimize the response time (7, o
1/By) to a change in the sample topography or properties. Since
an oscillating cantilever requires a number of cycles to respond to
a change during a scan, increasing the resonant frequency of the
cantilever reduces the time required to complete a given number
of cycles, and reducing the Q-factor reduces the number of cycles
required. [207] Active damping control, often called ‘Q-control’ in
AFM, can be used to increase the scan rate and improve sample
tracking by modifying the excitation signal. [206] While scanning
in dynamic AFM, ‘snap-to-contact’ instabilities can occur due to
mode hopping, resulting in poor surface tracking and risk of tip
or sample damage. By selecting a cantilever or eigenmode with
a stiffness such that k. > kf§®* or a free-air amplitude such that
kcAg > Ef*within the attractive regime, the ‘snap-to-contact’ in-
stability can be removed, as the restoring force of the cantilever os-
cillation will always be larger than the force exerted on the tip by
surface forces. [208] On rough surfaces, multiple contact asperities
between the tip and the surface can increase the maximum restor-
ing force, kcAg required to maintain stable scanning in the repul-
sive regime. Generally, the free air amplitude should 2-3x larger
than the surface roughness to prevent the tip decoupling from the
surface in AM AFM, [200] although this is dependent on the set-
point ratio. [209]

For contact resonance techniques, the cantilever should be cho-
sen to optimize sensitivity to changes in contact stiffness. [135] If
the fundamental resonance of a cantilever is not suitable, then
the higher eigenmodes can be considered for contact resonance
measurements. [136] If higher eigenmodes are used, then careful
positioning of the laser is required so that the spot position is
aligned with an antinode. [137] Accurate measurement of surface
mechanical properties requires that many of the extraneous influ-
ences on the cantilever’s motion is controlled for, so measurement
of the free air resonance should be conducted close to the sam-
ple surface [5] and corrections for hydrodynamic damping should
be made to the contact resonance measurement. [210] An increase
in scan speed during the measurement of mechanical properties
has been shown to influence the measured viscoelastic properties
using DART-CR and BE CR AFM, with a higher loss tangent mea-
sured with increasing scan speed. [32] As such, while continually
scanning techniques such as DART-CR are preferable for fast ac-
quisition times, the best accuracy is achieved with full spectrum,
point-by-point measurements. DART-CR AFM with soft cantilevers
and their high-order eigenmodes were used to compare the me-
chanical properties of several biopolymers and fillers, where it was
found that removing erroneous measurements due to scanning ar-
tifacts improved the quality of the acquired dataset. [211,212]

For quasi-static modes, cantilever selection for quasi-static
modes should be such to optimize the cantilever deflection rela-
tive to the anticipated indentation depth to reduce systematic error
based on the tip radius and expected sample modulus. [198,213]
Scan speed artifacts can be significant in PFM compared to FV, as
feedback control is necessary to keep the tip engaged at a constant
force setpoint while scanning. Beyond limitations to the scan speed
of PFM due to the driving mechanism, accurate measurement of
adhesive forces require that acquisition rates are 2-3 orders of
magnitude smaller than the fundamental resonant frequency of the
cantilever in order to minimize the influence of hydrodynamic drag

(45)

B,
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and inertia. [16] Increasing the density of data points collected in
PFM scans can improve surface tracking and setpoint control, as
the feedback loop more easily responds to the smaller changes in
sample height and properties between pixels. Adjusting the oscil-
lation amplitude so that 10-30% of the data for a single curve is
acquired while the tip interacts with the surface is a good rule of
thumb for providing enough of a base line for contact point deter-
mination while providing sufficient resolution for model fitting to
acquired force curves. The z-modulation loop amplitude should be
sufficiently large so that the base line is maintained across changes
in topography, sample modulus and adhesion.

While conducting AFM images in liquid can be beneficial to im-
proving scan speed, allowing in-situ imaging of biological samples,
and minimizing adhesion due to removal of capillary effects, oper-
ating in liquid lowers the Q of the cantilever and may introduce
additional noise. [214] Additionally, the hydrodynamic effect be-
comes significant in liquid [215], limiting the maximum speed of
cantilever motion in quasi-static modes without baseline correc-
tion. [50,216] The hydrodynamic effect is most important for ma-
terials with low tan § (<0.1) and when using the first resonance
mode or in static mode operation. Estimation of the impact of hy-
drodynamic damping can be conducted by measurement of Q and
fo near the surface [210] or from a predictive model of hydrody-
namics effects. [217] Another source of dissipation during scanning
is squeeze-film damping, which is the result of the fluid between
the cantilever and the sample surface being compressed during a
cantilever oscillation. As the distance between the cantilever and
the sample surface is critical to the impact of squeeze film damp-
ing on an AFM measurement of dissipation, [215] any correction
for squeeze film damping must take into account the change of
surface topography across the scanned area. A nap pass can be
conducted to remove squeeze film damping effects by measuring
the cantilever response at a small set distance above the sample
surface. [142]

Prior to scanning with all modes, approaching and engaging
with the surface can be a major cause of tip damage and frac-
ture in AFM, impacting the validity of subsequent measurements.
[218] Using small-amplitude AM AFM while engaging the surface
can reduce the load on the tip as the tip is encouraged to engage
the sample surface within the attractive regime. Reducing the z-
piezo ramp rate during the engage process can also reduce the im-
pact load, minimizing the possibility of tip fracture.

3.1.11. Recommendations and best practice

Here, we summarize calibration recommendations in Table 5
resulting from this review on the current state of the art for AFM
calibration to obtain accurate property measurements.

Operation parameters of AFM experiments are very system and
mode specific and can be optimized further for a specific property
measurement. Some general suggestions on setting up a nanome-
chanical experiment for the most common modes are given in
Table 6. Establishing the best operating procedures for a given
sample and mode will generally require some iteration, although
simulations of indentation can be helpful for providing a sense of
what is required for accurate property characterization of a given
polymer system and accelerate the development of experimental
procedures.

3.2. Influence of mechanical phenomena on property measurements

To create the methods and models to describe AFM operation
and extract surface properties, assumptions are made about the
cantilever dynamics, tip-surface interactions, and material behav-
ior. However, all of these approaches assume that the AFM tip is
probing a sample which can be represented as a semi-infinite half
space with an expected material deformation behavior. In many
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polymers studied by AFM, idealized models of the tip-sample in-
teraction and indentation can break down (Fig. 10) due to com-
plications from underlying substrates, inhomogeneities or embed-
ded phases with different properties than the indented polymer.
The magnitude of deviation from the idealized case can vary de-
pending on where the AFM tip is indenting on the sample, with
irregularities in the tip shape, depth of indentation and adhesive
interaction strength complicating the applicability of the contact
mechanics expressions used to convert force and displacement to
properties (Table 2). Furthermore, when the length scale of inden-
tation approaches 1-10 nm, the measured properties may be influ-
enced by free surface effects and variations in polymer dynamics.
This section reviews the body of work that seeks to understand
these complications to measurement of the mechanical properties
in heterogeneous polymer systems.

3.2.1. Stress Interaction effect (‘the substrate effect’)

When indenting into a material, the probe is sensitive to mate-
rial properties in the perturbed volume underneath the tip. The
size of the perturbed volume depends on the indentation force
and the tip shape (Fig. 11(a)) and extends beyond the material di-
rectly underneath the tip radius. [219] If the probed volume in-
cludes a second component or another material with different ma-
terial properties, then the measured response from the AFM will
have contributions from multiple components. [220] This ‘stress
interaction effect’ can occur in all samples with multiple compo-
nents, but is especially prevalent when indenting into soft mate-
rials supported by stiff substrates (Fig. 11(b)), [221] and as such
this phenomena is also commonly referred to as the ‘substrate ef-
fect’ or ‘thin film effect’. The stress interaction effect will alter the
measured mechanical properties artificially by skewing the force-
displacements measured - for example, for a given indentation
depth the corresponding stress field and consequently indentation
force reported will be higher if the tip is in the neighborhood of a
stiff substrate or inclusion compared to an ideal case (Fig. 11(b-d)).
The skewed measurements introduce apparent property gradients
that are not the result of real changes in inherent material proper-
ties but simply reflect changes in the fraction of two components
in the probed volume. In soft composites and blends, the substrate
effect can blur the determination of where one component ends
and the other begins. Under confinement of the indented material
between the tip and the secondary phase, the induced stress in the
material can dramatically increase. [222] In some cases, the sub-
strate effect can be leveraged to conduct ‘stiffness tomography’ to
map the stiffness of samples vertically as well as in the x-y plane.
[223,224] Subsurface features and structures can be resolved us-
ing highly sensitive contact resonance techniques to resolve 50 nm
features up to 300 nm from the surface. [225-227]

For the case of supported soft materials on stiff substrates, anal-
ysis of the top down substrate effect (Fig. 11(b)) for a range of
tip geometries, soft materials and film thickness regimes (Table 7)
have been compiled. Broadly, for all studies corrections are needed
to account for the substrate effect ((Fig. 11(b)) when the con-
tact radius becomes some significant fraction of the film thickness
(a/h). A traditional rule of thumb has been that the indentation
depth, § should not exceed 10% of the total film thickness to avoid
substrate effects. However, Clifford et al. [170] suggests that the
10% rule is often not reliable and determining the onset of the sub-
strate effect in supported films must also take into account the dif-
ference in elastic modulus between the indented material and the
substrate, the Poisson’s ratio of the indented material and the ad-
hesion between the indented material and the substrate. For cases
where the indented material is viscoelastic, then the effect of a
stiff, elastic substrate must be included while fitting creep compli-
ance curves and other viscoelastic tests. [228] Recent efforts have



D.W. Collinson, RJ. Sheridan, M.J. Palmeri et al.

Table 5

Progress in Polymer Science 119 (2021) 101420

Recommended calibration steps for accurate property measurements with quantitative AFM modes. Supporting citations and reasoning is provided in

the sections noted.

Calibration step
(Section)

Current best practice and recommendations

Tip radius, R (3.1.1)

Blind tip reconstruction before and after an experiment by scanning a standard roughness sample with comparison

against SEM or TEM images for validation of tip reconstruction algorithm parameters. Scans used for blind tip
reconstruction must be conducted at sufficient pixel resolution and density that the entire tip is sampled.
Parameters for the reconstruction algorithm can be established according to Flater et al. [160]

Cantilever Spring
constant, k. (3.1.3)
before fitting to minimize error.
Deflection Sensitivity,
S (3.1.2)

Force Setpoint, Fyqy
(3.1.9)

Poisson Ratio, v
(3.1.5)

modulus

Detector and z-sensor,
V and z (3.1.6-8)

Calibration with LDV before use in AFM or Sader (Qf'3) method at a tip-sample separation that is at least 2x the
width of the cantilever. For the Sader method, acquire as much thermal spectrum data as reasonably possible

Noncontact calibration through the equipartition theorem with predetermined cantilever spring constant. Optical
lever sensitivity should be maximized for the chosen cantilever through choice of spot location

Choose a setpoint point that maintains d/§ ~ 2/3 for the calibrated spring constant, tip radius and expected sample

Estimate v from bulk data at the appropriate frequency and temperature. If operating near T; for a given analysis
frequency be aware changes in operating temperature or analysis frequency can change the polymer’s v.

Maintain Vy ~ 0 by zeroing the photodetector before indentation. Fitting the baseline of the force curve can
remove residual offsets in the deflection channel. For the z-position, eliminate features in an experiment (such as

the water monolayer) that may complicate contact point determination (zo). Maintain § much greater than the

intrinsic noise values Az, Az, Ad.
Dynamic-static
conversion factors,

£ and x (3.14) laser spot position.

