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ABSTRACT: Contact resonance force microscopy (CRFM)
is an atomic force microscopy (AFM) method that evolved
from a curiosity about the detection of ultrasonic vibrations
with an AFM cantilever and an unaddressed need to
characterize the mechanical properties of stiffer materials
(elastic modulus >50 GPa). The method has matured to allow
near-surface and subsurface elastic property measurements of
single crystals, thin films, nanomaterials, composites, and
other advanced materials. More recently, CRFM has been
extended to viscoelastic property measurements, where the
CR frequency and CR quality factor are utilized to quantitatively assess properties such as storage modulus, loss modulus, and
loss tangent. In this Perspective, we trace the evolution of CRFM from initial discovery to elastic property measurements to
viscoelastic property measurements. The techniques for extending single-point property measurements to two-dimensional
property maps are then described in terms of their operational characteristics, demonstrated on calibration materials, and
validated via comparisons to other viscoelastic measurement tools. The focus of the discussion then shifts to viscoelastic CRFM
in nonambient conditions to highlight the challenges and developments related to thermomechanical analyses and liquid
operation. The current state-of-the-art and best practices in data acquisition and analyses for viscoelastic CRFM are elucidated
via a step-by-step demonstration on a wood−polymer composite. Finally, we conclude with a discussion of potential polymer
science application areas that are poised to benefit from the recent advances in the ambient and nonambient CRFM
methodologies. Altogether, we feel that the recent addition of CRFM to commercially available AFMs together with guides that
clearly define state-of-the-art and best practices will accelerate its acceptance and adoption in polymer science via viscoelastic
property measurements at unprecedented length and time scales.

■ INTRODUCTION
Polymeric materials are inherently viscoelastic, with mechan-
ical properties that depend on time, frequency, and temper-
ature.1 With increasing control over the micro- and
nanostructure of polymeric materials through copolymeriza-
tion, blending, and nanocomposite filling, bulk characterization
of viscoelastic behavior has become increasingly incomplete in
its ability to inform processing−structure−property relation-
ships in these advanced polymeric materials. To that end, local
mechanical characterization techniques such as instrumented
indentation2−4 and atomic force microscopy (AFM)5−7 have
emerged to provide spatially resolved mechanical property
information at ever smaller length scales. AFM in particular has
sprouted numerous submethods of measuring the mechanical
response of materials ranging from the pervasive force
spectroscopy8−10 and its modern high-speed analogues11−14

to dynamic methods such as force modulation microscopy15

and multifrequency intermittent contact modes.16−18 While
many of these techniques have achieved widespread accept-
ance and adoption, much of the use has been restricted to
elastic property measurements. The polymer science com-
munity has struggled to find a nanoscale viscoelastic character-
ization technique that provides accurate and timely measure-
ment of viscoelastic properties such as storage modulus, loss

modulus, and loss tangent and compares favorably and
consistently with properties measured by bulk methods such
as dynamic mechanical analysis and oscillatory rheometry. In
both theory and application, contact resonance force
microscopy (CRFM) has shown the requisite capabilities to
achieve high-resolution characterization of viscoelastic materi-
als. CRFM is a dynamic contact mode of AFM based on the
determination of the resonance frequencies f n and quality
factors Qn of an AFM cantilever in free space and in contact
with a sample surface. The mechanical properties are inferred
from the measured f n and Qn via analytical representations of
the cantilever dynamics and tip−sample contact mechanics.
CRFM has the following benefits over the more common AFM
methods: (1) The linear tip−sample interaction is more
straightforward to model than the nonlinear behavior in
intermittent-contact modes. (2) The higher frequencies permit
faster detection speeds to observe spatial and in situ changes.
(3) The dynamic excitation allows for increased sensitivity via
the amplification related to operating on resonance. (4) The
accuracy and precision are significantly improved given its ties
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to frequency instead of displacement measurements. (5) The
ability to operate on multiple cantilever eigenmodes enables
the dynamic stiffness to be tuned to the material.
Historically, CRFM has been used to determine the elastic

properties of stif f materials through piezoelectric excitation of
the sample as in atomic force acoustic microscopy (AFAM)19

or the cantilever as in ultrasonic atomic force microscopy
(UAFM).20 In elastic CRFM, properties such as elastic
modulus21 and Poisson’s ratio22 are deduced solely based on
changes to f n from free space f n

0 to contact f n
c. Expectedly, a

considerable amount of the method development was
conducted on calibration materials like single-crystal Si,
GaAs, InP, CaF2, and MgF2,

23−25 as the well-defined
structure−property relations enabled unbiased assessments of
the experimental and analytical tools. Subsequent work then
used the validated methods to explore the elastic properties of
myriad advanced materials (i.e., new or modified materials
designed to optimize properties for a specific application),
using calibration materials as a reference to understand any
unique properties. For example, several studies have explored
the near-surface elastic properties of thin films and nanoma-
terials and reported values that differ from their bulk
counterparts; the differences were attributed to chemical
gradients, grain-size effects, and surface stresses and shown to
vary with oxidation temperature, size, and processing.26−30

Other work has focused on subsurface elastic properties and
behavior; in these studies, CRFM was used to detect
subsurface dislocation formation and motion in highly oriented
pyrolytic graphite,31 buried interfaces and voids in micro-
electronics,32,33 interfacial adhesion of a film−substrate
system,34 buried silica nanoparticles in a polymer matrix,35,36

and subsurface features in a polymer blend via three-
dimensional tomographic reconstructions.37 Finally, elastic
CRFM has been used to study more complex phenomena such
as in situ nanotribology38 and heated-tip AFM39,40 and
applications such as biofuel feedstocks,41 natural composites,42

and cellulose nanomaterials.43

More recently, CRFM has been extended to study the
viscoelastic properties of sof t materials. In viscoelastic CRFM,
storage modulus E′, loss modulus E″, and loss tangent tan δ are
assessed by complementing knowledge of f n with knowledge of
the quality factor Qn in free space Qn

0 and in contact Qn
c. More

specifically, E′ is strongly dictated by changes in f n
c for most

materials (i.e., low to moderate damping), whereas E″ and tan
δ are dependent on both f n

c and Qn
c for all materials.44−47 As

such, quantitative viscoelastic CRFM is strongly dependent on
the accurate determination of Qn

c, as this facilitates a calculation
of the sample quality factor Qn

s after deconvoluting any
environmental effects. However, accurate Qn

c and thus Qn
s

measurements have proven problematic due to three main
shortcomings: (1) cantilever actuation, (2) resonance acquis-
ition and tracking, and (3) model design. On point 1, most
early CRFM measurements employed acoustic excitation at
either the sample or cantilever base, but these methods suffer
from spurious vibrations, resulting in a “forest of peaks” in
heavily damped materials and environments.48,49 Recent
developments in magnetic,50,51 thermal,52,53 Brownian mo-
tion,54 and electrostatic55,56 excitation schemes have largely
addressed this issue via artifact-free responses in ambient and
nonambient conditions. On point 2, most CRFM users require
not only viscoelastic property measurements but also property
maps, which required development of an understanding of the
trade-offs between speed and accuracy for various tracking
methods.57−65 Recent work has focused on these trade-offs as
they pertain to viscoelastic CRFM.66,67 On point 3, early
CRFM models omitted damping in the contact or failed to
accurately account for damping in the environment. Now,
beam models and hydrodynamic models have evolved to allow
for accurate measurement of the damping phenomena.68−71

Given this progress, a considerable amount of method
development has now been realized on calibration materials
like polystyrene (PS), polypropylene (PP), and polyethylene
(PE), thereby providing a basis for the end goal of work on
advanced materials.

Figure 1. Schematic diagrams of (a) AFM setup, (b) force−displacement data, and (c) CRFM frequency spectra. In (a), dynamic excitation of the
cantilever is achieved through piezoelectric actuation of the cantilever holder or sample surface. The motion of the cantilever is detected with the
photodetector and compared to the reference signal via lock-in methods. In (b), the solid line represents the retract portion of a force−
displacement trace, where Fapp is the applied force and Fadh is the adhesion force. In intermittent-contact mode and force spectroscopy, the
cantilever traverses much of the F−d trace, whereas in CRFM, the cantilever operates solely in the repulsive regime at small ΔF and Fapp ≫ Fadh to
ensure a linear tip−sample interaction. In (c), frequency spectra for a cantilever in free space (top) and in contact with a surface (bottom) are
shown. In free space, the frequency response of the cantilever is defined in terms of the free resonance frequencies f n

0, full width at half maxima Δf n0,
and quality factors Qn

0. In contrast, the response of the cantilever in contact is defined in terms of the contact resonance frequencies f n
c, full width at

half-maxima Δf nc, and quality factors Qn
c.
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In this Perspective, we review and analyze the significant
advances in CRFM for viscoelastic properties measurements in
ambient and nonambient conditions to hopefully facilitate the
jump from measurements on calibration materials to advanced
materials. To this end, the fundamentals of viscoelastic CRFM
are presented, with an emphasis on the experimental methods
to obtain the frequency spectra of the cantilever in free space
and in contact with the sample, followed by the analytical tools
to assess the data in terms of the tip−sample interactions and
ultimately the viscoelastic properties of the sample. The
techniques for extending single-point property measurements
to two-dimensional property maps are described in terms of
their operational characteristics, demonstrated on calibration
materials, and validated via comparisons to other viscoelastic
measurement tools. The focus of the discussion then shifts to
viscoelastic CRFM in nonambient conditions to highlight the
challenges and developments associated with thermomechan-
ical analyses and liquid operation, both of which are central to
polymer design given the property dependence on temperature
and environment. The current best practices in data acquisition
and analyses for viscoelastic CRFM are then elucidated via a
step-by-step demonstration on a wood−polymer composite
with significant mechanical heterogeneity. Finally, we conclude
with a discussion of some potential application areas that are
poised to benefit from the recent advances in ambient and
nonambient methodologies. At this juncture, it is important to
note that this Perspective is not designed to provide a
comprehensive review of the field, but instead to summarize
and analyze seminal work and provide a framework for current
best practices. More detailed descriptions of the experimental
methods72,73 and analytical tools74 can be found elsewhere.
Furthermore, it is important to define the techniques that fall
within our definition of CRFM. Here, we define CRFM as on-
resonance continuous-contact methods that make use of small
vibrations to induce linear tip−sample interactions (e.g.,
AFAM and UAFM); subresonance methods such as force
modulation microscopy15 and nonlinear methods such as
ultrasonic force microscopy75 are beyond the scope of the
Perspective.

■ FUNDAMENTALS
A schematic diagram of an AFM instrument is depicted in
Figure 1a. Both imaging of a sample and measurement of
mechanical properties are performed through interactions with
a probe; the probe is at the end of a flexible cantilever that is
attached to a holder controlled by the AFM instrument. As the
probe is moved over the sample by either sample stage or
cantilever holder motion, mechanical interactions between the
probe and sample cause the cantilever to deflect. The
deflection causes a laser beam that is reflected off the back
of the cantilever to move over the surface of a photodiode
detection system.76 In an imaging mode such as contact
mode77 or intermittent-contact mode AFM,78−80 the probe is
scanned parallel to the sample, and a feedback system coupled
to the photodiode maintains the cantilever deflection or
amplitude at a desired set point via the action of a piezoelectric
actuator; the feedback signal is used to generate a topographic
image. In force−displacement (F−d) spectroscopy,81 the
feedback is turned off, the cantilever holder is moved
perpendicular to the surface, and the deflection of the
cantilever is measured as a function of the holder position.
Appropriate calibration of the system enables the force F
exerted by the sample on the probe to be determined as a

function of the cantilever displacement d, an example of which
is shown in Figure 1b. Additional analyses of the F−d data
enable mechanical properties of the sample to be determined;
the probe can be moved to various locations on the sample to
form “force−volume” maps of mechanical properties.
CRFM fundamentals are best described by comparing its

operational characteristics to those of the more common AFM
methods discussed above: contact mode, intermittent-contact
mode, and force spectroscopy.72−74 Figure 1b illustrates the
features of numerous modalities on the retract portion of the
F−d trace. In intermittent-contact mode and force spectros-
copy, the cantilever traverses much of the F−d trace, starting
out of contact and then moving through both the attractive
(adhesive) and repulsive (contact) regimes. In force spectros-
copy, the loading profile is a low-frequency triangle wave,
whereas intermittent-contact AFM is driven sinusoidally at or
near the cantilever free resonance frequency f1

0. In contrast,
contact mode AFM operates at a constant static force Fapp,
with no modulation. CRFM relies on the feedback mechanism
of contact mode, coupled with a modulation analogous to
intermittent-contact mode. As shown in Figure 1c, the
resonance frequency in contact f1

c is shifted to a higher value
compared to f1

0. The relative motion of the tip Δd and
corresponding dynamic force on the surface ΔF are kept small
compared to Fapp to ensure that continuous contact is
maintained and the motion is representative of the linear
force gradient at the specified applied force.
Remarkably, developments in the field of CRFM largely

progressed in the same order that a researcher might perform a
CRFM experiment, with initial work focused on experimental
methods to obtain frequency spectra, later work fixated on
beam models to assess tip−sample stiffness and damping, and
more recent work devoted to property measurements and
mapping in both ambient and nonambient conditions. Clearly
this is an oversimplification, given that much of the work
occurred in parallel and iterative efforts, but provides a useful
framework for the presentation of seminal CRFM papers.

Experimental Methods. Early work in CRFM focused on
the development of metrologies to monitor ultrasonic
vibrations of an AFM cantilever in the kilohertz to megahertz
range and then characterize the resonant vibrational modes
both out of contact and in contact with a sample surface (i.e.,
f n
0, f n

c, Qn
0, and Qn

c). Notably, two distinct groups made
simultaneous, yet independent, progress on these metrologies.
In 1994, Rabe and Arnold19 used sample excitation to induce
cantilever vibrations well above the first free resonance
frequency f1

0, with small sample vibrations in the linear portion
of the F−d curve to simplify interpretation of the data. In this
approach, a commercial AFM was modified to include an
additional beam splitter, such that half of the laser beam from
the cantilever was sent to an external knife-edge detector with a
fast photodiode to track ultrasonic vibrations while the other
half was sent to a traditional segmented photodiode to measure
topography. The authors show clear correspondence between
the topographic and amplitude signals, with feature resolution
down to 100 nm in zoomed-in scans. In follow-up work, it was
shown that f1

c > f1
0 and that there are local variations in f1

c on
different surfaces. The first point was credited to a change in
the boundary condition of the cantilever, while the second
point was attributed to variability in the elastic and chemical
surface properties. Yamanaka and Nakano later demonstrated
that CRFM was possible via ultrasonic vibration of the
cantilever at its support, which eliminated the need for a
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transducer below the sample and the prospect of signal
attenuation through the sample.20 Another important point
from this study relates to the higher eigenmode contact
frequencies f n

c and how they vary with normalized tip−sample
contact stiffness α = k/kL, where k is the tip−sample contact
stiffness and kL is the cantilever stiffness. It was shown that f n

c

increases as α increases, but only over a limited range that
varies with n. Consequently, f n

c for n = 1 is useful for soft
samples (small α), whereas f n

c for n > 1 are more suitable for
stiffer samples (large α). Finite element method (FEM)
simulations were used to better explain this trend and
concluded that the increase in α with n is due to the
formation of nodes along the cantilever, which effectively
reduces its length and enables stiffness evaluation of a wide
range of materials.
Despite the advances in excitation schemes and ultrasonic

detection, there were still numerous challenges related to the
accurate determination of f n

0, f n
c, Qn

0, and Qn
c. Several of these

issues were addressed through measurements and modeling of
the frequency response and vibrational amplitudes of the
cantilever in and out of contact with a surface; the frequency
spectra enabled measurements of f n

0, f n
c, Qn

0, and Qn
c at several n,

whereas the vibrational amplitudes provided quantitative
insight into the appropriate models needed to describe the
flexural vibrations. Rabe et al.82 examined both on four
different cantilevers using optical interferometry and inter-
preted the results in terms of point-mass and distributed-mass
beam models. In contact with a sample, the study showed good
agreement between the two models for k < kL but also
highlighted significant deviations in f1

c/f1
0 for k > kL. An ensuing

study showed that the two models also behave differently with
respect to drive-point impedance (i.e., a ratio of system
velocity to applied force or an estimate of accepted energy at a
given f).83 These differences are especially important when the
excitation frequency is above the resonance frequency of the
first flexural mode ( f > f1

0). As such, it was suggested that
caution should be exercised when using point-mass models
(see Figure 2a) in CRFM, a major motivator for the focus on
distributed-mass beam models as described later in this section.
A second key finding by Rabe et al.82 was related to cantilever
and tip−sample damping; the authors keenly noted that
fluctuations in Qn

0 are likely due to changes in sound radiation
and friction with air, whereas variations in Qn

c are due to
changes in sample damping. These conclusions about Qn

0 and
Qn

c form the basis for viscoelastic CRFM. Yamanaka et al.84

later showed that the vibrational spectra were also strongly
dependent on the excitation power of the actuation transducer.
It was observed that both f n

c and Qn
c decreased as excitation

power increased. The general trend was described in terms of
changes to the tip−sample interaction. At small excitation
powers, k can be regarded as constant during an actuation
cycle, resulting in a linear tip−sample contact and a single peak

in the frequency spectrum. In contrast, k can vary in a single
actuation cycle at larger powers, leading to nonlinear behavior
and spectra with broader peaks at smaller frequencies (these
nonlinear peaks are the sum of linear spectra for different k).
The proposed solution to this issue was to operate at small
excitation powers, where f n

c and Qn
c converged to their

infinitesimally small amplitude condition.
Model Development. Given the improvements in the

metrology and interpretation of f n
0, f n

c, Qn
0, and Qn

c, subsequent
efforts focused on analytical and FEM models to describe the
dynamics of the cantilever in free space and in contact with a
surface. As noted earlier, it has been demonstrated that point-
mass beam models as shown in Figure 2a are only valid for k <
kL and f ≈ f n

0, making them invalid on most practical CRFM
samples. Consequently, most work focused on the develop-
ment of distributed-mass models, using Euler−Bernoulli beam
theory as the framework. In free space, the cantilever dynamics
are well-described by a distributed-mass fixed-free model,82

with the cantilever damping defined as χ = 2πf n
0/Qn

0. However,
when the tip is in contact with a sample, the cantilever model
must be modified to include the effects of the tip−sample
interactions. Here, it is typically assumed that the vibrational
amplitudes are so small that the interactions at the tip can be
represented as a system of linear springs and dashpots.
Yamanaka and Nakano20 and Rabe et al.82 considered the
simplest case of a normal spring of stiffness k at the end of the
cantilever of length L as shown in Figure 2b. The characteristic
equation for a fixed-spring-coupled beam is a combination of
the fixed-free and fixed-pinned equations, such that it
transitions to the former for k = 0 and the latter for k →
∞.74 As shown in Figure 2c, Wright and Nishiguchi85 extended
the characteristic equation to include the effects of a lateral
spring of stiffness klat and the tip height h. On inspection of the
equation, the relative significance of klat and k on the cantilever
shape and its dependence on k/kL becomes apparent. For small
k/kL, the effect of klat on the cantilever shape is small, given its
weight is dependent on h2/L2 (h2/L2 ranges from 0.15 to
0.0125 for common CRFM cantilevers).74 In contrast, klat has a
significant impact on the shape at large k/kL and small n,
suggesting that it can no longer be neglected.86 This becomes
an important consideration in the best practices section later.
The models described above permitted CRFM elastic

property measurements but still missed some of the necessary
elements to conduct quantitative viscoelastic CRFM property
measurements. Rabe et al.68 addressed one of the shortcomings
through the inclusion of a dashpot with damping c in parallel
with a normal spring of stiffness k in the characteristic
equation; this spring−dashpot pair is often termed a Kelvin−
Voigt element and, in this case, was placed at the end of the
cantilever. Rabe et al.21 later considered the characteristic
equation for a fixed-spring-coupled beam, where the tip is
offset from the fixed end of the beam by a distance L1 (or