Use tabulated data (Table 4) for specific cantilever geometries with a consistent spot location. Measure static and
dynamic deflection sensitivity factors to estimate the dynamic-static conversion factor for a given cantilever and

@ ~ 4a

(b) Substrate ; ;

(c)

(d)

Embedded K 7

Fig. 11. Perturbated zone underneath the AFM tip visualized by considering where the von Mises stress of the material is at least 5% (dark blue) and 10% (light blue) of
the maximum von Mises stress, o max. Perturbated zone in (a) homogeneous infinite media, near a (b) stiff substrate, (c) wall and (d) embedded phase. The stiff phase is
represented as dark grey. The dotted light grey line indicates the perturbed region in (a) where the von Mises stress is at least 5% of the o nax. The solid red line denotes
the region where the von Mises stress in the confined geometry is at least 5% of the o max from (a). In all the confined geometries, the symmetric stress field in (a) becomes
distorted and the maximum stress is elevated due to the stiff, second phase. The stress fields are adapted from axisymmetric (a, b, d) and three-dimensional (c) FEA

simulations of indentation into rubbery polymers.

also been made to include substrate effects on viscoelastic analysis
of indentations into living cells. [229,230]

There is limited analysis on the temperature dependence of
the substrate effect for polymers. Work by Song, Kahraman and
Collinson et al. [222] using both molecular dynamics and finite
element simulations of AFM indentation has established that as
sample temperature increases through Tg, the magnitude and ex-
tent of the stress interaction effect decreases due to increased vis-
cous dissipation for unconfined polymers (Fig. 12(e)). However, for
highly confined films an accompanying increased incompressibility

22

with temperature combats the impact of increased viscous dissi-
pation (Fig. 12((b-c)) and an increase in the relative stress inter-
action strength is observed (Fig. 12a-e). These results indicate that
changes in the continuum properties of the polymer with temper-
ature can convolute interpretation of experimental data. For ex-
ample in Fig. 12(g-h), the heightened properties of thin films ob-
served in the rubbery regime compared to the same film in the
glassy regime may be the result of an increase in Poisson’s ra-
tio (i.e. incompressibility) rather than polymer-substrate surface
interactions.
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General experimental methods for accurate nanomechanical measurement of viscoelasticity in air with the most prevalent scanning nanomechanical AFM modes.
Supporting citations and reasoning is provided in Section 3.1.10

Setting Qua

si-Static

Amplitude Modulation

Contact Resonance

Cantilever
Selection *

Setpoint

Scanning

Choose k¢ to satisfy

d/is =2/3
Lower f cantilevers will limit
z-modulation speed and
amplitude due to ring-down.

Choose Fnax to operate in
linear VE regime if possible.
Larger Fmax aids scan
stability

Increasing pixel density and

decreasing scan speed can

imp!

General

rove scan stability

Choose z-modulation
amplitude so 10-30% of the
ramp is in contact.
Modulation speed can be
reduced to increase contact
data

Increase gains until height channel trace and retrace overlap for surface tracking

Choose k. to overcome
adhesive forces and match
tip-sample contact stiffness.
For VE, chosen w; should be
sensitive to material
relaxation time.

Choose Ap to limit
snap-to-contact behavior
Choose Ag; and A,p; to
satisfy assumptions on
contact and forces acting on
the tip during oscillation
Asp should be optimized for
VE contrast.

Large Ao improves
assumption of Hertz contact
in air

A final tune of the cantilever
should be conducted close
to the surface (500 nm)
before scanning

Operating in dry N,
minimizes water monolayer,
a source of dissipation.
Lower scan speeds improve
accuracy in dissipation
measurements.

Scan speed is limited by
cantilever bandwidth

Ap should be 2-3x the
surface roughness for
surface tracking

.

Choose cantilever with k;
to optimize sensitivity to Ak

Drive amplitudes for CR
should be small compared
to contact force to satisfy
linear tip-sample contact

A final tune of the cantilever
should be conducted close
to the surface (~500 nm)
before scanning

Use the free hydrodynamic
function to correct contact Q

Parametric CR (e.g. DART
CR) accuracy can be
improved with lower scan
speed.

Point-by-point, full
spectrum methods is
preferred for accuracy, with
scanning methods preferred
for speed

Increasing gains until just below feedback instability provides more aggressive tracking for uneven surfaces
Operating in liquid can allow for faster scanning due to decrease in Q.
Hydrodynamic drag can be identified by hysteresis in the approach and retract components of the baseline deflection

(QS) or in the phase and Q. Hydrodynamic effects can be minimized by reducing scan speed, using small cantilevers or

applying baseline corrections.

Engaging with the surface should be conducted using small amplitude AM AFM and slow z-piezo modulation if possible
so that the surface is detected within the attractive regime, minimizing tip-sample forces before scanning.

Laser spot location should optimize optical lever sensitivity. For dynamic methods utilizing high-order eigenmodes, the
laser spot should be situated on an antinode.

2 Simulation of AFM for a given cantilever and varying surface viscoelasticity can aid in selection of a cantilever with appropriate dynamic range and approximate
scan settings.

Table 7

Analytical and semi-empirical models developed to account for the substrate effect for indentation on soft materials supported by a stiff substrate. In this table, h is
the indented film thickness, a is the contact radius, § is the indentation depth and R is the tip radius In the first column the compatible contact mechanics and tips
used for indentation in the study are provided

Substrate- Film

Constitutive Boundary
Contact Mechanics Material Model Film Thickness Condition Ref.
Hertz (Sphere) R = 15-25 nm PnBMA Elastic 0-200 nm (a/h = 0 - 14) Fixed [231, 232]
Hertz (Sphere) Polymer Brush Elastic 1 - 100 nm Fixed [233, 234]
Hertz (Sphere) Hydrogel Elastic alh = 0.02 to 2 Fixed and [194]
R = “sharp”, 2 um, 5 um Sliding
Sneddon (Conical, R = 20 nm) Elastic (v = 0.5 1 umto 15 um (§/h = 0.1 to 1) Fixed [235]
Polyacrylamide, only)
Fibroblasts
Hertz Polyacrylamide Neo-Hookian 52-134 pum (8/h = 0.1 to 0.4, Fixed [236]
(Sphere, R = 100 - 250 um) R/h = 0.3 to 6.2)
Hertz (Sphere, R = 1030, 232 nm) PMMA Elastic alh=0to5 Fixed [237]
Sneddon Analytical Viscoelastic (a/h = 0.01-10) Fixed [238]
(creep)
Hertz (Sphere, R = 1.5-4 um) Fibroblast Viscoelastic (a/h ~ 0.3-2) Fixed and [239]
(dynamic) Sliding

23
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Fig. 12. (a-f) Consider MD and FEA results of indentation of a polymer near a wall as in Fig 11c; (a-c) consider a very close substrate as in Fig 11b in addition to the wall.
(a) Contours of hydrostatic stress near the fixed boundary condition are shown in a (a) 20 nm and (d) 600 nm thick film from a FEA simulation of a 5 nm indentation with
a 20 nm tip radius. The center of the tip is 20 nm from the interface. Normalized stiffness profile as measured by (b) FEA simulation and (c) CG-MD of an AFM indentation
below T and near Ty into the highly confined film. Arrows indicate the change in stiffness profiles with temperature (e) Normalized stiffness profiles of AFM indentations
into the loosely confined film below and near Ty with viscoelastic effects included and excluded from the material model. For the elastic simulations, the modulus and
Poisson’s ratio of the indented material is still altered to reflect the material properties at each temperature. (f) CG-MD of the highly confined film identical to the system
in (d), but with a softer boundary condition specified for the substrate. [222], Copyright 2019. Adapted with permission from the Royal Society of Chemistry. Histogram of
measured JKR modulus on thick and thin PVAc films at (g) 25°C (h) 60°C. The T of the PVAc is 38°C. Data is acquired from a 64x64 set of FV AFM curves. [240], Copyright

2016. Reproduced with permission from Elsevier Science Ltd.

3.2.2. Tip effects

For imaging of surface features, the size of the tip represents
a limit to the achievable resolution with AFM as the finite tip
size controls the extent of the probed volume during indenta-
tion. Bahrami et al. finds the spatial resolution of adhesion mea-
surements to be twice the contact radius at pull-out and the lo-
cal modulus resolution to be four times the maximum contact
radius while operating in PFM. [241] The finite size of the tip
also comes into play when indenting across two components. As
the tip moves across an interface, the proportion of the two ma-
terials that are indented by the tip change resulting in a sig-
moidal profile across the interface of the two materials that re-
flects the mixed contact stiffness. [242] While methods to account
for the effects of tip dilation in topography have been well es-
tablished, [243] methods to account for the finite tip size in the
spatial variation of mechanical properties are less developed, al-
though comparison to FEA models can be helpful for interpreting
data [224].

Characterization methods for tip radius have already been dis-
cussed in Section 3.1.1, but do not cover how the size of the tip can
influence applicable contact mechanics or the impact of changes
to the tip shape that may occur during scanning due to wear or
contamination. At small and large indentation depths, changes in
the shape of an AFM tip can adversely affect the applicability of a
contact mechanics model to an acquired force displacement curve.
The following section aims to alert microscopists on how to iden-
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tify and address the worst-case scenarios that may be observed as
a result of non-ideal tip shape and contamination.

The careful measurement of the AFM probe radius (Section
2.1.1) is particularly important for contact mechanics models that
rely on treating the indenter as a sphere (e.g. JKR). [164,244] While
early work on quasi-static modes had suggested that a tip ra-
dius on the order of 100s nm is required for quantitative analysis,
[164,245] more recent work has suggested it is possible to obtain
reasonable, quantitative data with sharp AFM tips (R < 30 nm) as
long as the tip is well characterized. [198,224,246,247] For non-
ideal tip geometries Sneddon’s model can be used to fit a force
displacement curve to a power law function (Eq. 5) for Hertzian
contact as long as the tip shape is satisfactorily described by a
smooth axisymmetric profile. If a tip cannot be easily described
by one of the common Sneddon shapes (paraboloid, punch, cone,
etc.), Segedin’s model can be used instead which models the tip
shape with an arbitrary polynomial series. [248] To be applica-
ble, Segedin’s model requires classical elasticity theory to hold at
large indentation depths and detailed knowledge of the true tip
shape. At small indentation depths, defects in the tip profile as
a result of manufacturing or scanning induced wear [158] can
mean that tip surface in contact with the sample is not well
represented by a smooth, axisymmetric profile. [157] In almost
all AFMs, the cantilever is orientated at an angle to the sample
surface, which can induce lateral forces as the tip contacts the
sample. [249]
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Fig. 13. (a) TEM image of organic tip contamination on an as-received commercial cantilever. [156], Copyright 2016. Adapted with permission from AIP Publishing LLC.
(b)ToF SIMS map of contamination on the surface of a lead zirconate titanate thin film from an AFM tip held stationary on the surface. [251], Copyright 2018. Adapted with
permission from the American Chemical Society. AM AFM height image of an Au film (c) before and (d) after tip contamination with liquid 1-decanethiol. [255], Copyright

2007. Reproduced with permission from AIP Publishing LLC.

Tip contamination results from foreign material adhering to the
tip, either during scanning [250] or during storage with Fig. 13(a-
b) demonstrating a case of heavy tip contamination and the re-
sulting modification to a sample surface that can result from such
contamination. Deposition of low molecular weight PDMS or sili-
cone oils from the storage boxes for commercial AFM probes has
been shown as a common vector for contamination of the AFM
cantilever. [251,252] Significant contamination of an AFM tip can-
tilever is observable as hysteresis in the force curve during the
snap-on and lift-off during an indentation cycle [252] and can sig-
nificantly distort acquired images (Fig. 13(c-d)). In comparison to
hysteresis as a result of water capillary layers, the tip contami-
nation can persist through changes in humidity and environment.
Various cleaning procedures have been shown to reduced tip con-
tamination by Silicone oil with differing levels of success. Options
to remove contamination include: solvent washing, UV exposure,
0,/Plasma and etching. [251,253,254]

While predominantly an issue for hard samples, AFM tips can
experience wear during use on polymer materials, particularly on
composites that contain hard, ceramic components. The commen-
surate evolution of tip shape during scanning can frustrate the
consistent collection of data. The three main mechanisms of tip
wear in AFM are: plastic deformation [256], attrition of atomic lay-
ers [165,168,256] and tip fracture [165]. To avoid tip fracture Chung
et al. suggested that the loading rate during an engage should be
less than 0.1 nN s~!. [257] During contact mode scanning, Chung
et al. found at least some wear of Si AFM tips is unavoidable on
hard samples, with tip shape evolution observed for <10 nN load-
ing due to surface layer oxidation of the tip. Vahdat et al. have
suggested that a safe limit to prevent tip wear in AM AFM can
be estimated from a universal parameter that considers the tip ra-
dius, cantilever properties and sample properties which can be ap-
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plied to polymers as long as the contact mechanics are DMT or
Hertzian. [218] The estimation of safe scan parameters does not
consider side loading during scanning or the danger of tip fracture
due to sudden topographical or compositional changes.

Surface tilt is a global rotation of the sample such that the
global surface normal is not aligned with the vertical z-axis and
can cause the AFM tip to contact the surface at an angle not an-
ticipated by most contact mechanics. The most obvious means of
eliminating surface tilt is to prepare and mount samples to be as
flat as possible. However, for some in situ samples, particularly bi-
ological systems, avoiding changes in the orientation of the surface
may be impossible. It should also be noted that due to the angle
of the cantilever as it is mounted in most AFMs, flat samples are
still angled relative to the tip.

The most common method to correct for tilt in topography im-
ages is to execute plane fitting or line-by-line flattening algorithms,
which are built into most commercial and open-source AFM soft-
ware packages. [86,258] These algorithms can induce nonphysi-
cal topography into an acquired image and, as such, care must be
taken not to overfit acquired images. However, the impact of sur-
face tilt is incorporated into mechanical property measurements
during the experiment so typical levelling operations are not ap-
plicable for property measurements. For correction of surface tilt
on mechanical property measurements, a recent solution from
Heinze et al. [259] adapts models to account for the cantilever
angle in contact resonance modes with respect to a flat surface
in order to accommodate a tilted surface. The method is demon-
strated using contact resonance measurements on a colloidal glass
bead and a starch granule (Fig. 14) and corrects modulus measure-
ments for a wide range of local surface slopes. While demonstrated
for CR AFM, the method can be readily applied to other AFM
modes.
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Fig. 14. Maps of the elastic modulus as measured by CR AFM on a starch gran-
ule (a) before and (b) after correction for surface tilt. (c) Histogram of the mea-
sured modulus before and after correction of the surface tilt. [260], Copyright 2018.
Adapted with permission from Elsevier Science Ltd.

3.2.3. Sample heterogeneity

Accurate nanomechanical measurement of local property
changes in polymer systems is a key goal of AFM studies, but care
must be taken to separate changes in measured properties due to
continuum or topographical effects from changes due to the under-
lying polymer chemistry and structure. [261] While, sample prepa-
ration for nanomechanical measurement should strive for surfaces
with roughness that is at least an order of magnitude smaller than
the tip radius used, in many cases this ideal is difficult to achieve.
In multicomponent systems, surface preparation methods interact
with the phases differently, often resulting in unavoidable topo-
graphical features. The influence of topography on the measured
mechanical properties for dynamic and static modes is dependent
on the local curvature of the surface and the number of contact as-
perities due to surface roughness. [157,262] Conversely, differences
in surface deformation between components with differing mod-
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uli for a given indentation force can result in false measurement
of sample topography. Independent measurements of topography
can be used to correct AFM measurements on samples [263,264]
but are time consuming, so in-situ methods for interpreting me-
chanical property measurement in the context of changes in to-
pography are preferred. In addition, prominent surface features and
components may only extend a finite distance into the sample, in
which case their response to indentation is, at least in part, de-
fined by their structural compliance rather than material proper-
ties as they deflect into the surrounding material under load from
the AFM tip. Meanwhile, components underneath the exposed sur-
face may influence property measurements [265] without being
immediately apparent in the height map (Fig. 10). Altogether, the
surface topography of materials as it relates to mechanical mea-
surement with AFM is distinctly three-dimensional and requires
consideration for accurate interpretation of mechanical property
data.

In multi-component systems the AFM tip will indent both com-
ponents simultaneously as it rasters across phase boundaries on
the surface. Fig. 15(a-d) illustrate the interface of a stiff fiber in
a polymer matrix, where multiple contact points between the tip
and the sample are possible. As a result, a ‘dead zone’ forms
where often no quantitative information about the local properties
can be gleaned due to the non-ideal contact. Changes in sample
height [266] or modulus [224], can induce a variety of non-ideal
tip-surface interactions leading to data interpretation difficulties.
Fig. 15(e-f) demonstrates the convolution between the surface ge-
ometry and local stiffness with a sudden topography change in the
height channel correlated to sudden changes in the stiffness chan-
nel. Without additional analysis, disentangling whether a sudden
change in height causes a sudden change in stiffness due to the
multiple contact points, or whether the sudden change in sam-
ple deformation has induced an artifact in the topography or some
combination of two is near impossible. Additional data channels
may help identify the extent of the dead zone which is depen-
dent on both the relative stiffness of the indented components and
tip geometry. For example, conductive AFM can be performed si-
multaneously with mechanical measurement [264] and the traces
across the two interfaces can be compared (Fig. 15(c-d)). When
the tip is close enough to a conductive fiber then a current be-
tween the sample surface and the tip is measured, enabling an in-
dependent confirmation of contact between the tip and the stiff
fiber. Alternatively, the tip radius can be reduced to minimize the
size of the dead zone, and some form of independent confirma-
tion of interface location and the extent of the dead zone can be
conducted through consideration of tip geometry and indentation
depth. [224] In some circumstances, dead zones can be identified
by examining force curves across the interface, where indentations
that initially indent the soft phase before indenting a stiff, neigh-
boring phase will show a distinct kink in the F-§ curve due to the
increase in contact stiffness. [260]

When imaging a multi-component system where each compo-
nent has contrasting moduli, the relative differences in deforma-
tion can produce a false topography. [105,267-271] If the sam-
ple deformation is known through accurate contact point deter-
mination for each component, then the deformation can be sub-
tracted from the raw topography measurement to produce an im-
proved estimate (Fig. 16) of the sample topography. Correcting
height maps for deformation where possible is suggested prior to
determining whether surface topography may be influencing me-
chanical measurements.

High local curvature or large changes in topography are also
known to alter the measured phase across a sample in AM AFM.
In order to determine whether phase contrast is the result of ma-
terial properties or due to local surface features, a map of gaussian
curvature can be calculated from the acquired topography maps.
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Fig. 15. (a) Contrast in moduli between the fiber and the matrix result in unsymmetrical indentation depth. (b) For conductive AFM, the tip will interact with the fiber
when the distance is small enough for tunneling. (c) Step feature due to fiber protrusion means that the side of the probe will contact the fiber while the tip is indenting
into the matrix (d) Resulting profiles of current, I and stiffness, S. The dead zone (D-Z) indicates the region where useful matrix information cannot be extracted due to tip
fiber contact. [264], Copyright 1998. Adapted with permission from Elsevier Science Ltd. (e) Map of contact stiffness across a polystyrene-polybutadiene interface from FV
AFM shows the contrast in stiffness between the glassy and rubbery polymers. Distortion at the interface can be observed due to simultaneous tip contact across the two
domains. (f) Trace of contact stiffness (grey line with dots), height (gray line), and normalized phase shift (black line) from AM AFM across the black line in (a). A clear
correlation between all three traces in observed. [260], Copyright 2014. Adapted with permission from Elsevier Science Ltd.
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Fig. 16. AFM FV maps of (a) Youngs modulus, (b) original height, and (c) reconstructed height after correcting for sample deformation for a SEBS (poly(styrene-b-ethylene-
co-butylene-b-styrene) triblock co-polymer. (d) Trace of Young’s modulus along the black line in (a). (e) Traces of topography, deformation, and corrected topography acquired
from along the trace indicated by the black line in (b) and (c). The corrected topography trace is calculated by subtracting the sample deformation from the original height
profile. [268], Copyright 2010. Adapted with permission from the American Chemical Society.

Contrast in the calculated map of gaussian curvature can be com-
pared to the phase contrast to check for correlations: any phase
contrast as a result of material properties should not correlate to
the contrast in the gaussian curvature. [272] For AM AFM, small
feedback errors in the phase channel due to height changes can
be corrected by comparing the relationship between the change in
phase and amplitude near the amplitude setpoint and then sub-
tracting the contribution to the phase map from the amplitude er-
ror. [87]
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If an indented component has a finite volume and is sur-
rounded by material either softer or stiffer than the indented
phase, then the mechanical response of the embedded phase will
be impacted by the compliance (Fig. 11(d)) of the surrounding
material. Previous discussion on the substrate effect in Section
3.2.1 focuses on modelling the stress interaction effects for un-
derlying, fixed substrates. But displacement of finite phases into
the surrounding medium under indentation can be expected while
scanning across multiphase systems. For example, in polymer
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Fig. 17. Models for particles suspended in polymers for the specific example of Zinc Oxide (ZnO) embedded in rubber. (a) The blanket effect, where an embedded or
protruding particle has a thin layer of bound rubber. (b) The mattress effect for supported and embedded particles where indentation on a particle causes deformation
in the surrounding rubber, introducing structural compliance. (¢) The combined blanket and mattress effect. [273], Copyright 2018. Reproduced with permission under CC
BY-NC 3.0 - published by the Royal Society of Chemistry. FEA models of indentation over a (d) spherical, (e) cubic, (f) edge high cubic, and (g) vertex high cubic particles
embedded 17 nm below the surface. The resulting maps of contact stiffness (k) on and near the particles in FEA for the (h) spherical, (i) cubic, (j) edge-high cubic and (k)
vertex high cubic particles reflect the underlying geometry of the embedded particle. [225], Copyright 2019. Adapted with permission from IOP Publishing Ltd.

nanocomposites, embedded, hard particles are softly suspended in
the matrix (termed the ‘mattress effect’) and do not have fixed
boundary conditions to constrain rigid body motion of the parti-
cle under a load from the AFM tip. (Fig. 17(b-c)). For deeper in-
dentations, the mattress effect will reduce the measured modulus
of the particle due to the compliance of the surrounding relatively
soft matrix. The mattress effect can be minimized by reducing the
applied force to the particle or working with larger particle sizes,
if feasible. For indentations near particles, a common occurrence
in AFM analysis on polymer nanocomposites - deflection and ro-
tation of the particle - can occur due to the applied load from the
tip. However, if the particle is approximately an order of magni-
tude larger than the tip contact radius then it can be approximated
as a perfectly rigid substrate. [224]