Figure 2. Point-mass and distributed-mass beam models used in CRFM. (a) In the point-mass model, the cantilever is replaced with a point-mass
m attached to a surface via a spring of stiffness k. In the distributed-mass models, the cantilever is represented as a homogeneous beam of uniform
cross section with a fixed end and a free (not shown) or surface-coupled (shown) end. The tip−sample interactions in the surface-coupled models
are represented as a system of linear springs and dashpots. The common models include (b) k, (c) k and klat, (d) k and c, and (e) k, c, klat, and clat. In
(d) and (e), the models also consider that the tip is offset from the fixed end of the beam by a distance L1.
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conversely, offset from the free end by a distance L′ = L − L1).
The new equation showed that L′ has a significant impact on
the extracted value of k/kL and that the magnitude of this effect
is dependent on n, which highlighted that its inclusion in
successive models was a requisite for accurate CRFM
viscoelastic measurements. Hurley and Turner69 combined
the two features to arrive at the characteristic equation for a
beam with both damping and tip position effects, an example
of which is shown schematically in Figure 2d. For convenience,
c is normalized by the cantilever properties to β = cL1/
(9ELIρA)

1/2, where EL, I, ρ, and A are the elastic modulus,
moment of inertia, density, and cross-sectional area,
respectively. In this configuration, the cantilever dynamics
are defined by a complex normalized wavenumber λnL = an +
ibn, where an = xn

0( f n
c/f n

0)1/2 is the real part of λnL and bn =
an[(2πf n

c − χQn
c)/8πf n

cQn
c] is the imaginary part of λnL. The

values for xn
0L are the solutions to the characteristic equation

for free flexural resonance as defined by 1 + (cos xn
0L) cosh xn

0L
= 0. As such, xn

0L = {1.8751, 4.6941, 7.8548, 10.996} for n =
1−4. From the calculated λnL, α and β are found from the real
and imaginary parts of

i L L
L L

D
( )

2
3

( )
1 cos cosh

n n
n n

1
2

1
3α β λ λ

λ λ
+ =

[ + ]
(1)

where

D L L L L

L L

L L L L

L L

((sinh cos sin cosh )

(1 cos cosh ))

((1 cos cosh )(sin cosh

cos sinh ))

n n n n

n n

n n n n

n n

1 1 1 1

1 1

λ λ λ λ

λ λ

λ λ λ λ

λ λ

= −

× + ′ ′

+ − ′ ′

− ′ ′ (2)

L1 and L′ are most often determined via a “mode-crossing”
approach,21 which involves plotting α as a function of relative
tip position γ = L1/L for two flexural modes and then taking
the value of γ from the point at which the two curves intersect.
However, it is important to note that γ calculated in this way is
an effective tip position, which varies depending on the two
modes utilized in the approach and is often different than the
offset measured via optical or electron microscopy, most likely
due to deviations in the real cantilever properties from those in
the idealized Euler−Bernoulli model.22,87 In most cases, this
model is adequate for CRFM viscoelastic property measure-
ments, given that it includes most of the relevant elements
while also minimizing the number of unknown or difficult-to-
measure parameters. As a result, it has been used in several of
the following studies and is also highlighted in the best
practices section. In select cases, however, additional layers of
complexity are required to better capture the experimental
details. The model developed by Dupas et al.88 shown in
Figure 2e captures many of these additional elements through
the addition of a lateral Kelvin−Voigt component (to include
lateral stiffness and damping) and cantilever tilt (which is
≈10°−15° for most commercially available AFMs). Some
conditions where this model might be more appropriate will
also be discussed in the best practices section.

■ VISCOELASTIC PROPERTY MEASUREMENTS
The seminal papers described above provided the foundation
for viscoelastic property measurements via CRFM. More
specifically, the work provided the experimental methods to
obtain the frequency spectra for the cantilever in and out of

contact (i.e., f n
0, f n

c, Qn
0, and Qn

c) and the analytical tools to
convert these measured values into the normalized tip−sample
stiffness and damping (e.g., α and β). Several studies have
subsequently reported on methods to convert α and β to
viscoelastic properties such as E′, E″, and tan δ. The explicit
determination of E′ and E″ has proven difficult given their
dependence on contact area of the AFM probe, but this
problem has largely been obviated through a comparative
approach. In contrast, tan δ does not require an intermediate
calculation of E′ and E″, thereby negating the need for
calibration measurements. It is important to note that both
methods (like all AFM-based nanomechanics methods) are
vulnerable to uncertainties in tip geometry, contact area, and
material nonlinearity in the tip−sample contact arising from
high contact pressures. Dokukin and Sokolov illuminated this
point through a systematic study of three polymers with three
AFM probes of well-defined geometry.89 The authors
ultimately verified that artifact-free data can be obtained by
utilizing larger radius tips (e.g., 810 and 1030 nm) and
including adhesive effects in the models, which minimize
nonlinearity in the stress−strain relation and lead to more
accurate depictions of the contact area. For CRFM, the fact
that measurements are often obtained through a comparative
approach helps to hide these issues but should be recognized in
cases where absolute quantification is required.

Storage and Loss Modulus. Yuya et al.44 developed an
approach to convert the measured values for α and β into E′
and E″. To measure α and β, the amplitude and phase
response of the cantilever were measured in and out of contact
with the sample, and the spectra were fit to the theoretical
response for a cantilever subjected to harmonic excitation. α
and β were used to calculate E′ and E″ via a contact mechanics
model of the tip−sample interaction. The contact model used
in the paper is based on Hertzian mechanics,90 which describes
the contact between a sphere of radius R and a flat surface.
Under an applied load F, the sphere and flat surface form a
contact over a circle of radius ac = (3FR/4E*R)1/3, where E*R is
the reduced complex modulus. For a linear viscoelastic material

E E iE
k
a

i
f c

a2
R R R

c

n
c

c

π
* = ′ + ″ = +

(3)

where E′R is the reduced storage modulus and E″R is the
reduced loss modulus. Consequently, with an accurate
measurement of ac, it is possible to calculate both E′R and
E″R. However, it is extremely difficult to independently
measure the contact radius, as values for ac are typically on
the order of a nanometer. To circumvent this issue, a
comparative approach has been developed, where alternating
measurements on the sample of interest and a sample with
predetermined storage Ecal′ and loss Ecal″ moduli are
taken.44,87,91 In this approach, the values for Ecal′ and Ecal″ are
first used to calculate calibration values for the normalized
contact stiffness αcal and damping βcal via eqs 1 and 2 and then
used to calculate the reduced storage Ecal′R and loss moduli Ecal″R
per
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Equation 4 assumes identical Poisson’s ratios ν for the
unknown and calibration materials and knowledge of the
elastic modulus Etip and Poisson’s ratio νtip of the tip. With αcal,
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βcal, Ecal′R, and Ecal″R, E′R and E″R are found via E′R = Ecal′R(α/
αcal)

3/2 and E″R = Ecal″R( f ncβ/f n−calc βcal)
3/2, respectively. Finally, E′

and E″ are assessed from E′R and E″R with an expression
similar to eq 4. In all, this analysis is based on small damping
(i.e., an ≫ bn) and negligible tip damping and is therefore most
applicable when measuring polymers in their solid state (e.g.,
well below the transition temperature) with silicon or silicon
nitride tips. The authors validated the approach using
poly(methyl methacrylate) (PMMA) as the test sample and
PS as the calibration sample; Ecal′R and Ecal″R for the PS sample
were 5.1 ± 0.1 GPa and 117 ± 35 MPa, respectively, as
measured by instrumented indentation. To simplify further
discussion, the authors reported their findings based on storage
M′ = E′/(1 − ν2) and loss M″ = E″/(1 − ν2) indentation
moduli. Using the approach outlined above, M′ and M″ for the
PMMA sample were determined for both n = 1 and n = 2. The
reported values for M′ and M″ exhibited slight variations with
n, which was attributed to the cantilever shape, the cantilever
clamping conditions, and conical tip mass effects. For all n, the
average values for M′ and M″ were found to be 8.1 ± 0.9 GPa
and 190 ± 30 MPa, respectively, which are in agreement with
previous measurements on PMMA.92−94 The differences
between CRFM and previously reported results were
attributed to an increase in transition temperature with load
and nonlinear elastic effects at the tip−sample contact.95

In later work,45 the same authors extended their approach to
study the relationship between β and Qn

c, thereby obviating the
need for phase spectra to determine E″. From the analysis, the
measured value of Qn

c was defined as

Q Q Q( ) ( ) ( )n n n
c 1 0 1 s 1= +− − −

(5)

where (Qn
s)−1 = 4bn/an is the sample damping and Qn

0 is
corrected for the free-to-contact frequency shift. This form of
Qn

s is striking because it is related to α and β, and not β alone,
as illustrated in the Qn

s vs α and β plots shown in Figure 3.
From the plots, it is apparent that Qn

s is not linearly
proportional to β for any region of constant α. Furthermore,
as is evident in Figure 3b, Qn

s can decrease at constant β and
increasing α. To validate the model, CRFM data were taken on
PP and PS using the second and third eigenmodes n of the
cantilever and loads ranging from 100 nN to 1 μN. The results
show that Qn

s changes with the different applied loads (i.e.,
different α values) but that all data can be fit with a single β
value, which is to be expected given the small changes in f n

c at
different α.
Loss Tangent. More recently, another CRFM method has

been developed to measure the viscoelastic loss tangent tan δ =
E″/E′.46,47 The main advantage to this method is that the
expression for tan δ is derived directly from Euler−Bernoulli
beam mechanics and does not require an intermediate
calculation of E′ and E″, thereby negating the need for
calibration measurements on a material with known properties.
It originates from the basic definition for tan δ from
instrumented indentation96,97

f c

k
tan

2 n
c

δ
π

=
(6)

Equation 6 can be combined with expressions for xn
0L and kL to

express tan δ in terms of α and β

x L f

f
tan

( )n n

n

0 2 2 c

0δ
γ β

α
=

(7)

As previously noted, eq 7 does not require calibration
measurements on a material with known E′ and E″, only the
measured values for f n