Complicating the analysis is that particles may also have a layer
of polymer (the ‘blanket effect’) over the surface of the particle
(Fig. 17(q, c)), which increases the measured adhesion on the par-
ticle surface and reduces the measured modulus relative to ex-
pectations. [273,274] The ‘blanket effect’ may confound expecta-
tions for the measured snap-on adhesion and modulus as the thin
layer of polymer will increase the adhesion and reduce the ini-
tial contact stiffness during indentation. Accounting for the blan-
ket effect in protruding particles or indentation over shallow, em-
bedded particles is more difficult and requires additional mod-
elling and/or interpretation with FEA or semi-analytical equations.
Subsurface features can be recognized by changes in the local
modulus with increasing force setpoint but without correspond-
ing change in adhesion or topography relative to a homogenous
region. [226]
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The highly complex geometry associated with indentation on
embedded particles can make the application of contact mechanics
models to indentation data difficult (Fig. 17(d-k)). FEA that mod-
els AFM indentation over and near embedded and suspended par-
ticles can be a useful aid for the interpretation of indentations
on suspended particles and embedded inclusions, and develop-
ment of empirical and semi-analytical relations have been devel-
oped to model the impact of varying permutations of inclusion
geometry, material properties, and boundary conditions on inden-
tation measurements. [225,275-280] A recent method for calcula-
tion and visualization of the quality of collected force curves on
particles in cross-linked rubbers has been introduced by Ohashi
and coworkers who use an ‘R-factor’ to evaluate the fit of the JKR
and DMT models to experimental force curves in order to iden-
tify where indentations on a rubber composite compare well to
theory [273].

When collecting AFM maps across the surface of a composite,
the magnitude of the stress interaction effect (Section 3.2.1) will
vary depending on the proximity of the tip to a neighboring com-
ponent and indentation depth. Qu et al. [281] first applied this idea
to AFM measurements on rubber nanocomposites to determine
whether the measured bound layer could be explained purely by
the substrate effect, and found that while the substrate effect con-
tributed to an enhanced modulus, it was not sufficient to explain
the measured bound layer. Collinson et al. [224] also demonstrated
for rubber nanocomposites that AFM indentation into incompress-
ible materials such as rubber, results in a stress interaction effect
which can be empirically modelled as

n
EC) =A @ +1
EFF((S) X

(46)
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where E is the measured modulus at the distance from the sub-
strate or particle x, Egr is the far field modulus, A and n are fitting
constants, and a is the contact radius. Eq. 46 is valid until the AFM
tip begins to contact the substrate or particle directly. It was also
found that the fitting constants A and n are relatively insensitive to
the modulus of the indented or neighboring component as along
as their modulus difference is at least 2 orders of magnitude, typi-
cal of most rubber nanocomposites. The stress interaction effect is
best minimized by reducing the contact area during indentation,
either through reducing tip radius or indentation depth. However,
both options can introduce other experimental errors, which will
be discussed later.

The analysis of the stress interaction effect and the interphase
in Qu et al. can be taken a step further through quasi-static AFM
indentation studies near model interfaces. By replicating an AFM
experiment (configuration as in Fig. 11(c)) in FEA iteratively, a
solution for the interphase modulus gradient (Section 1.2.1) can
be obtained which will produce an effective modulus from the
AFM matching the experimentally measured data (Fig. 18). This
method of deconvoluting the substrate effect from local proper-
ties was first tested on SBR bonded to a Si substrate using thiol-
ene click chemistry. [282] The process used to match the FEA
model to the experimental measurements of stiffness is shown in
Fig. 12(b-e). Zhang et al. used a similar method to estimate the
interphase in a PS-Silica sample (Fig. 12(a)). [283] In both cases,
the simulations are used to capture the purely geometric sub-
strate effect, which then allows the inherent property value of
the polymer near the substrate and its gradient to be determined
quantitatively.

For any system that has significant property contrast, the sub-
strate effect will influence any image or data point within several
contact radii from a neighboring component or indentations on
a sufficiently thin film. The extent of the substrate effect is con-
tact radius dependent (Fig. 11(a)), so if possible, minimizing in-
dentation depth is beneficial. When interpreting local gradients or
trends with film thickness, comparisons should always be made to
continuum predictions as the first step to establish if changes in
properties are real or a result of changes in structural compliance
within the probed volume.

3.2.4. Viscoelasticity and polymer dynamics

Contact mechanics that determine elastic modulus in polymers
(Table 2) do not consider the transient response of the material.
However, it is well known that the response of polymer to defor-
mations are strain rate and temperature dependent [151] which
means that the measurement of ‘elastic’ properties can vary de-
pending on the strain rate induced by indentation and ambient
conditions. Viscoelastic approaches to analysis of AFM data have
already been provided in Sections 2.1.2 and 2.2.5. But if only elastic
properties are desired, the presence of viscoelastic behavior during
indentation will still require adjustment in the analysis of acquired
AFM data. In addition to changes in modulus and relaxation time,
the Poisson’s ratio changes as the material transitions between
glassy and rubbery regimes, and accounting for this change can be
important to decrease error in conversion from reduced modulus
to elastic modulus (Eq. 4). [10,61,213]

Three aspects of AFM indentation affect material viscoelastic-
ity: probe radius (due to changes in strain rate and applied stress),
drive frequency, and sample temperature. The dependence of strain
rate on the tip radius can lead to changes in the viscoelastic behav-
ior of the indented material between tips, even for constant load-
ing rate and sample temperature. [284] However, the impact of the
AFM tip on the sample surface can also induce additional, high fre-
quency oscillations in the sample surface, complicating our under-
standing of the deformation frequencies experienced by the ma-
terial during an indentation cycle. At a minimum, bulk viscoelas-
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Fig. 18. (a) Agreement between PFM AFM data (red circles) near a PS-Silica inter-
face and a FEA model (black circles) that includes modified local modulus (pink
columns) due to the interphase due to silica-polymer interactions. [283], Copyright
2018. Reproduced with permission from the American Chemical Society. (b-e) Work
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tic properties of the material of interest acquired using equip-
ment such as DMA or nanoindentation must be shifted using time-
temperature superposition for comparison to results at the analy-
sis frequency in AFM, noting that free surface effects may influ-
ence small AFM indentations more than nanoindentation measure-
ments. [61,213]

Special consideration should be given to contact resonance
techniques when evaluating soft, viscoelastic materials with large
damping present at the MHz analysis frequencies common for con-
tact resonance (Table 1). In these cases, the highly damped mate-
rials reduce the contact resonance spectra to the point that the
response is a convolution of the piezo drive transfer function and
the actual contact resonance of the tip-sample system. [31] As a
result, contact resonance techniques remain limited in addressing
soft compliant samples.

In both quasi-static and dynamic intermittent contact modes
determination of the energy dissipated from viscoelastic effects re-
quires parsing the viscoelastic material response from other causes
of dissipation in the AFM measurement such as the work of ad-
hesion. A rudimentary method to differentiate between the contri-
butions to the dissipated energy from viscoelasticity and adhesion
was demonstrated by Wang et al. by collecting static force curves
on a SEBS triblock copolymer and assuming that the JKR model is
able to fully account for the work of adhesion. The remaining dis-
sipated energy between the fitted JKR curve and the experimental
force curve was attributed to energy dissipated due to material vis-
coelasticity. [63] In tapping mode AM AFM, analysis of the change
in dissipated energy with amplitude can help single out the vari-
ous dissipative processes acting on the vibrating cantilever, includ-
ing viscoelasticity. [104]

For shallow indentations with sharp tips, interpreting measured
elasticity and dynamics becomes complicated relative to bulk mea-
surements. It has been well-established in films that polymers ex-
perience free surface effects, increasing polymer mobility and re-
ducing the barrier to molecular motion within a finite distance (1-
20 nm) from the surface above and below Tg. [285-290] There-
fore, for shallow AFM indentations and small tip radii (Fig. 19),
the AFM tip may predominantly sample a surface layer rather than
the bulk polymer. [291-293] The reduction of the activation en-
ergy for primary («) and secondary () relaxations at the free
surface has been observed for multiple polymers using frictional
force microscopy, [294-298] with the reduction in activation en-
ergy further exacerbated by the high stresses under sharp tips.
[299] The decrease in activation energy for molecular motion at
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the free surface may lead to conflict between nanoscale AFM in-
dentation and bulk characterizations of viscoelasticity and dissi-
pation at the same analysis frequency and temperature. Different
polymers may also experience different susceptibilities to the free
surface effect. [287,300-302] Additionally, as has been considered
by Solares, [66] the act of indentation into the surface perturbs
the shape and curvature of the surface itself, with its own energy
cost which can contribute to the response of the material to in-
dentation. Altogether, comparing small AFM indentations with bulk
properties should not just consider the differences in analysis fre-
quencies, but also any possible changes in the viscoelastic nature
of the polymer surface.

While there have been suggestions that nanoindentation can in-
duce a stiffening of the surface layer in contact with the tip [303],
there has been additional evidence that such results may be ar-
tifacts due to uncertainty in contact point determination and ad-
hesion at small indentation depths. [164,304] Shallow indentation
depths are preferable for high resolution, but indentation measure-
ments that can be compared to bulk or nanoindentation data need
to probe a sufficient volume of bulk polymer such that contribu-
tions from a mobile surface layer are rendered insignificant. An
often-used calibration method of tip radius for AFM studies is to
compare the measured value to a bulk or nanoindentation mea-
sured modulus and adjust the tip radius until the moduli match.
For polymers however, it is possible that small AFM indentations
will measure a softer modulus and higher dissipation due to free
surface effects. [302] A modulus as measured by AFM on glassy
polymers that is smaller than what is obtained from nanoindenta-
tion or DMA, after accounting for differences in analysis frequency,
should not be dismissed out of hand.

Glassybpolymer systems such as PS or PMMA are typically con-
sidered homogenous, but there is a significant body of work that
suggests that elastic and dynamic heterogeneity exists in all glass
formers, including polymers, above and below the glass transition
temperature. [43,149,305,306] Depending on the polymer, the het-
erogeneity has a characteristic length scale between 1 - 5 nm,
[307] relevant for high resolution AFM indentation, where con-
tact radii are on a similar length scale. The dynamic heterogene-
ity at the free surface has been observed directly in AFM stud-
ies, [308-310] and the presence of these inhomogeneities should
be considered when analyzing high resolution AFM data on glassy
polymers as they may result in a natural variance in the mea-
sured properties across a surface that is averaged out by larger
indentations.
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3.2.5. Plasticity

A significant concern for sensitive property measurements with
sharp AFM tips is the potential impact of plasticity. The high stress
under AFM tips means that plasticity is always a concern, but there
is evidence that the yield strength of glassy polymers are subject
to indentation size [311] and strain rate [312] effects, and only be-
gin yielding on the length scale of an AFM indentation at much
larger stresses than what is expected from bulk yield strength.
[279,313] For example, a simple continuum prediction of the ap-
plied force to exceed the typical yield strength of a typical ther-
moplastic indented by a stiff, R = 30 nm probe in Hertz con-
tact is ~ 0.1 nN, [314] but permanent deformation is not observed
on glassy polymers utilizing sharp probe tips for forces up to 50-
100nN. [246,247,283,292,315]

Consideration of the molecular mechanism for plastic deforma-
tion in polymers may help explain the limited permanent defor-
mation under typical loads in AFM experiments. A deformation
behavior, originally developed for metallic glasses, termed shear
transformation zones (STZs), has been proposed as the yielding
mechanism for glassy polymers [316] and is the cooperative re-
arrangement of polymer chains in a finite volume under shear.
[317-319] Recent MD simulations on coarse-grained polycarbon-
ate [315] finds agreement with the large yield strength found for
experimental indentation into polymers. For a sufficiently sharp
tip, although the peak stress is large, it may be concentrated in
a small volume that does not reach the critical size to induce per-
manent deformation. [318] Indirect measurements suggest that the
STZs in polymers have an approximate volume of 100 to 500 nm?3,
[317,320] comparable to the length scale of dynamic and elastic
heterogeneity in polymers and larger than the highly stressed zone
under a sharp tip. [307] MD experiments of plastic yielding un-
der tension suggest that the yield is initiated at highly mobile dy-
namic heterogeneities in the polymer, supporting this observation.
[321] Whether yield in polymers is due to STZs is not a fully re-
solved question, [311,322,323] but may provide a mechanism to
explain the apparent capability of polymers to deform under sharp
AFM indentations without permanent damage far beyond what is
classically predicted from bulk properties.