0 and f n
c, xn

0L from the characteristic
equation for free flexural resonance, α and β from eqs 1 and 2,
and γ from the “mode-crossing” approach. Contour plots based
on eq 7 yield another important conclusion: tan δ is inversely
related to Qn

c but is also highly dependent on f n
c/f n

0.47 As a
result, the authors noted that it may be misleading to make
predictions on tan δ based solely on Qn

c in multicomponent
materials with a large range of f n

c values. The method was
tested on four polymer samples: PS, PE, and two commercial
photostress polymers. In general, CRFM values for tan δ were
within a factor of 2 or 3 of literature values,98−100 with
differences attributed to technique-to-technique variability in
length scale, strain, and strain rate. Notably, PE showed the
smallest frequency dependence from bulk mechanical testing
and exhibited excellent agreement with CRFM as shown in
Figure 4. It is important to note that such comparisons are only
possible via time−temperature superposition (TTS), given the
gaps in measurement frequencies. In this case, TTS101 was
utilized to generate master curves with a reference temperature
of 20 °C. The corresponding shift factors were then used to
determine activation energies (assuming Arrhenius-type
behavior), such that low-frequency dynamic mechanical
analysis (DMA) data could be compared to higher frequency
CRFM results. It is often more valuable to reverse the process
(i.e., translate higher frequency CRFM results to lower
frequency properties) because the time scales are more
relevant to the polymer science community.
The Arnold group and collaborators pursued a similar

analysis for evaluating internal friction, which is mathematically

Figure 3. Experimental (symbols) and predicted (solid lines) quality
factors Qn

s for the (a) second and (b) third eigenmodes on PP and PS
as a function of sample contact stiffness α for various values of sample
damping β. It is important to note that Qn

s changes with applied load,
even along a constant β curve. Reproduced with permission from ref
45. Copyright 2011 American Institute of Physics.
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identical to tan δ, in metallic glasses. Initially, Caron and
Arnold102 treated the cantilever as a point-mass oscillator. The
authors observed an increase in 1/Q1

c with load, an effect that
could be reversed on unloading suggesting heterogeneous
dislocation nucleation. In subsequent work, the authors
adopted the approach of Yuya et al.44,45 to improve the
quantitative accuracy of their analysis. On amorphous PdCuSi
metallic glass, Wagner et al.103 showed good agreement
between viscoelastic CRFM results and published data based
on bulk measurements, corroborating the notion of decreased
dissipation as PdCuSi goes from amorphous to crystalline.

■ VISCOELASTIC PROPERTY MAPPING
Mapping Techniques. These single point measurements

can be repeated over an area on a sample to assess spatial
variations in viscoelastic properties, but such an approach is
often too time-consuming. As a result, recent work has focused
on reducing the image acquisition time through the develop-
ment of techniques such as phase-locked loop (PLL)
detection,57,58 dual ac resonance tracking (DART),59−61

band excitation (BE),62 scanning probe resonance image
tracking electronics (SPRITE),63,64 and FASTForce Volume
CR.65 Generally, the methods are placed into two categories:
discrete or full-spectrum. In discrete methods, f n

c and Qn
c are

determined using one or two points from the frequency
response, while in full-spectrum methods, f n

c and Qn
c are taken

from the entire response.
PLL and DART are examples of discrete methods for

measuring f n
c and Qn

c. In PLL detection, the phase shift Δϕ
between the excitation and response signals is used to track f n

c,
and the amplitude A of the resonance peak is used to
approximate Qn

c. Yamanaka et al.57 suggested that the A to Qn
c

estimation is straightforward, given that the two quantities
exhibit a linear relationship over a large β range. As an
application, the authors investigated a carbon-fiber-reinforced
plastic composite as shown in Figure 5. The resonance
frequency increased from f n

0 at 38.5 kHz to f n
c at 176 kHz for

the carbon and 171 kHz for the epoxy, whereas Qn
c were found

to be 180−200 for the carbon and 100−110 for the epoxy.
Thus, it was concluded that the epoxy was softer and more
viscous than the carbon. More importantly, the f n

c and Qn
c maps

revealed that both quantities were smaller in the core of the
carbon than at the perimeter, which was attributed to radial

differences in the degree of stabilization during processing.
Stan et al.58 further developed the PLL detection method as it
relates to CRFM to examine f n

c and A in copper interconnects
and low-k dielectric films at different applied loads. Using Cu
as the calibration material, the f n

c data indicated that the
indentation modulus for the patterned low-k dielectric films
(25 ± 3 GPa) was much larger than that for the blanket low-k
dielectric films (10−12 GPa),104 which was attributed to a
structural densification during patterning. In contrast, the
amplitude data were less quantitative (i.e., did not yield values
for E′, E″, or tan δ) but suggested a possible depth dependence
in the contact damping. Notably, we now know that vibrational
shape-related effects will also affect A with changing f n

c, and
thus approximating Qn

c by A must be treated carefully. This
renders single-frequency PLL methods less useful for
viscoelastic measurements versus elastic measurements.

Figure 4. Loss tangent tan δ results for four polymer samples: PS, PE,
and two photostress polymers V-1 and V-3. DMA represents single
dynamic mechanical analysis measurements at 10 Hz and 20 °C.
DMA-TTS represents average values at 1 MHz through time−
temperature superposition analysis of the DMA data. DNI represents
dynamic nanoindentation measurements averaged from 10 to 300 Hz.
CR represents CRFM data at 1.2 MHz. Reproduced with permission
from ref 47.

Figure 5. (a) Topography and first contact (b) resonance frequency f1
c

and (c) quality factor Q1
c images of carbon-fiber-reinforced plastic

composite. In (a), the maximum height difference is 500 nm, while in
(b) and (c), the gray scales range from 170 to 180 kHz and 70 to 250,
respectively. Reproduced with permission from ref 57. Copyright
2001 American Institute of Physics.
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In DART, the tip−sample contact is modulated at two
frequencies f1 and f 2, which are selected to surround f n

c with
some fixed Δf = f 2 − f1 on the order of the full width at half-
maximum of the resonance. At f1 and f 2, the amplitude (A1 and
A2) and phase (ϕ1 and ϕ2) of the resonance peak are assessed.
A feedback loop is used to set A2 − A1 = 0 by varying f1,
ensuring that the resonance is between the two frequencies.
After image acquisition, the precise f n

c and Qn
c are obtained by

fitting results to a damped harmonic oscillator function.
Rodriguez et al.59,60 developed the DART methodology to
study local bias-induced phase transitions in ferroelectric
materials via piezoresponse force microscopy (PFM).
Gannepalli et al.61 later adopted the method to conduct
nanoscale mapping of f n

c and Qn
c for DNA on mica and a binary

PS/PP blend. For the DNA on mica, the results indicated
smaller values for both f n

c and Qn
c for the DNA relative to the

mica, which was attributed to a smaller contact stiffness and
larger dissipation for DNA. For the PS/PP blend, the
nanoscale maps revealed a large difference in Qn

c, but only a
small difference in f n

c, between the PS and PP regions, both of
which are consistent with DMA that point to large differences
in E″ and small differences in E′ for the two materials.
In contrast, BE, SPRITE, and FASTForce Volume CR are

examples of full-spectrum methods for measuring f n
c and Qn

c. In
BE, the excitation signal to the AFM cantilever is digitally
synthesized with a predefined amplitude and phase within a
given frequency window. The response of the cantilever is
detected in contact with the sample and Fourier transformed
to generate A and ϕ curves at each pixel in the image. The
curves at each pixel are then fit to a simple harmonic oscillator
model to create the f n

c and Qn
c maps. Jesse et al.62 validated the

efficacy of the approach using simple theoretical and
experimental examples. In one of the theoretical examples,
the authors noted that for a resonance peak with f n

c = 150 kHz
and Qn

c = 200 the width of the peak is ≈750 Hz, which would
allow for sufficient sampling of the peak via the described
methodology and hardware. This sampling efficiency increases
as f n

c increases and Qn
c decreases. Experimentally, BE was

coupled with magnetic force microscopy (MFM) to examine
spatial variations in f n

c and Qn
c in yttrium−iron garnet. The f n

c

and Qn
c maps exhibited flower-like and circular patterns,

respectively, in good agreement with results from standard
MFM.105

In SPRITE, a swept-frequency sine wave signal (i.e., a chirp)
is applied to an actuator beneath the sample or another
excitation source, and the root-mean-square amplitude
response of the cantilever from the photodiode is converted
to a direct-current voltage at each frequency and sampled with
an analog-to-digital converter (ADC).63,64 The ADC output is
then sent to a digital signal processor, which (1) stores the
frequency response at each pixel, (2) fits the frequency
response to a quadratic to determine f n

c and Qn
c, and (3)

optionally uses the calculated value for f n
c in a feedback-control

loop to recenter the subsequent frequency sweep. Kos et al.64

recently used SPRITE to create f n
c and Qn

c maps of an
Arabidopsis plant. The maps demonstrated material property
heterogeneities between the cell lumen and walls; in particular,
the cell lumen exhibited smaller f n

c and larger Qn
c than the cell

walls. Additional property heterogeneities were observed
within the cell walls, likely from variations in the cellulose,
lignin, and hemicellulose compositions. The more recent
implementation allowed for the ability to chirp two frequency
ranges to map two eigenmodes simultaneously. From these
general descriptions, it is evident that there are several
differences between SPRITE and BE in terms of their
motivation and implementation. SPRITE was solely developed
for CRFM and is therefore based on the application of a swept-
frequency sine wave in the time domain. In contrast, BE was
developed to enable a family of novel scanning probe
techniques (e.g., PFM, MFM, and CRFM) and therefore is
based on a generic predefined amplitude and phase signal
processed in the time and frequency domains. SPRITE has
recently demonstrated real-time polynomial curve fitting to
calculate f n

c and Qn
c, thereby enabling in situ f n

c and Qn
c mapping

and precluding the need to retain a complete set of frequency
spectra for postprocessing.64 Despite the differences, both
SPRITE and BE enable f n

c and Qn
c mapping at multiple n at

speeds much faster than a collection of point measurements.
In FASTForce Volume CR, the AFM cantilever is brought

into contact with a sample surface at each point in an area, held
at a constant applied force while the frequency is swept up to 5
MHz to collect the frequency response, and then retracted
from the sample surface. Typically, this approach would not