However, indentation with large forces can still permanently
deform a sample [31,312] with the onset of plasticity also depend-
ing on the loading rate. [313] Recognizing plasticity in force curves
acquired from viscoelastic materials can be challenging, as force
curve hysteresis can be attributed to viscoelasticity, the work of ad-
hesion or plasticity. To determine if the surface is permanently de-
formed after conducting an AFM experiment, a subsequent height
map that includes the indented area and the surrounding material
can be acquired to determine if there is any residual deformation
in the scanned area. To ensure minimal forces are applied during
the subsequent scan, AM AFM is preferred for imaging. AM AFM
scan parameters should be such that intermittent contact is made
with minimal surface deformation so that the true sample surface
is profiled.

3.2.6. Tip sample interactions

Adhesive interactions between the tip and the sample can
change depending on the tip geometry and surface functionaliza-
tion, the sample surface chemistry and stiffness and the operat-
ing environment. Long and short range molecular forces, capillary
forces in air, and solvation forces as well as double-layer forces in
liquid can all influence the tip during an indentation and have con-
sequences not just for the contact mechanics, but also the AFM op-
eration and choice of scan parameters. [142]

While adhesion generally is easily accounted for in static modes
through DMT or JKR contact mechanics (Table 2), accounting for
adhesion in dynamic modes is more difficult as only Hertzian con-
tact mechanics are commonly available to describe the tip-sample
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interaction. The error due to ignoring adhesive effects is demon-
strated when examining DART and BE CR on polymer blends.
While the loss modulus values acquired by BE compare better to
DMA than DART, due to the use of the complete contact resonance
spectra, scans across blends with a rubber component show higher
modulus on BIMS (rubber) than PP (thermoplastic), attributable to
adhesive effects. [31] Adhesion is also partly responsible for the
overestimation of loss tangent as measured by dynamic modes.
[18] The adhesion of polymers typically increases with temperature
due to high surface mobility, [139] which can convolute interpre-
tation of VE property measurements across different temperatures.

In ambient conditions, a monolayer of water approximately sev-
eral nm thick exists on all hydrophilic surfaces. [324,325] The
monolayer can strongly influence the measured adhesion force
in AFM depending on the hydrophilicity of the tip and sample.
[51,325] [326] The formation and rupture of capillary bridges be-
tween an AFM tip and the monolayer on a sample surface can oc-
cur at different tip-sample separation distances and result in force
curve hysteresis, affecting the measurement of adhesive forces
[327] and topography. [328] For hydrophilic samples, the size of
the monolayer can increase as the relative humidity increases, in-
creasing the required force to overcome the capillary effect, leading
to day to day variation in uncontrolled environments. [329] One
option to remove adhesive effects from a water monolayer is
to simply immerse the tip and sample in a liquid environment.
[10,19] Alternatively, a completely dry environment (operating in
vacuum or under N5) can also be used to minimize the monolayer.

For dynamic modes that are not able to include adhesive inter-
action in contact mechanics, the best option is to simply remove
the adhesion due to the water monolayer through operating in a
completely dry environment or in fluid. For dynamic and quasi-
static modes, removing adhesion allows for more sensitive imaging
as less force is needed to overcome adhesive effects and simplifies
analysis.

3.2.7. Recommendations and best practice

Interpreting AFM data on polymers, which requires consider-
ation of material behavior, tip-sample interactions and the pres-
ence of multiple components is a fraught and complicated affair.
Table 8 provides a summary of our recommendations for identi-
fying nanomechanical phenomena during AFM operation on poly-
mers and possible means to address them. These are general sug-
gestions, and can form the basis of more detailed, system specific
lists of best practices and methods developed by an AFM user for
their samples and operation mode.

3.3. Conclusions

Nanomechanical properties measured by AFM with sharp tips
have often been compared to instrumented nanoindentation, de-
spite the several orders of magnitude difference in the length scale
of the two techniques. While there is a significant body of work
in the measurement and understanding of mechanical phenomena
on the 100s of nm length scale from nanoindentation measure-
ments on polymers, a better understanding of nanoscale phenom-
ena such as free surface effects is still required for AFM indenta-
tions where the indentation depth is on the order of 1-20 nm. Al-
ternative methods for measuring the local properties of the free
surface, such as particle embedding, [286] would be beneficial for
validating the accuracy of nanomechanical AFM at small indenta-
tion depths. In a similar vein, continued development of the quan-
titative measurement of polymer viscoelasticity with dynamic and
quasi-static AFM methods that fully incorporates surface level phe-
nomena and heterogeneity seems to be the necessary next step to
better interpret data acquired near the surface of polymers.
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Table 8
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Summary table of mechanical phenomena that can arise while conducting AFM on polymers, practical methods to identify a particular behaviour and
assorted options to address the identified issue if desired. While some of the identified issues are occasionally desirable for some studies, it can be valuable
to remove them to simplify data analysis and interpretation. Adverse effects on AFM measurements can either be eliminated, minimized, or controlled for.
The preference is to eliminate or minimize identified issues, and when not possible to control for the issue in post-processing and analysis. Supporting
citations and reasoning is provided in the sections noted.

Identification (QS - quasi-static, IC -
intermittent contact AFM, CR - contact
resonance)

Solution (Eliminate, Minimize or Control)

Category (Section) Issue

Stress Interaction Underlying

Effects (3.2.1) substrate
Neighboring
body

Tip Effects (3.2.2) Wear
Fracture
Contamination

Surface tilt

Local surface
roughness and
curvature

Topography (3.2.3)

Surface
deformation

Embedded Interfacial
Phases/Multicomponent zones
Systems (3.2.3)

Embedded
features

QS, IC, CR - Artificially high material modulus
that increases with indentation depth after
accounting for non-elastic material
deformation

QS, IC, CR - Artificially high material modulus
that increases with indentation depth near a
stiff body without direct tip contact

QS - Gradual increase in measured adhesion
and/or decrease in measured modulus while
scanning. Increase in measured tip radius
from SEM or blind estimation

IC - Larger free amplitude or smaller
set-point ratio required to reach the repulsive
regime after scanning

QS, IC, CR - Sudden increase in measured
adhesion and/or decrease in measured
modulus while scanning. Increase in
measured tip radius from SEM or blind
estimation

QS - Hysteresis in snap-on and snap-off
points that cannot be removed by operating
in liquid or a dry environment. Pull-off F-§
trace may show evidence of chain pulling.
IC - Softer than expected modulus
measurements in AM-FM and unstable
surface tracking. Larger free amplitude or
smaller set-point ratio required to reach the
repulsive regime after scanning.

QS, IC, CR - A global gradient in the height
channel

QS, CR - Hysteresis in the trace and retrace
channels for the height and stiffness.

QS, IC, CR - After correction for surface
deformation, large local variations in the
height channel

QS, IC, CR - Significant local variation in the
modulated parameter (e.g. amplitude
set-point for AM AFM) above the baseline
noise

QS, IC, CR - Track surface feature height and
size as a function of applied force.

QS - A sudden change in contact stiffness
during indentation as a result of the tip
indenting on one phase followed by another.
QS, IC, CR - Local hysteresis in the trace and
retrace of the mechanical properties across
the interface.

QS, IC, CR - A local change in contact stiffness
that develops with applied force and is not
associated with any change in the adhesion
and/or height channel after controlling for
expected material deformation behavior.
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Eliminate - Increase film thickness to preferably
>10a. A film thickness of 10a is not always
sufficient.

Minimize - Reduce tip radius or indentation
depth.

Control - Use appropriate modified contact model
Control - Use FEA to estimate substrate effect

Minimize - Reduce tip radius or indentation
depth.

Control - Use appropriate modified contact model.
Control - Use FEA to estimate stress interaction
effect

Eliminate - Replace AFM cantilever
Minimize - Reduce force applied to cantilever tip
Control - Use appropriate tip radius for analysis

Eliminate - Replace AFM cantilever
Minimize - Reduce speed/ applied force during
engage and scanning

Minimize - Store samples and AFM cantilevers in
dry, sealed environment.

Minimize - Irradiate AFM tips with UV/Ozone or
0,/Plasma

Eliminate - Remount sample in AFM
Control - Use a modified contact mechanics
model that accounts for surface tilt

Minimize - Examine surface preparation methods
Minimize - Increase contact area to average
measurement over a larger area

Minimize - Slow scan speed to improve surface
tracking.

Minimize - Choose cantilever with higher
bandwidth

Minimize - Reduce applied force
Control - Correct height map using measured
deformation

Minimize - Reduce indentation depth

Control - Use independent data channels to
estimate location of the interface

Control - Estimate dead zone from tip shape and
indentation depth.

Eliminate - Replicate in situ system with a model
system with a simplified, well-defined geometry
Minimize - Reduce applied force

Control - Incorporate FEA and/or analytical
models to correct measurements for embedded
component and matrix properties

(continued on next page)
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Table 8 (continued)
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Category (Section) Issue

Identification (QS - quasi-static, IC -
intermittent contact AFM, CR - contact
resonance)

Solution (Eliminate, Minimize or Control)

Material Behavior Viscoelasticity

(3.2.3-4, 2.1.3)
Plasticity
Hyper
elasticity
Tip-Sample Long-range

Interactions (3.2.6) electrostatics

Water
monolayer

Van der Waals
adhesion

Squeeze-film
damping

QS - Hysteresis in force curve during contact
CR - Increase in Q

IC - High Eg; after controlling for dissipative
tip-sample interactions.

QS, CR, IC - Change in surface height after
scanning

QS - Increase in measured modulus with
indentation depth

IC - Reduction in amplitude when
approaching the surface in AM AFM as well as
a change in the static deflection signal

QS - Change in deflection as tip moves
towards the surface.

Hysteresis in the snap-on/snap-off points of a
force curve

QS, IC, CR - Conservative adhesive force

QS, IC, CR - Squeeze-film damping will
always be present except in high vacuum.

IC - A reduction in amplitude and an increase
in phase will be observed on approach to the

Minimize - Change analysis frequency, tip radius
or operating temperature
Control - Incorporate viscoelasticity into analysis

Minimize - Reduce applied force.
Minimize - Reduce stressed volume
Minimize - Increase indentation rate

Minimize - Reduce indentation depth
Control - Use appropriate contact model

Eliminate - Neutralize static charge on sample
surface. Operate in humid or liquid environment.
Minimize - Retune cantilever close to the surface
(~500 nm)

Eliminate - Operate in liquid environment
Minimize - Operate under N, or vacuum.