Figure 6. (a) Topography image of the PS−PP blend. Data flattened with a first-order line fit. The red box denotes the cropped region shown in
(b), (d), (f), and (g). f 2

c (b) map and (c) histogram. Q2
c (d) map and (e) histogram. (f) E′/EPP′ and (g) E″/EPP″ maps. EPS′ /EPP′ and EPS″ /EPP″ values

from CRFM were in good agreement with DMTA data. Reproduced with permission from ref 106.
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enable any benefits over the point-by-point measurements
described earlier. However, by leveraging fast-force spectros-
copy and fast frequency sweeps, this methodology has been
streamlined to generate 256 × 256 pixel property maps from a
single eigenmode in under 30 min. The combined CRFM and
force−volume tactic allows adhesion, elastic properties, and
viscoelastic properties to be assessed in a single pass. Pittenger
and Yablon validated the approach on both soft, viscoelastic
(i.e., PP, PE, and PS) and stiff, elastic (i.e., Si, Al, and Cr)
materials.65

It is important to mention that several of the viscoelastic
property mapping techniques outlined above have become
commercially available. Oxford Instruments (Asylum Re-
search) has added both the DART and BE implementations
to the NanomechPro Toolkit on their MFP-3D and Cypher
AFM platforms. Similarly, Bruker has added FASTForce
Volume CR to the NanoMechanics Lab on their Dimension
FastScan and Icon platforms. Moreover, Anasys Instruments
has integrated CRFM into their Lorentz Contact Resonance
and Resonance enhanced AFM-IR products, and NT-MDT
has a CRFM toolbox that should allow for viscoelastic property
measurements.
Property Maps. The previous studies were successful in

providing the basis for viscoelastic property mapping but
largely stopped short of affording guidance into the calculation
of fundamental properties such as E′, E″, and tan δ. Also, as
discussed above, attempts to correlate Qn

c with material
damping can be problematic without consideration of the
beam dynamics. Killgore et al.106 developed the framework for
this process, using pixel-by-pixel point maps and DART to
assess f n

c and Qn
c and eqs 1−4 to determine E′ and E″ for a PS/

PP blend. The binary blend exhibited a continuous PP phase
with PS domains ranging in size from 1 to 20 μm, as shown in
Figure 6a. From the f n

c and Qn
c point maps and histograms in

Figures 6b to 6e, there is a small f n
c contrast but a large Qn

c

contrast, qualitatively implying similar elastic stiffnesses but
different damping characteristics for the two phases (the
interpretation of Qn

c is valid here because of the similarity in
f n
c). Using PP as the calibration material (i.e., assuming bulk
properties for PP), the relative storage EPS′ /EPP′ and loss EPS″ /
EPP″ moduli for PS were assessed, yielding average values of
EPS′ /EPP′ = 0.95 ± 0.20 and EPS″ /EPP″ = 0.34 ± 0.16 as shown in
Figures 6f and 6g. For comparison, dynamic mechanical tensile
analysis (DMTA) was performed on the PP and PS samples.
After the TTS analysis, the DMTA measurements resulted in
EPS′ /EPP′ = 0.85 and EPS″ /EPP″ = 0.37, in good agreement with
CRFM results. Interestingly, the authors also assessed EPS′ /EPP′
and EPS″ /EPP″ as a function of scan velocity in DART and noted
significant increases to both the absolute values and scatter in
the data as velocity increased. These trends were qualitatively
explained through material, contact mechanics, and instru-
mentation effects, but future work will focus on quantitatively
accounting for these phenomena to improve the accuracy of
CRFM for viscoelastic measurements while scanning.
In a follow-up study, Yablon et al.66 sought to compare BE

and DART to determine the effect of the measurement
method on both the accuracy and timeliness of the viscoelastic
property results. The initial comparison was conducted on a
ternary blend of PP, PE, and PS. In both modes, f n

c and Qn
c

were determined at each image pixel and then used to calculate
α and β via eqs 1 and 2 and E′ and E″ via eqs 3 and 4, using PP
as the calibration. From the DART results, EPS′ /EPP′ and EPS″ /
EPP″ were found to be 1.06 and 0.57, respectively, both of which

are in good agreement with the results from Killgore et al.106

From the BE method images, EPS′ /EPP′ and EPS″ /EPP″ were shown
to be ≈1 and 0.29, respectively. In both cases, the values for
EPS′ /EPP′ were in relatively good agreement with bulk DMA
results, which yielded EPS′ /EPP′ of 1.14. However, the EPS″ /EPP″
values from the three methods were disparate, with the DMA
data (EPS″ /EPP″ = 0.24) in much better agreement with the BE
data than the DART data. Accordingly, BE provides more
accurate data relative to the DART data, likely in large part
because the extracted Qn

c data are based on the entire
frequency response and not just two points. However, this
additional information comes at the expense of acquisition
speed, which typically results in lower-resolution images in the
BE mode. Yablon also studied a blend of PP and a rubbery
elastomer. The storage modulus data were found to be
unreliable on the elastomer because increased adhesion
resulted in an exceptionally high contact area and thus CR
frequency that could not be accommodated with a Hertzian
contact model. The dissipative properties of the elastomer
showed the expected trend in DART, but because of the low
Qn

c, the BE implementation failed.
Campbell et al.46 used the point-by-point mapping routine

from Killgore et al.106 to assess the width and viscoelastic
properties of the osteochondral interface between artificial
calcified cartilage (ACC) and hyaline articular cartilage (HAC)
in a white rabbit. Across the osteochondral interface, the
average value for M′ was found to decrease from 11.1 ± 2.4
GPa in the ACC to 6.1 ± 1.1 GPa in the HAC. The interface
width w was determined from the very steep gradient in M′;
from multiple maps and line profiles, w was found to be 2.3 ±
1.2 μm, using the average M′ in the ACC minus one standard
deviation and the average M′ in the HAC plus one standard
deviation to define the boundary. In addition, the authors
introduced the approach discussed above in eq 7 (albeit
omitting a final tip-offset compensation) to generate tan δ
maps across the interface, as this method obviates the need for
calibration measurements on a material with known properties.
The value of tan δ was shown to increase from 0.07 ± 0.04 in
the ACC to 0.09 ± 0.03 in the HAC, with the gradient being
much more gradual than that observed in the M′ data. The tan
δ values from CRFM compared well with DMA,107,108 despite
differences in sample preparation and measurement frequency.
In contrast, the CRFM results forM′ and w were about a factor
of 2 less than those from instrumented indentation, both of
which were explained in terms of the differences in probed
volume of material between the two techniques.
Building off the approach of Campbell, Yablon et al.67

utilized BE and DART to map tan δ of a three-component
blend of PP, PE, and PS. The focus of this study was twofold:
(1) to study the viscoelastic properties of the polymer blend,
but more notably, (2) to compare the aforementioned CRFM
modes (i.e., DART and BE) to a recently developed amplitude
modulation AFM (AM-AFM) mode109 for tan δ determi-
nation. In both CR modes, f n

c and Qn
c were determined at each

image pixel and then used to calculate α and β via eqs 1 and 2
and tan δ via eq 7. The average tan δ values from DART for
PP, PE, and PS were found to be 0.14 ± 0.01, 0.11 ± 0.01, and
0.06 ± 0.01, respectively, indicating that the order of loss
tangents is PP > PE > PS. BE-CRFM measurements on the
same tertiary polymer blend and DMA data on bulk samples
yielded a similar tan δ trend, albeit with differences in the
absolute values for each polymer. As before, the BE mode
provided better agreement compared to bulk DMA data but
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comes with the reduced scan speed and added complexity of
fitting the entire frequency response as opposed to just two
points in the DART mode. Arguably, the more interesting
comparison is between tan δ measured from the two CRFM
methods and that calculated from the phase signal in AM-
AFM.109 In AM-AFM, the cantilever is in intermittent contact
with the sample, with tan δ measured in repulsive operation via
knowledge of the free-oscillation amplitude, set point
amplitude, and phase angle. The method is appealing because
it mitigates the need to perform most of the experiments and
calculations described above. However, the authors show that
the tan δ values from AM-AFM are in poor agreement with
those from CRFM and DMA, both qualitatively in terms of the
trends and quantitatively in terms of the absolute values.
Potential reasons for the disagreements include method-to-
method variability in the (1) linearity and frequency content of
the tip−sample interactions and (2) source of the measured
energy dissipation. In CRFM, the tip−sample interaction is
linear, the drive is sinusoidal, and the energy is mainly
dissipated in the sample, whereas in AM-AFM, the tip−sample
interaction is nonlinear, the interaction forces have impulse-
like loading, and energy is dissipated in both the sample and
through longer range interactions.