Control - Use appropriate adhesive contact model

Minimize - Retune cantilever close to the surface
(~500 nm)

Minimize - For samples with large height
variation, perform a nap pass at constant height

surface

above the sample surface.
Control - Incorporate squeeze-film damping into
models of tip-sample interactions

For systems with multiple components, readily applicable
methods for interpretation of indentations near interfaces and cor-
rections for structural and geometric effects to remove stress inter-
action effects can help to insure that AFM measurements of prop-
erty gradients can be attributed to structural or chemical changes
in the underlying polymer and not continuum scale effects. Fur-
ther development in this area will help comparison of high-
resolution mechanical property measurements to complementary
spectroscopy and simulation techniques.

As a practical matter, the contamination of sharp AFM tips
and the variability in tip radius, particularly as received from
manufacturers is an issue for ensuring repeatability and accu-
racy for sensitive methods. Reliable methods for cleaning and
storage of AFM tips to remove and prevent contamination that
can be standardized across the AFM community would be a use-
ful step towards achieving consistent results with AFM on soft
materials.

There are several future avenues to reduce the impact of non-
ideal sample surface preparation on AFM measurement. The de-
velopment of corrective contact models that can consider global
tilt would be beneficial but difficult to apply readily. Samples
that have components with different contact mechanics would be
aided by robust contact point determination that covers JKR and
DMT behavior. As the choice of cantilever stiffness is generally
set by the material to be imaged, there is limited ability to al-
ter scanning behavior through cantilever choice. We can specu-
late on possible improving scanning with AFM mechanical prop-
erty measurements. For example, direct drive of the cantilever in
PFM can remove the limitations in scan speed from the z-piezo for
faster scanning. Another option may be to develop a ‘topograph-
ical pass’ that is conducted before the property acquisition scan
in order to optimize the scan parameters for property measure-
ment and adjustment of the cantilever height is based on the col-
lected data from the ‘topographical pass’ to optimize the feedback
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loop actively controlling the z position of the cantilever during data
collection.

4. Application of AFM Modes to Nanoscale Property Mapping
on Polymers

In this section, we summarize the application of AFM modes
on soft, heterogenous materials, focusing on the best approaches
to extract small-scale elastic and viscoelastic mechanical property
gradients. These measurements are especially insightful for un-
derstanding the fundamental physics of “interphase” polymer as
mentioned earlier (Section 1.2.1), as well as in characterizing im-
portant regions in applications and systems of immense techni-
cal interest. While both AFM indentation measurements with large
tip radius and nano-indentation can provide accurate mechanical
properties for homogeneous materials, high resolution (i.e., <10
nm per pixel) mechanical property mapping requires implemen-
tation of AFM methods such as those described in Section 2 to
probe nanoscale domains and extract property gradients in hetero-
geneous materials.

Accurate measurement of the gradient in polymer properties
near interfaces in polymer nanocomposites (PNCs) and other simi-
larly nanostructured systems is critical for understanding the bulk
mechanical response and the underlying mechanisms that lead to
gradients in polymer properties near interfaces, or the polymer
‘interphase’. While the length-scale of the interphase varies de-
pending on the measured property due to the different underly-
ing physics probed, [274,283,330-333] here we focus specifically
on changes in elastic and viscoelastic properties. Interpretation
of elastic and viscoelastic property measurements requires assess-
ment of the potential mechanical artifacts, and the ability to re-
liably resolve gradients resulting from changes in polymer prop-
erties rather than the substrate effect (Section 3.2.1) or contact
between the tip and the substrate (Section 3.2.2). While AFM in-
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dentation has been implemented to investigate interfaces in some
complex, heterogeneous polymer composite systems, the complex-
ity in AFM analysis of composites has led to the introduction
of model nanocomposites as simplified systems to probe inter-
faces at the nanoscale, with lateral or transverse scanning across
a single, well defined interface (Fig. 11(b-c)) allowing for more
straightforward quantification of property gradients that may be
present. [282,283,332,333] This section provides examples of how
the AFM modes outlined in Section 2 can be applied to the study
of nanoscale mechanical property mapping, the current limitations
of AFM for this purpose and some recommendations for future re-
search directions.

4.1. Quasi-static AFM

4.1.1. Introduction

Application of quasi-static techniques such as FV and PFM to
polymers is relatively straight-forward and as such has seen con-
sistent use in the nanoscale property mapping of polymers. The
applicability of a wide range of contact mechanics models to quasi-
static indentations and direct measurement of the tip-sample in-
teraction force as a function of indentation depth permits de-
tailed study of local mechanical properties in complex systems
and separation of the contributions from adhesion, viscoelastic-
ity and morphological effects. The application of PFM AFM to
in situ polymer composites is more prevalent than FV due to
faster data acquisition, although the impact of structural effects
on AFM measurements are not always considered. [334-338] Pre-
dominantly elastic analysis of collected force curves has been re-
ported in the literature, and while viscoelastic analysis methods
that have been demonstrated on biological specimens [50] and
polymers [10,66,153] show promise, high resolution viscoelastic
property maps on soft materials are still limited. [11] The force
sensitivity of quasi-static indentation is low compared with dy-
namic modes, although averaging measurements over an area or
multiple scans can help alleviate this issue.

4.1.2. Use cases

FV AFM has been applied extensively to the measurement of
polymer properties, but its long acquisition time has limited its
use in studies require repeated, high resolution, image acquisition
of the same surface over time or repeated measurements on a
variety of samples. The benefit of the shorter image acquisition
time of PFM compared to FV has been leveraged in several studies
that examine the development of the interphase modulus during
aging experiments of fiber composites [339-343] and tracking of
the interface broadening (Fig. 20(a)) due to transport phenomena.
[344,345]

FV AFM measurements on a natural rubber-CNT composite
demonstrate the sensitivity to measuring changes in the F-§ curves
that can be observed in the matrix, interphase regions, and on
the CNTs. [346] PFM was used to map the dispersion of CNTs in
PLA/PCL blends, where the detection of a weak interphase was at-
tributed to weak polymer-particle interactions. [347] PFM AFM was
also used to map the dispersion of PS grafted MWCNT, although
analysis of any interphase layer was not included. [348] A temper-
ature dependence study of the interphase with both FV and PFM
AFM techniques measured a 30 nm interphase at room tempera-
ture that increased to ~65 nm just below Ty for a PEMA-PiBMA
copolymer near a hydrophobized silica particle. [349] PFM AFM
(Fig. 20(b)) was used to complete the processing-structure prop-
erty loop for PBAT/PLA blends compatibilized with phosphonium-
based ionic liquids, with the ionic liquids being able to compat-
ibilize the PLA and PBAT, thus improving their miscibility, lead-
ing to an increased interphase layer width between the two poly-
mers as measured by PFM and improved macroscopic strain-to-
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failure. [350] The sensitivity and nanomechanical property resolu-
tion of PFM is demonstrated in Fig. 20(c-d), where PFM success-
fully resolves the impact of sequential infiltration synthesis (SIS)
on the measured modulus of a PS-b-PMMA copolymer and the lo-
cal changes in SBR modulus near a carbon black particle. The ~30
nm PS and PMMA domains were resolved in both the topography
and modulus channels and the increase in modulus of the PMMA
with successive cycles of SIS was clearly observed. [351]

Compared to dynamic modes, the lower signal to noise ratio
of quasi-static modes has led to a series of studies that are de-
signed such that collected data can be averaged to reduce the
impact of noise. The efficacy of this statistical analysis has been
successfully demonstrated in ‘model samples’ mimicking the com-
plex interfaces in in situ composites or blends using a single,
one-dimensional polymer-substrate interface that can be repeat-
edly scanned. For example, a study by Cheng et al. examined the
interface between a stiff substrate and a PMMA film with PFM,
where an interphase propagating ~100 nm away from the sub-
strate into the bulk of the film could not be accounted for by sub-
strate effects in complementary FEA. [333] Top-down indentations
on supported homogenous films are also a useful means to aver-
age collected data for a single film thickness. Repeated measure-
ments on films of varying thickness related polymer susceptibil-
ity to nanoconfinement with their high frequency chain stiffness.
[352-354] FV modulus measurements of PVAc thin films above and
below Ty demonstrated that the contribution from the substrate to
the measured modulus is more pronounced in soft, rubbery films
relative to glassy films of the same thickness. [240]

The development of model samples has also allowed re-
searchers to more easily correlate AFM measurements to com-
plementary experimental methods to aid in the interpretation of
nanomechanical data. PFM AFM measurements of the local modu-
lus across a silica capped PS thin film found a ~5% modulus en-
hancement in the center of a 266 nm film, in agreement with
fluorescence measurements Fig. 21(a) showing increased molecu-
lar stiffness in the polymer layer on the same samples. [332] and
in support of previous findings on the interphase between glassy
polymers and a substrate. [283,333] Another study used the depth
sensitive nature of PFM to resolve subsurface features that cor-
relate to chemical information from scanning near field optical
microscopy (Fig. 21(b)) in a PS-b-PtBuA thin film. [355] Recent
work using combined PFM and tip enhanced Raman spectroscopy
Fig. 21(c) demonstrate that the change in modulus at the interface
between embedded PS nanoparticles and the surrounding resin
is correlated to local infiltration of the resin into the PS at the
interface. [356] Comparison of the gradient in modulus as mea-
sured by FV indentations across the junction between two thiol-
ene hydrogels of different crosslink density to confocal microscopy
measurements of the diffusion across the interface of fluorophores
(Fig. 21(d)) demonstrated that changes in mechanical properties
are not always directly associated with chemical changes with the
measured gradient in mechanical properties spanning a shorter
length than that observed from transport measurements. [357]

The combination of the direct F-§ curve acquisition and the de-
velopment of simple model samples has allowed for the devel-
opment of FEA models that can be iterated and compared to ex-
perimental data. [358] FV AFM was used by Brune et al. [282] to
create a profile of stiffness across the interface of a model sili-
con [ styrene butadiene rubber interface coupled using thiol-ene
click chemistry. By iterating the length and properties of the in-
terphase layers in a FEA model such that simulated indentations
produced a similar response profile to the experimental FV data
an estimate of the bound layer extent and modulus could be de-
termined. Comparison of PFM AFM measurements to FEA models
of the AFM indentation across a PS-silica interface required the
inclusion of a ~60 nm exponentially decaying interphase profile
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Fig. 20. (a) PeakForce QNM™ modulus maps and associated line scans across the interface between two epoxy phases 10 min and 40 min after mixing. The width of
transition is observed to broaden over time due to chemical exchange mechanisms across the interface. [344], Copyright 2018. Adapted with permission from the American
Chemical Society. (b) DMT modulus map collected with PeakForce QNM™ of a poly(butylene-adipate-co-terephthalate)/poly(lactic acid) (PBAT/PLA) blend compatibilized
with an ionic liquid, bis-2,4,4-(trimethylpentyl)phosphinate. The profile on the right is collected from the line indicated in the map an clearly features hard crystalline and
soft amorphous domains in the PLA as well as an interphase between the PLA and the PBAT due to improved miscibility between the phases owing to the presence of the
ionic liquid. [350], Copyright 2016. Reproduced with permission from the Royal Society of Chemistry. (c) Normalized JKR modulus profiles across an in situ N121 carbon
black-styrene butadiene rubber interface at multiple force setpoints. The consistent profiles at the setpoints probed suggest that the ~60 nm measured gradient in modulus
is the result of a bound layer and not structural effects. [224], Copyright 2019. Adapted with permission from the American Chemical Society. (d) Topography and DMT
modulus maps of a PS-b-PMMA thin film before and after being subjected to 11 cycles of sequential infiltration synthesis (SIS) to deposit Al,03 on the surface of the PMMA
pillars. Scale bars represent 50 nm. The bottom left histogram represents the modulus distribution before SIS and the inset is the hexagonal cell of PS pillars indicated in
the maps of the pristine film. The bottom right histogram is the change in modulus of the PMMA cylinders with SIS cycles with the inset showing the diverging modulus
measured on the PMMA and PS phases. [351], Copyright 2017. Adapted with permission from the American Chemical Society.