■ ENVIRONMENTAL CONSIDERATIONS
With the basic viscoelastic CRFM technique reaching a certain
level of maturity, considerable recent research in the field has
looked toward extending the method to nonambient
applications. These extensions can be broadly placed in two
categories: (1) operating at elevated temperatures to perform
thermomechanical analyses and (2) operating in environments
where environmental damping of the cantilever dramatically
affects CRFM damping (e.g., liquid operation).
Thermomechanical Analyses. Operation at elevated

temperatures is a logical innovation for any polymer
mechanical characterization method given the strong depend-
ence of properties on temperature. Prior AFM methods have
looked to assess thermomechanical properties with varying
levels of quantification and accuracy. Many AFM methods
such as force spectroscopy,110 phase imaging,111 and
FMM112,113 can identify the onset temperature of a
thermomechanical transition (e.g., the melt temperature Tm
or glass transition temperature Tg). The quantification of E′,
E″, or tan δ over a temperature range is a more demanding
pursuit that only recently has been addressed. With
quantification also comes a more rigorous definition of
transition temperatures; e.g., Tg is identified based on a
nonmonotonic peak in the E″ versus T plot instead of a
phenomenological increase in adhesion force or amplitude.114

Jesse et al.115 first demonstrated temperature-dependent
viscoelastic CRFM using microresistively heated cantilevers,
Joule expansion-based excitation, and the BE method of
frequency and quality factor tracking. The authors immediately
identified a critical challenge to thermomechanical property
measurementsthe rate at which the tip creeps into the
sample increases significantly at elevated temperatures. Thus, a
thermomechanical property measurement that involved
engaging the surface at ambient temperature and then heating
the tip through the material’s transition temperature would
result in a dramatically increasing contact area not described by
elastic contact mechanics. The CR frequency could either
decrease or increase depending on whether a reduction in
storage modulus or increase in contact area dominated the

tip−sample interaction. To address this challenge, the authors
performed a preindentation step where the tip was heated
above the polymer’s transition temperature, allowing a set
amount of creep, and then cooled back to ambient temper-
ature. Subsequent temperature changes below the initial
indentation temperature did not lead to significant additional
creep, allowing for unambiguous identification of material
softening through the decrease in CR frequency and a
nonmonotonic trend in the quality factor. For simplicity, the
authors chose to model the cantilever as a point-mass simple
harmonic oscillator, which may provide rank-order quantifica-
tion of stiffness but does not generally provide adequate
accuracy for quantitative property characterization. Nonethe-
less, the contact stiffness and damping coefficient were
quantified, which can be used to calculate storage and loss
modulus. Nikiforov et al.116 extended the approach to compare
two excitation methods: periodic oscillations of the sample (as
shown by Jesse et al.115) and periodic heating of the tip. The
authors used both approaches to investigate the temperature-
dependent properties of an amorphous and a semicrystalline
polymer and compared the ensuing transition temperatures to
those observed in differential scanning calorimetry (DSC)
data. For the amorphous sample, both methods detected a
glass-transition temperature of ≈85 °C, in good agreement
with DSC results. For the semicrystalline sample, the glass-
transition temperature was also detected along with an increase
in the segment mobility just prior to the transition. In both
samples, the transition region was better defined with periodic
tip heating, leading to the conclusion that it was more effective
method for detection.
More recently, multiple groups have combined sample-stage

heating with a more rigorous beam model to perform loss
tangent versus temperature measurements on polymer blends.
As discussed above, the direct loss tangent calculation is
independent of contact area and thus less sensitive to tip−
sample creep artifacts. Chakraborty and Yablon117 used BE
frequency and quality factor tracking in a pixel-by-pixel
acquisition scheme to assess loss tangent on a PS/PP blend
as shown in Figure 7. At room temperature, the authors
reported tan δ values in agreement with bulk DMA
measurements adjusted with TTS to the CRFM frequency
(≈300 kHz). As the blend was heated, tan δ for both phases
increased with temperature to a distinct maximum as shown in
Figure 7c, beyond which the values decreased. In more detail,
the PP exhibited a peak at 53 °C and the PS exhibited a peak at
75 °C. These transition temperatures were lower than those
observed from DMA, prompting the authors to speculate
about frequency-dependent effects on tan δ. The authors also
reported significant thermal drift from heating of the sample,
which will need to be addressed to observe temperature-
dependent changes for a given region.
Natali et al.118 used a similar approach to characterize the

temperature-dependent loss tangent of PS, PE, polycarbonate
(PC), and a polymer-based nanocomposite from 25 to 70 °C.
PS, PE, and PC were used as calibration samples to validate the
approach over the temperature range; the resulting tan δ values
agreed with data from the literature both in terms of their
absolute values and their trends with temperature. For the
polymer-based nanocomposite (i.e., single-walled carbon
nanotubes in an epoxy matrix), the authors studied the
thermomechanical response with and without the nanotubes to
determine their effect on the epoxy transition behavior. It was
shown that the addition of the nanotubes reduced tan δ by
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≈60% at room temperature; however, no differences in tan δ
were observed at 50 °C, suggesting that the viscoelastic
response of the nanocomposite is dominated by the epoxy
matrix at elevated temperatures. Overall, the determination of
temperature-dependent loss tangent is proving to be a

promising application of viscoelastic CRFM technology that
will likely see increased interest in the coming years.

Liquid Operation. The application of viscoelastic CRFM
in liquid has also gained significant attention in recent years.
Quantitative viscoelastic CRFM in liquids has demanded
major innovations on cantilever excitation and modeling. Most
viscoelastic and elastic contact resonance measurements to
date have employed acoustic excitation at the sample or
cantilever to excite the contact resonance. In liquids, this leads
to substantial coupling of parasitic vibrations, which obscure
the amplitude versus frequency data with a forest of peaks.
This forest of peaks makes identification of the resonance
frequency extremely difficult and accurate determination of the
quality factor nearly impossible. So far, three methods have
been used to circumvent the limitations of acoustic excitation
for liquid viscoelastic CRFM: magnetic, Brownian motion, and
photothermal excitation.
Parlak et al.119 compared acoustic excitation to magnetic

excitation where a neodymium particle was adhered on
backside of the cantilever and driven by a solenoid. The
magnetically driven actuation resulted in a more Lorentzian
peak shape, with a well-defined frequency and quality factor
that shifted as predicted when the tip−sample contact stiffness
was varied as shown in Figure 8a. The method proved suitable
for liquid CRFM imaging of gold micropatterned with
triethylene glycol mono-11-mercaptoundecyl ether (EG3-
thiol) regions as shown in Figure 9. The topography image
was unable to clearly distinguish between the two regions,
whereas the CRFM maps presented a decrease in f 3

c, an
increase in Q3

c, and a decrease in k for the EG3-thiol relative to
the gold substrate. Assuming a Hertzian contact and a reduced
elastic modulus for the tip, the reduced elastic modulus for the
gold and EG3-thiol were found to be 59.8 ± 14.2 GPa and 51.3
± 10 GPa, respectively. The former result was in good
agreement with the bulk value for gold, while the EG3-thiol

Figure 7. Loss tangent tan δ maps for a PS−PP blend at (a) 25 °C
and (b) 53 °C. (c) As the blend was heated, tan δ for both phases
increased with temperature to a distinct peak, beyond which the
values decreased. In more detail, PP exhibited a peak at 53 °C and the
PS exhibited a peak at 75 °C. Reproduced with permission from ref
117. Copyright 2014 Elsevier.

Figure 8. Cantilever excitation methods for viscoelastic CRFM in liquid environments. (a) Experimental and simulated contact resonance
frequency spectra for the first (left) and second (right) eigenmodes at k of 135 and 479 N/m. The magnetically driven excitation was achieved via a
neodymium particle adhered to the backside of the cantilever and driven by a solenoid. Reproduced with permission from ref 119. Copyright 2014
IOP Publishing. (b) Experimental free and contact frequency spectra for a cantilever actuated via the Brownian motion of the surrounding fluid.
The peaks at 100 and 125 kHz are artifacts of the instrument controller, whereas the peaks at 10 kHz are noise. Reproduced with permission from
ref 71. Copyright 2014 American Institute of Physics. (c) Experimental contact resonance frequency spectra for a cantilever actuated via
piezoacoustic and photothermal excitation; the piezoacoustic signal exhibited multiple peaks, while the photothermal signal showed a clean peak at
124.1 kHz with a quality factor of 8.1. Reproduced with permission from ref 120. Copyright 2015 American Institute of Physics.
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result indicates a compliant layer atop the stiffer gold.
Quantitative measurement of the upper layer would require
additional analyses to decouple the film−substrate proper-
ties.121−123 An even simpler excitation scheme was utilized by
Tung et al.,71 wherein the cantilever was immersed in liquid
and brought into contact with a glass slide. The Brownian
motion of the surrounding fluid was sufficient to cleanly excite
the first three contact resonance eigenmodes as shown in
Figure 8b. Such an approach can be employed on nearly any
AFM without modifications to the system or cantilever. The
main limitations of the approach are (1) the signal-to-noise of
the peaks drops off steeply with higher eigenmodes n due to
increased dynamic stiffness and (2) the method requires
several seconds to achieve a sufficient signal, limiting it to point
spectra rather than imaging and complicating measurements
subject to tip−sample creep. Kocun et al.120 investigated the
use of photothermal excitation for liquid viscoelastic CRFM.
Photothermal excitation requires no modification to the
cantilever and results in near-perfect Lorentzian peaks as
shown in Figure 8c. The method was demonstrated in both air
and water on two samples: a stiff Si wafer with Ti stripes and a
softer PP/PE/PS blend. The authors observed good
consistency between air and water measurements for both
material sets, but their results tended to overpredict tan δ in
PS, a lower loss material.
Although it is tempting for simplicity to apply the same

analysis used for CRFM in air to results obtained in water,
neglecting the mass loading of the water and hydrodynamic
function of the cantilever may lead to erroneous stiffness
results and almost certainly will lead to erroneous damping
results. Several groups119,124,125 have considered the hydro-
dynamics of the surface-coupled cantilever, but their analyses
treated the fluid as unbounded, thus ignoring the important

fluid−structure interactions present in CRFM. A more
complete model by Ploscariu and Szoskiewicz126 expands on
the prior approaches by showing an experimental method for
extracting the hydrodynamic function, but surface effects were
still ignored. Recently, Tung et al.70,71 developed a relatively
straightforward method of accounting for surface effects,
cantilever shape effects, and the two-dimensional hydro-
dynamic function. The approach involves measuring the dry
and liquid-immersed properties (i.e., f n

0 and Qn
0) of the freely

vibrating cantilever near the sample surface and then using the
theoretical form of the real and imaginary parts of the
hydrodynamic function to determine the correction needed to
account for the shape and frequency of the surface-coupled
CRFM measurement. The real part of the hydrodynamic
function Γr at a given frequency in liquid is given by
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where Re is the unsteady Reynolds number at a given
frequency and f n

0 and f n−wet
0 are the dry and wet free resonance

frequencies, respectively. The nondimensional parameter τ =
πρfb

2/4ρA, where ρf is the mass density of the surrounding
fluid, ρ is the mass density of the beam, A is the cross-sectional
area of the beam, and b is the width of the beam. The
imaginary part of the hydrodynamic function Γi is then given
by

i
k
jjj

y
{
zzz

Q
(Re)i

f

f

n

2

wet
0

n

n

0

wet
0

τ
Γ =

−

−

(9)

Figure 9. (a) Topography, (b) third contact resonance frequency f 3
c, (c) third contact quality factor Q3

c, and (d) contact stiffness k for EG3-thiol
micropatterns on a gold surface in DI water. A sample schematic is shown as an inset in (a). The topography image was unable to clearly distinguish
between the two regions, whereas the CRFM maps clearly presented a decrease in f 3

c, an increase in Q3
c, and a decrease in k for the EG3-thiol

relative to the gold. Reproduced with permission from ref 119. Copyright 2014 IOP Publishing.
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where Qn−wet
0 is the free quality factor of the immersed

cantilever. The two parts of the hydrodynamic function allow
the environmental damping to be interpolated and subtracted
at the CR frequency. The approach was verified by Churnside
et al.127 on PS and PP, resulting in wet and dry tan δ
measurements that agreed within statistical error for specific
eigenmodes. The utility of the approach was then demon-
strated on a fixed sample of Arabidopsis thaliana; the resulting
tan δ image showed contrast between the primary cell walls,
secondary cell walls, and middle lamella, in addition to tan δ
values in agreement with literature for cellulosic plant matter.
Despite the initial application for liquid characterization, a
simplified version only considering Γi also provides a robust
and recommended method for separating sample and environ-
mental damping in air.