to agree with collected modulus data. [283] Accounting for struc- forces and high scan speed that make it well suited for nanoscale
tural effects on quasi-static measurements in in situ composites analysis of dispersed components, as long as sufficient contrast in
has been predominantly conducted by measuring the structural the energy dissipated from the tip by the different components is

compliance during indentation and quantifying the impact on the generated during scanning.
calculated modulus. [223] Recent work by Collinson et al. [224] ex-
plicitly considers the impact of structural effects on measurements 42.2. Use cases

of the bound layer around carbon black in SBR with PFM and find The high speed, stable imaging that is possible with AM AFM
a bound layer extent of approximately 60 nm (Fig. 20(e)), even af-  359] make it well suited to mapping microstructure and charac-
ter considering the influence of stress interaction effects and tip terizing the dispersion of components in complex systems. As a
geometry. result, AM AFM has been the predominant single-frequency dy-

namic AFM mode used for the study of polymer composites. While
4.2. Monomodal dynamic AFM the link between perturbations in tip oscillation and changes in

material dynamics is indirect and convoluted, several studies have
4.2.1. Introduction used AM AFM to map nanoscale property gradients in polymers.

Monomodal dynamic AFM has been used predominantly for the In these investigations, phase contrast is the predominant property
collection of topography and distribution of components within a used to characterize polymer surface properties. [133,310,360,361]

material. Studies that use AM AFM and related techniques explic- In studies that use phase data, comparison to other data chan-
itly for property measurement are limited in analysis and extrac- nels can help with interpretation of AM AFM measurements.
tion of surface properties. Recent developments have allowed for [362] [63,264,267] One of the first studies [281] to consider struc-
qualitative measurement of the loss tangent, and harmonic approx- tural effects on the measurement of the interphase layer in in-

imations of the amplitude modulated approach curve (AMAC) can situ HNBR-carbon black rubber composites used both torsional res-
extract some information about the average contact stiffness and onance AFM and AM AFM. AM AFM phase measurements esti-
dissipation (Section 2.2.5). The major benefit of AM AFM is the low mated the interphase to be 19 + 8 nm wide at room tempera-
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Fig. 21. (a) Comparison of measurement of DMT modulus via PFM and molecular stiffness via fluorescence of a labelled thin film of polystyrene near a silica interface.
An increase in the intensity ratio is associated with increased molecular stiffness within the labelled layer that is placed at a distance, h from the interface as shown in
the inset. PFM measurements on the same sample show a correlated increase in modulus within 60-80 nm of the silica-PS interface. [332], Copyright 2017. Adapted with
permission from the American Chemical Society. (b) PFM of a poly(styrene-block-tert-butyl acrylate) thin film resolves the sub-surface PtBuA features, which are softer
than the PS domains. The mechanical property maps compare well to scanning near-field optical microscopy which shows high contrast at the 1728 ¢cm~! wavenumber
between the PS and the PtBuA due to strong absorption by the carbonyl bond in the PtBuA domains. [355], Copyright 2019. Adapted with permission from the American
Chemical Society. (c) PFM and tip-enhanced Raman spectroscopy on PS nanospheres embedded in cross linked resin, with the changes in elastic modulus and adhesion at
the interface correlated to asymmetry in the Raman spectra between the bulk of the PS nanosphere and at the interface. At the interface the CH ring combination band, the
C=C stretching mode and the C=0 suggests that the resin has infiltrated the PS nanosphere at the interface, but the lack of these features in the bulk of the PS suggests
that the infiltration is localized, in agreement with PFM measurements. [356], Copyright 2020. Reproduced with permission from John Wiley and Sons Inc. (d) Example of
the mechanical properties across the interface between two photo-clickable thiol-ene hydrogels. Representative force curves in the bulk of each hydrogel as well as in the
interphase are provided as well as the acquired AFM map and average elastic modulus as a function of position across the interface, x. Representative confocal microscopy
images across the same hydrogel bilayer where each hydrogel is labelled with either a green or red fluorophore with fluorescence intensity demonstrating the impact of
soak time on the length scale of diffusion across the interface. The mechanical interphase is ~70 pm, shorter than what is measured via the diffusion of fluorophores across
the interface, which extends ~150 pm. [357], Copyright 2016. Adapted with permission from Elsevier Science Ltd.
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Fig. 22. (a) Depth-resolved maps of contact stiffness in an elastomeric polypropylene using Schréter’s [107] harmonic approximation of AM AFM. Bright regions correspond
to high contact stiffness due to the crystalline lamellae and softer, amorphous regions are dark. With increasing dynamic indentation depth, as calculated by the method
from ref. [105], structure deeper in the material can be resolved. A cross section of the volumetric map shows the depth resolved contact stiffness. [364], Copyright 2010.
Adapted with permission from the American Chemical Society. (b) Phase, contact stiffness and contact dissipation maps of a hydrated Type I collagen fibril. Changes in the
phase channel can be correlated to conservative or dissipative contributions. Contrast in the mechanical properties of the hydrated collagen fibril is associated with uptake
of water in the high humidity environment. [365], Copyright 2015. Adapted with permission from the American Chemical Society. (c) Histogram of loss tangent around
a HAF grade carbon black particle in styrene-butadiene (left) and isoprene (right) rubbers. Insets: Maps of loss tangent surrounding the carbon black in each rubber and
corresponding profiles of loss tangent across the bound layer between the bulk rubbers and the carbon black, with the location of the profile indicated by a black line. [366],

Copyright 2018. Reproduced with permission from the American Chemical Society.

ture with decreasing interphase layer thickness at higher temper-
atures, while torsional resonance AFM suggested that the bound
layer modulus is 53 MPa (compared to 3 MPa for neat HNBR). AM
AFM measurements of the interphase around silica particles in SBR
measured a larger interphase (~15 nm) than what was measured
on the same system via NMR (3-5 nm). [363] The contrast was as-
cribed by the authors to the NMR only measuring the immobilized,
directly adsorbed rubber, whereas the AFM is also sensitive to the
loosely bound layer that is entangled or crosslinked with the di-
rectly bound rubber.

Mapping of material properties from AM AFM is generally lim-
ited to the loss tangent. Nguyen et al. used the loss tangent mea-
surement (Eq. 36) provided by AM AFM to map the change in poly-
mer segmental mobility (Fig. 22(c)) near carbon black for styrene-
butadiene and polyisoprene rubbers (Fig. 6e-f). [366] When probed
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by an AFM cantilever oscillating at resonance (fo ~ 300 kHz), the
SBR studied is below its glass transition point and as such the loss
tangent monotonically decreases as the segmental mobility slows
near the carbon black particle. It should be noted however that the
impact of the stiff, elastic carbon black on the loss tangent mea-
surement was not considered for this analysis. AM AFM images on
carbon black-PDB rubber composites also suggest a bound layer in
agreement with the above measurements. [360]

The harmonic approximations to the dynamic oscillation of the
AFM cantilever developed by Schréter et al. [107] have been ap-
plied by Spitzner et al. to engineering polymers [364] and biopoly-
mers [365] to resolve structure (Fig. 22(a-b)). In combination with
the indentation depth estimation method of Knoll et al. [105],
depth dependent contact stiffness maps can be resolved as demon-
strated in semi-crystalline polypropylene (Fig. 22(a)) in a similar
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manner to the stiffness tomography images collected with FV AFM
data. [223]

4.3. Contact resonance

4.3.1. Introduction

Contact resonance (CR) is a powerful, highly sensitive technique
for viscoelastic property measurement, [367] but acquiring the full
set of frequencies used to construct the resonance peak either
through a chirp (frequency sweep) or band excitation (BE) is time
consuming. Fixed frequency or PLL control enable faster scanning,
but they are unable to provide viscoelastic property measurements.
In addition, the stiff cantilevers historically needed for accurate
contact resonance spectra required high loads, limiting applicabil-
ity to polymeric materials. The recently developed DART (dual-AC
resonance tracking) CR and FFV CR address some of the issues sur-
rounding long acquisition times while allowing viscoelastic analy-
sis and, in conjunction with use of the higher-order eigenmodes
of soft cantilevers, has allowed for broader use of contact reso-
nance techniques for low-force, high-resolution analysis of com-
plex glassy polymer blends and composites.

4.3.2. Use cases

Elastic CR AFM studies on the impact of interfaces on poly-
mers have been conducted predominantly on fiber composites to
investigate role of fiber surface treatment on the local polymer
properties. One example of CR AFM for mapping on a polymer
interphase is given in Fig. 23(a), where examination of the effect
of adding malleated polypropylene (MAPP) to isotactic polypropy-
lene on the interphase between a cellulose fiber and polypropylene
matrix indicated a longer interphase layer up ~140 nm in length
with an increase in MAPP. [368,369] Similar to some combined
quasi-static indentation and FEA studies, Zhou et al. compared CR
AFM measurements at the interface of a glass-fiber epoxy com-
posite to FEA and determined that a 476 nm interphase was re-
quired to explain their results. [370] DART-CR AFM was also used
to examine the mechanical properties of several clay/PEDOT:PSS
nanocomposites, with conductivity measured through conduc-
tive AFM. It was observed that the mechanical properties and
conductivity were through application of a compressive force
to the surface of the nanocomposite films, which was at-
tributed to compaction of the brick-and-mortar structure of the
composite [371].

The high sensitivity of CR AFM to changes in contact stiff-
ness [372] has resulted in frequent application of CR to detecting
buried nanoparticles [225-227,373] and imaging of subsurface fea-
tures buried under a layer of polymer, an example of which is pro-
vided in Fig. 23(b). Imaging of sub-surface features with DART-CR
AFM was applied to Au circuits buried in PMMA, with defects de-
tected in the printed circuit as small as 100 nm, the smallest fea-
ture size tested. [374]

Viscoelastic CR measurements have also been applied to study
several composite systems. The sensitivity of CR measurements
to VE properties was demonstrated on a cartilage-bone interface
where a measured 2.3 + 1.2 um wide interphase gradient in mod-
ulus and loss tangent (Fig. 23(c)) was associated with a gradual
decrease in mineral content in the cartilage away from the bone.
[375] A study looking at temperature dependence provided the av-
erage surface loss tangent of a CNT/epoxy composite, showing a
lower loss tangent in the nanocomposite than the neat epoxy at
low temperatures. [376] One study employed BE contact resonance
for the imaging of the elastic and dissipative components of the
tip-surface interactions around silica particles in PVAc, with alter-
ations to the local stiffness and dissipation of the polymer modi-
fied over a similar length scale. [377]
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4.4. Multi-modal dynamic AFM

4.4.1. Introduction

The high resolution, high sensitivity, and low applied force
of bimodal AFM techniques allow for precise analysis of subtle
changes in polymer surface dynamics and stiffness. There have
been a number of studies demonstrating AM-FM and other bi-
modal methods on polymer blends, individual polymer chains
and biological systems [19] showing that AM-FM is capable of
high resolution, sensitive imaging in liquid and gaseous environ-
ments across a range of samples and moduli (1 MPa to 100
GPa). [27] AM-FM AFM is also less impacted by the quasi-static
mode requirement that the cantilever stiffness be similar to the
contact stiffness. [27] Despite this flexibility, application of AM-
FM to the systematic study of polymers under confinement or
near interfaces remains limited. While the assumption of Hertzian
contact mechanics limits the quantitative accuracy of AM-FM on
soft materials [143] due to adhesion and other non-linear ef-
fects, AM-FM has a broad range of application for high resolu-
tion imaging on glassy and rubbery polymers, particularly in a lig-
uid environment, in which the influence of adhesion on the tip is
minimized.