■ STATE-OF-THE-ART AND BEST PRACTICES

The quality of elastic and viscoelastic CRFM measurements
has improved dramatically in the 25 years since the inception
of the technique. By combining the state-of-the-art techno-
logical and analytical methods, users can expect the highest
accuracy in their measurements. Specifically, innovations in
cantilever actuation, resonance acquisition, resonance tracking,
and model design and range of applicability have resulted in
measurement ease and accuracy that were not possible in the
early days of the technique. In this section, we discuss what we
feel are current best practices in terms of experiments and
analysis for measurements of α and tan δ performed in air
environments.
Because of the strong dependence of the viscoelastic

properties on Qn
c, clean excitation of the cantilever is extremely

important. Most early CRFM measurements employed
acoustic excitation at either the cantilever holder or beneath
the sample surface. Often, these actuation methods exhibit too
many spurious vibrations for the lower Qn and amplitude of
contact compared to free resonances. Heavily damped

actuators such as broadband fingertip ultrasound transducers
can provide adequate signal, provided the sample is well affixed
to the transducer and the sample itself does not exhibit
resonances in the frequency range of interest. Not surprisingly,
the actuation methods that have been successful in liquids (i.e.,
Brownian motion,71 magnetic,119 and photothermal120)
represent best practice for measurements in air because they
retain a clean, artifact-free response. Other options that
provide best-practice viscoelastic CRFM actuation include,
but are not limited to, electrostatic55 and Lorentz force
excitation.39 The benefits of direct excitation are especially
evident for heavily damped materials (large tan δ) and when
operating in heavily damped environments (e.g., in liquids).
Also in regards to excitation, it is important to ensure that the
tip−sample contact remains linear, as evidenced from the line
shape of the resonance. A nonlinear resonance is evident from
softening (skewing) of the resonance peak.128 If nonlinearity is
observed, the user must either reduce the drive amplitude or
increase the set point force to ensure the tip−sample contact
remains linear.
Mapping will generally require a trade-off between speed

and absolute accuracy in f n
c and Qn

c. The fastest mapping
techniques employ multifrequency feedback loops (e.g.,
DART) or phase-locked loops (e.g., PLL). However, these
techniques must infer a resonance line shape from a limited
number of observables. Full-spectrum methods (e.g., BE and
SPRITE) provide a more accurate description of the cantilever
dynamics, while making discrepancies between model to
experiment more readily identifiable. A second decision is
whether to continuously scan the surface in contact mode or
perform a point-map where the probe is stationary during
acquisition. We have repeatedly observed scan-related
phenomena in CRFM (e.g., reduced f n

c and Qn
c) while scanning

compared to stationary.106,129 Possible explanations include
hydrodynamic and viscoelastic effects. Therefore, we recom-
mend scanning when the highest spatial resolution for

Figure 10. Complete viscoelastic CRFM data acquisition and analysis process using current best practices for a wood−polymer composite. (a) Free
and contact resonance spectra for a cantilever driven via photothermal excitation. The peaks for the first four modes are Lorentzian in line shape,
with little deviation from ideal behavior. (b) Experimental data and model fit to the imaginary part of the hydrodynamic function. The fit
parameters inform the hydrodynamic correction to Qn

c at a given f n
c. (c) Tip-offset determination via the mode-crossing approach. In this example,

the modes 1 and 2 α vs γ curves intersect at γ = 0.924, which is within the typically observed values of 0.90 and 1.05. Pixel-by-pixel point maps of
(d) f1

c, (e) Q1
c, (f) α, and (g) tan δ overlaid on a topography map of the wood−polymer composite. The lateral scan size is 10 μm, and the full

height range in the topography image is 840 nm. From the maps, it is clear that there are considerable differences in the properties of the wood
fibers and the high-density polyethylene polymer.
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viscoelastic mapping is required; however, we suggest point
maps when striving for the most accurate viscoelastic property
characterization.
Figure 10 shows an example of a complete data acquisition

and analysis experiment for viscoelastic CRFM using our best
practices. The chosen cantilever is an ≈3 N/m rectangular
cantilever with a slight picket shape, and the sample is a
wood−polymer composite which exhibits significant mechan-
ical heterogeneity. The CR was driven photothermally with the
excitation laser located near the base of the cantilever. Figure
10a shows representative free and CR spectra obtained on the
sample. The resonances are Lorentzian in line shape, with little
deviation from ideal behavior. By comparing the observed
frequency ratios between free eigenmodes to those predicted
theoretically {f 2

0/f1
0, f 3

0/f1
0, f4

0/f1
0, f5

0/f1
0} = {6.27, 17.55, 34.39,

56.84}, nonflexural resonances such as those at 580 and 983
kHz can be identified. The frequency range around the
nonflexural free resonance should be treated cautiously when
moving to contact because of concerns over energy transfer
between modes. If adequate CR signal is not observed for
some region of the sample, two approaches can be taken. First,
as suggested by Figure 3, for a given damping, Qn

c and thus the
signal strength can be increased by operating at a higher value
of α. This could be achieved by increasing the set point force
or intentionally wearing the probe to increase its radius.
Second, as shown experimentally in Figure 11, the amplitude of

the CR is dependent on the vibrational shape, which is
dependent on α.130 This indicates that for every value of α
there is an optimal position for the detection laser as well as n
laser positions that result in antinodes with no signal. By
optimizing the laser position and α for the higher-loss-tangent
region of the sample, it is possible to improve the overall odds
of detection.
Figures 10d and 10e show 128 × 128 maps of f1

c and Q1
c

overlaid on topography images acquired on a 10 μm × 10 μm
region of the sample. On this sample, DART imaging in
contact mode tended to damage the softer high-density
polyethylene (HDPE) domains, leading to erroneous Qn

c

results. Thus, data were acquired via point-by-point mapping
with the tip fully withdrawn between pixels. Complete CR

spectra for the first eigenmode were acquired at every pixel.
The amplitude A versus frequency f of the obtained free and
contact resonance peaks were fit to a damped simple harmonic
oscillator function

A f
f A

f f f f Q
C f C( )

( ) ( / )
n

n n n

2
drive

2 2 2 2 1 2=
− +

+ +
(10)

where Adrive is the drive amplitude. C1 and C2 are optional
constants to account for baseline tilt and offset in the spectra.
From the f1

c map, considerable variation in the elastic
properties can be inferred such as stiffness variation within
the different cell wall types of the wood and the dramatic
contrast compared with HDPE. The map of Q1

c generally
mimics the contrast observed in f1

c, but care must be exercised
to not overinterpret Q1

c contrast as damping contrast because
of the substantial variation in f1

c. Thus, even qualitative
assessment of viscoelastic properties requires further analysis.
First, the properties of the cantilever itself are characterized

from the free and contact A versus f spectra. This includes the
imaginary hydrodynamic function Γi and the tip offset position
γ. Free and contact resonance spectra were acquired with
sufficient bandwidth to encompass at least three free
eigenmodes and two CR eigenmodes as shown in Figure
10a. The spectrum acquisition time was made sufficiently long
that the sweeping rate did not exceed the response time of the
cantilever. Typically, 60 s is adequate for characterizing a 2
MHz bandwidth. If the spectrum is swept too quickly,
asymmetric distortion of the resonance peaks is observed,
and the sweep width should be decreased. The free resonances
are captured with the cantilever located as close as possible to
the sample surface to approximate fluid−structure interactions
that occur in the bounded fluid when the cantilever is in
contact. Here, a F−d curve with a controlled pull-off distance
of 300 nm was used to leave the probe tip close to the sample.
Because the cantilever-to-sample distance is offset by the tip
height (typically 5−15 μm), a 300 nm gap is negligible. For
reasons discussed in the tip-offset calibration below, the CR
spectrum is taken on a stiff region of the sample or with a
higher force where an upper bound α and thus f n

c is expected.
To account for the environmental damping acting on the

cantilever, the imaginary part of the hydrodynamic function Γi
is calculated from eq 9. The real part of the hydrodynamic
correction is not needed for measurements in air. Figure 10b
shows a fit to the imaginary hydrodynamic function for the first
three free resonances of the cantilever. The fit function is

B B B(Re) Re Rei 1 2
1/2

3
1Γ = + +− −

(11)

where Bn are adjustable parameters in the fit. Remembering
that Re is linearly proportional to f1

c, eq 11 allows environ-
mental damping effects to be subtracted from Q1

c for every
pixel of the image. Of note, the hydrodynamic correction is less
dramatic at higher eigenmodes for a particular cantilever, but n
= 1 was chosen here because it avoids any interaction with
nonflexural resonances.
After fitting the hydrodynamic function of the cantilever, γ

was calculated, given its impacts on the mass distribution and
effective length of the cantilever. Tip offset was assessed by
identifying the value of γ where α is identical for two
eigenmodes measured and calculated under the same contact
conditions. Figure 10c shows plots of α versus γ for n = 1 and 2
with the tip in contact with a wood portion of the sample. The