4.4.2. Use cases

Several recent studies have used multimodal techniques for the
study of polymer composites, but the use of the high-resolution
viscoelastic property mapping capabilities of these modes remains
underutilized. A study that used intermodulation AFM to map the
surface of PDMS-silica composites [147] with nanoscale resolu-
tion demonstrated the ability to resolve the changes in local stiff-
ness and dissipation around the silica particles (Fig. 24(a)). Inter
modulation AFM has also been used for the mapping of a ther-
moplastic alloy. [378] Trimodal AFM operation has been demon-
strated for the simultaneous measurement of topography and me-
chanical contrast while also modulating indentation depth and
has been implemented to image nanoparticles buried in PDMS.
[379] Other studies have used AM-FM AFM for mechanical prop-
erty imaging of biochar-starch and polymer composites, [380] as
well as glass fiber/epoxy composites. [381] The capability of AM-
FM AFM and other bimodal methods to map viscoelastic properties
with high sensitivity and high resolutionhave been demonstrated
on several block co-polymers [25] (Fig. 24(b)) and in molecular
biology. [9]

Outside of polymer composites, AM-FM has been applied to a
wide range of materials and systems. An AM-FM study was able to
demonstrate the influence of sepsis on collagen fibers and mineral
in the bones of mice and found that there are initial changes in the
elastic modulus, related to the chemical composition of the colla-
gen and bone for 96 h after the sepsis insult. [384] The viscoelas-
tic mapping capabilities of AM-FM have also recently been applied
to map the properties of a DPPC lipid bilayer, [382] where the
modulation of the storage and loss moduli through the addition of
cholesterol was measured (Fig. 24(c)). Temperature dependent AM-
FM measurements on a spin cross-over (SCO) complex [383] show
a phase transition from a low spin state to a high spin state and
an associated decrease in the storage modulus (Fig. 24(d)). AM-
FM imaging near a defect in the SCO complex found a premature
phase change in the SCO complex at lower temperatures than in
the bulk due to the defect.

4.5. Conclusions

AFM maintains a niche in the study of nanostructured poly-
mers due to the direct real space measurement at the nanoscale
and unique ability to map phases and their respective mechani-
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Fig. 23. (a) Indentation modulus maps as measured by contact resonance AFM across a cellulose fiber - polypropylene interface with 10% malleated polypropylene incor-
porated into the matrix. [368], Copyright 2012. Adapted with permission from John Wiley and Sons Inc. (b) Height and thermal noise magnitude acquired from scanning
thermal noise contact resonance measurements on a spin coated photopolymer film with Au particles 40 nm in diameter buried 300 nm beneath the surface. The high
sensitivity of the thermal noise contact resonance measurement allows for observation of the small Au NP far below the surface that are not featured in topographical maps.
[227], Copyright 2017. Adapted with permission under CC BY 4.0 - published by SpringerNature. (c) Gradient of storage modulus (M’) and loss tangent (tan §) across the
osteochondral interface, with the interphase region extending up to 5 um correlated with a decrease in mineral fraction as measured by quantitative backscattered electron
measurements in SEM. [375], Copyright 2012. Adapted with permission from Elsevier Science Ltd.

cal properties, thereby expanding the toolbox of nanoscale analysis
in heterogeneous polymers. In comparison, scattering techniques
have provided a wealth of information but are limited by the inver-
sion of their reciprocal space measurements. Molecular and atom-
istic simulations have also provided detailed insight into polymer
structure and configuration but still require experimental valida-
tion. We believe that the contributions of AFM to the nanoscale
analysis of polymers and other soft materials are still not yet fully
explored, especially with the emergent viscoelastic techniques that
are, in combination, capable of directly probing dynamics and elas-
ticity simultaneously across 7 decades or more in frequency with
nanoscale resolution.

A major barrier for accurate characterization of the interphase
and interfaces in multicomponent systems is the influence that a
neighboring domain has on an AFM indentation, where comple-
mentary modeling methods and experimental techniques can of-
fer valuable insight in interpreting the experimental results. Future
AFM studies in heterogenous systems should consider whether
the gradient measured is significant relative to the size of the
contact area, tip radius and stress interaction effects. Methods
and best practices for minimizing or accounting for the im-
pact of structural effects on AFM measurements are detailed in
Section 3.2.
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Furthermore, the wide variance in execution of an AFM mode
and calibration makes informed comparison between studies on
similar systems difficult. In general, we recommend that calibration
details, the measured or assumed tip radius, and examples of raw
force spectroscopy data should be reported as standard in nanome-
chanical AFM studies. In addition, it may be beneficial to pursue
well-characterized and standardized samples to test the calibration
and operation of specific modes across a range of moduli and vis-
coelastic behavior. Such a library of standardized samples would
also include multiphase samples, which would help establish the
quantitative contrast and resolution achievable with a given mode.
We suggest that as part of a study, a researcher could present their
nanomechanical measurements (using their desired operation pa-
rameters) on a standard sample in addition to their system of in-
terest to help provide context and a reference point between AFM
studies. The materials to be included in the standardized library
should aim to be isotropic with minimal surface effects, resistant
to chemical and physical aging, resistant to humidity, washable
and simple to source or manufacture. While specifying the exact
materials or specimens to be included in this library is outside
the scope of this review, we believe efforts in establishing a stan-
dardized library would support the push towards truly quantitative
nanomechanical AFM.
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Fig. 24. (a) Map of dissipation as measured by Intermodulation AFM on the surface of a PDMS-silica nanocomposite. The profiles of Eg;s are acquired from locations indicated
by the white lines. A corresponding map of the conservative interactions as represented by the stiffness is given below the dissipation map. The nominal silica particle size
is 16 nm, with a measured interphase thickness of 10-30 nm measured. Adapted from [147] with permission from Elsevier Science Ltd. (b) AM-FM maps of elastic modulus
(Eegr), Viscosity (n) and characteristic relaxation time (t) for a PS-PMMA block co-polymer. [25], Copyright 2019. Adapted with permission under CC BY-NC 3.0 - published
by the Royal Society of Chemistry. (c¢) AM-FM maps of storage modulus, loss modulus and loss tangent of a DPPC lipid bi-layer with a molar fraction insert of 0% (top row)
and 15% (bottom row) cholesterol. An increase in the fraction of cholesterol stiffens the model DPPC lipid bi-layer, which is observable in the measured AM-FM variables.
Scale bar is 500 nm. [382], Copyright 2017. Adapted with permission from the National Academy of Sciences. (d) AM-FM measurement of storage modulus around a defect
on a SCO complex film. An increase in temperature demonstrates a softening, with the crack serving as a nucleation site for a premature spin transition temperature, leading
to a bimodal distribution of modulus. Scan size is 5 x 3.5 um? [383], Copyright 2019. Adapted with permission from John Wiley and Sons Inc.

5. Summary

In summary, we have provided the dedicated AFM user and cu-
rious experimentalists a guidebook for assessing the capabilities of
quasi-static and dynamic AFM modes for elastic and viscoelastic
characterization of polymers, as well as current best practices for
achieving accurate and reliable results. In Section 2, current AFM
modes (Table 1) are reviewed and their current capabilities for
elastic and viscoelastic property measurement are discussed. Sec-
tion 3 details the efforts over the past decade to improve the pro-
cedures for AFM calibration (Section 3.1) and conducting measure-
ments on polymer systems (Sections 3.2). On the basis of the cur-
rent literature, we have collated best practices for AFM calibration
(Table 5), operating conditions (Table 6) and accounting for var-
ious phenomena in mechanical property measurement (Table 8).
To demonstrate some of the current capabilities of high resolution
AFM mechanical property measurement, we have also provided an
overview of studies (Section 4) that utilize quantitative AFM modes
to investigate viscoelastic and elastic property gradients and het-
erogeneity in nanostructured polymers.

Improvements in the calibration of the AFM instrument
have improved the quantitative accuracy of nanoscale property
measurements but the approximations made for inferring the
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nanoscale AFM contact area still limits analysis. Efforts to stan-
dardize calibration procedures, including independently calibrated
cantilever spring constants, have been beneficial for improving re-
peatability and accuracy of property measurements. The quanti-
tative accuracy of dynamic AFM methods is still hindered by the
Hertzian contact mechanics assumptions currently used to inter-
pret measurements, particularly on elastomers and other materi-
als with low modulus. As such, quasi-static AFM remains better
suited to addressing adhesive tip-sample interactions, but advance-
ments in modelling of the tip-sample contact in dynamic AFM
[102,385] may prove critical for accurately interpreting collected
data on adhesive materials with dynamic AFM modes. For both
dynamic and quasi-static modes, comparison of shallow AFM in-
dentations with sharp (R < 30 nm) tips to macroscale mechanical
properties and even instrumented nanoindentation is fraught due
to size effects as a result of polymer structure and the proxim-
ity of the free surface. Further investigation with other, indepen-
dent measures of mechanical properties near the surface would be
immensely beneficial to determine the accuracy of measurements
that probe within the layer of polymer affected by the free surface.

AFM is a powerful technique for nanoscale characterization
of surface properties but remains subject to convoluting artifacts
due to the deformation behavior of the surface, changes in or
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contamination of the probe tip and structural effects due to the
sample geometry. Future studies on mapping the in situ proper-
ties of polymers should make use of the available tools to iden-
tify whether measured mechanical property gradients or hetero-
geneities are affected by continuum level artifacts and either ac-
count for their influence or adjust the experiment to minimize
them. In addition, advancements in compensation for surface to-
pography during AFM operation or gentle surface preparation
methods to reduce surface roughness, particularly for samples that
include large, hard components that thwart typical surface prepa-
ration techniques, would be beneficial for reduction of mechanical
artifacts.

The last decade has seen the emergence and development of a
range of AFM methods to probe viscoelastic properties with high
resolution and sensitivity. The construction of viscoelastic master
curves with nanoscale resolution has been demonstrated by mul-
tiple - predominantly quasi-static - techniques. Multi-frequency
dynamic AFM modes have emerged as a tool for highly sensitive
nanomechanical measurement and mapping across a broad range
of soft materials. Quasi-static modes, due to the direct visualiza-
tion of force with indentation depth are the subject of ever more
detailed analysis for the interpretation of material deformation in
a variety of conditions and systems. Continued development of
advanced AFM techniques that combine either dynamic or quasi-
static AFM with complementary ex situ and in situ electrical, chem-
ical, optical, or scattering measurements will help correlate me-
chanical property measurements to underlying structure and func-
tion. The next decade promises important new advances in these
areas and will lead to higher accuracy mechanical property mea-
surements on complex soft materials that will enhance material
discovery and design.
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