Figure 11. Cantilever slope amplitude as a function of normalized
effective contact stiffness αeff and relative position of laser spot xc/Lc
for kL ≈ 2.7 N/m and modes 1 to 2. The column has been normalized
to vary between zero (black) and one (white) and represents the
absolute value of the derivative of the vibrational shape at a given
contact stiffness. The dark curves show the motion of the antinode
positions. Reproduced with permission from ref 130. Copyright 2015
IOP Publishing.
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value of γ = 0.924 was determined graphically from the
crossing shown in Figure 10c and mathematically by solving
the minimum between the two curves. In general, the
sensitivity of α to changes in γ is largest when α is large and
n is small. Determining γ from a stiff portion of the sample
ensures that nonphysical values for α are not encountered later
in the analysis. The values of γ and α can also inform the user
whether the beam model in eq 1 is suitable for their
experimental conditions. Generally, values of γ between 0.9
and 1.05 are observed. If γ falls outside these boundaries or α is
negative or unphysically high or low, it is likely that the contact
is too stiff to model the chosen eigenmodes without
consideration of lateral stiffness (i.e., the model in Figure 2e
should be used). Likewise, if an eigenmode shows a large
change in α for a small change in γ, that is an indication that
the upper limit of applicability for eq 1 is being approached.
With knowledge of γ and Γi, f1

c and Q1
c maps can be

processed into material property maps. First, Γi(Re) is
evaluated at each pixel in the f1

c map to determine the
damping associated with the environment Qhydro. Subsequently,
the damping associated with the contact Q1

s for each pixel can
be calculated from

Q Q Q( ) ( ) ( )n n
c 1

hydro
1 s 1= +− − −

(12)

By examination of eq 12, it is apparent that consideration of
the hydrodynamic function is most important when Qn

s is large.
For lower Qn

s , the influence of Qhydro is often negligible. For the
sample under investigation, the hydrodynamic correction
accounts for an ≈8% increase in Q on HDPE and an ≈30%
increase in Q on the wood.
With the corrected Q values, eq 1 can be used to calculate

the normalized contact stiffness α and normalized contact
damping β by taking the real and imaginary parts of the
solution. Then, the maps of f1

c, α, and β are evaluated on a
pixel-by-pixel basis with eq 7 to determine tan δ. We calculated
α = 33.3 ± 2.8 and α = 18.6 ± 1.0 on representative regions of
the wood and HDPE, respectively. The contact stiffness values
indicate a reduced modulus ≈2.4× larger for the wood than
the HDPE if assuming sphere-on-plane Hertzian contact. The
elastic stiffness sensitivity of CRFM is highlighted by the
contrast in α exhibited between the lower-α middle lamella and
the higher-α secondary cell walls. In terms of viscoelastic
properties, we calculated tan δ = 0.018 ± 0.004 and tan δ =
0.048 ± 0.006 on representative regions of the wood and
HDPE, respectively. The value on wood is characteristic of
glassy polymeric materials (e.g., PS) in the literature. The value
on HDPE is in excellent agreement with our prior bulk
measurements on homogeneous HDPE,47 where tan δ = 0.044
was determined by TTS of DMA results to a frequency of 270
kHz. Table 1 includes a summary of measured and calculated
values used to prepare Figure 10 that researchers can use to
verify the accuracy of their viscoelastic CRFM analysis before
applying it to unknown samples.

■ FUTURE DIRECTIONS
Despite the extensive progress made in viscoelastic CRFM thus
far and outlined above, we still see potential for measurement
advancement. In particular, the ability of viscoelastic CRFM to
bring AFM spatial resolution to more of the characterization
capabilities of bulk viscoelastic techniques is of interest.
Already, we have seen examples of this with temperature-
dependent material properties, but the viscoelastic CRFM

method should be equally capable of characterizing photo-
mechanical and other stimuli-sensitive responses. So far,
thermomechanical measurements have exploited the spatial
resolution of viscoelastic CRFM but have not yet considered
the fast-temporal resolution that arises due to the kilohertz to
megahertz resonance frequencies and comparatively small
quality factors. Furthermore, we expect to see frequency-
dependent properties explored more explicitly, either by
exploiting the infinite number of vibrational eigenmodes in
viscoelastic CRFM or by tailoring the properties of the
cantilever, sample, or experiment to achieve a range of
frequencies within a given eigenmode. These frequency-
dependent measurements could improve on the accuracy and
sensitivity of subresonance methods15,131−133 and inform more
complex viscoelastic models than the Kelvin−Voigt ele-
ment.134

Additionally, we see potential for continued improvements
in viscoelastic CRFM mapping capabilities. This direction
should focus on removing the limitations imposed by
continuous contact mode scanning as well as improving the
accuracy of Qn

c determination. Thus far, we have seen efforts to
incorporate CRFM into subresonance intermittent-contact
AFM modes such as pulsed force, time-resolved interaction
force, or peak force tapping.33,135,136 These modes perform a
sinusoidal F−d curve at each pixel of the image at rates of
hundreds of hertz to a few kilohertz. Typically, these modes are
analyzed with just a quasistatic deflection signal, akin to low-
frequency F−d measurements; however, there is ample time
during the contact portion of each F−d curve to obtain
complementary CRFM information. Parlak et al.137 used a
single-frequency drive close to f n

c with an experimental
calibration between amplitude and k to map elastic stiffness.
Killgore and Hurley135 later showed how a dual-frequency
excitation in the vicinity of f1

c, at fixed frequencies during a 200
Hz pulsed-force excitation, could allow extraction of f n

c, Qn
c,

Adrive, and θdrive versus Fapp. This lays the foundation for
viscoelastic mapping, although property extraction has not yet
been realized. Also, a lack of a reliable pulsed-force feedback
loop prevented broader expansion of this approach at the time.
Finally, Stan and Gates136 have recently shown incorporation
of a PLL at f1

c with peak force tapping. Their approach allowed
for complete image acquisition, but the single-frequency PLL
complicates Qn

c determination. It remains to be seen whether
integration with subresonance intermittent contact is beneficial
to viscoelastic CRFM or whether it also introduces new
complications that must be considered.
In terms of accurate Qn

c determination, expanded use of
multifrequency AFM methods could provide improved data
reliability. This could come from wider access to full-spectrum

Table 1. Measured and Calculated Values To Verify Best
Practice Viscoelastic CRFM Analysis

parameter value

{f1
0, f 2

0, f 3
0} {72.68, 455.3, 1271} kHz

{Q1
0, Q2

0, Q3
0} {127, 542, 823}

{f1
c, f 2

c} for tip offset {319.5, 618.5} kHz
tip offset γ 0.924
mean f1

c in HDPE 274.1 kHz
mean Q1

c in HDPE 29.3
mean Q1

s in HDPE 31.6
mean α in HDPE 18.6
mean tan δ in HDPE 0.048
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methods such as BE62 or from extensions of DART that utilize
a greater number of observation frequencies to better quantify
Qn

c and its related uncertainties. Quantification of very low Qn
c

(e.g., Qn
c ≤ 1) is also of interest for the characterization of high

tan δ materials, but may require time-domain ring down
analysis, rather than observation in the frequency domain.
Overall, between the extensive developments that have

already taken place in viscoelastic CRFM and the potential for
further measurement development and application dissem-
ination, the method looks to be entering a productive time
period for adoption and impact. With improved ease of use
and more confidence in accuracy of property measurements,
viscoelastic CRFM is well-poised to make the transition from
characterization of calibration materials (e.g., PS, PP, and PE)
to advanced materials, where it can inform materials discovery.
As a means of investigating material properties in ambient
conditions, we see significant potential in characterizing
phenomena such as interfaces and interphases in compo-
sites138,139 and additively manufactured parts;140,141 domain
properties in phase-separated blends and copolymers;142,143

viscoelastic properties of thin films and nanostructures;144,145

and high-frequency viscoelastic properties for crashworthiness
and ballistics. In liquid environments, a host of additional
applications arise including the characterization of engineered
nanoscale materials for biodiagnostics and targeted drug
delivery;146−148 extracellular matrix model materials for stem-
cell-based therapeutics;149,150 and biological materials for tissue
regeneration and repair.151 The continued advances in CRFM
capabilities will only further enhance these advanced-materials
applications.
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Correction to Contact Resonance Force Microscopy for Viscoelastic
Property Measurements: From Fundamentals to State-of-the-Art
Applications
Jason P. Killgore* and Frank W. DelRio*
Macromolecules 2018, 51 (18), 6977−6996. DOI: 10.1021/acs.macromol.8b01178

In the original paper,1 the authors erroneously took the wrong
figure from the cited paper2 to generate Figure 8a. The figure
was intended to compare acoustic excitation to magnetic excita-
tion in liquid and illustrate that magnetic excitation resulted in a
more Lorentzian peak shape with a well-defined frequency and
quality factor that shifted when the tip−sample contact stiffness
was varied (as opposed to the original version, which mistakenly
showed acoustic excitation data for both the first and second
eigenmodes). The new figure and caption for Figure 8 are shown
below.
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Figure 8. Cantilever excitation methods for viscoelastic CRFM in liquid environments. (a) Experimental and simulated contact resonance frequency
spectra for a cantilever actuated via piezoacoustic (left) and magnetic (right) excitation (first eigenmode). The magnetically driven excitation was
achieved via a neodymium particle adhered to the backside of the cantilever and driven by a solenoid. Reproduced with permission from ref 119.
Copyright 2014 IOP Publishing. (b) Experimental free and contact frequency spectra for a cantilever actuated via the Brownian motion of the
surrounding fluid. The peaks at 100 and 125 kHz are artifacts of the instrument controller, whereas the peaks at 10 kHz are noise. Reproduced with
permission from ref 71. Copyright 2014 American Institute of Physics. (c) Experimental contact resonance frequency spectra for a cantilever actuated
via piezoacoustic and photothermal excitation; the piezoacoustic signal exhibited multiple peaks, while the photothermal signal showed a clean peak at
124.1 kHz with a quality factor of 8.1. Reproduced with permission from ref 120. Copyright 2015 American Institute of Physics.
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