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Abstract
The intermittent contact resonance atomic force microscopy (ICR-AFM) mode proposed here is
a new frequency modulation technique performed in scanning force controlled AFM modes like
force volume or peak force tapping. It consists of tracking the change in the resonance frequency
of an eigenmode of a driven AFM cantilever during scanning as the AFM probe intermittently
contacts a surface at a controlled applied maximum force (setpoint). A high speed data capture
was used during individual oscillations to obtain detailed contact stiffness–force curve
measurements on a two-phase polystyrene/poly(methyl methacrylate) film with sub-micrometer
size domains. Through a suitable normalization, the measurements were analyzed by linear fits to
provide an improved quantitative characterization of these materials in terms of their elastic
moduli and adhesive properties.

Keywords: intermittent contact resonance, atomic force microscopy, nanoscale contact
mechanics

(Some figures may appear in colour only in the online journal)

1. Introduction

Atomic force microscopy (AFM)-based techniques developed
for measurement of elastic moduli of materials at the nanos-
cale aim to quantitatively interpret how the tip–sample con-
tact-coupling quasi-statically or dynamically modifies the
mechanical behavior of an AFM cantilever. The most com-
mon quantity sought in such measurements is the so-called
contact stiffness, which models the spring-coupling between
an AFM tip and the sample probed. The contact stiffness can
be retrieved either from the slope of force–displacement
curves made either at slow rate (force volume AFM [1]) or
high rate (Harmonix [2], pulsed-force mode [3], peak force
tapping (PFT) [4]) or from the change in the resonance fre-
quency of the cantilever (contact-resonance AFM [5, 6] and
amplitude-modulation frequency-modulation AFM [7]).
Conceivably, other quantities could be used to observe how
the cantilever mechanics is perturbed by the tip–sample
contact-coupling. These include amplitude (e.g. ultrasonic
force microscopy [8]) and phase (e.g. resonant difference-
frequency atomic force ultrasonic microscopy [9]) imaging
using a mechanically vibrated AFM probe brought in contact

with a material. However, various contributions from the
tip–sample interaction (elastic, viscoelastic, adhesive) are
convoluted into amplitude and phase information so it is more
difficult to separate these contributions and determine them
from single imaging scans.

With elastic moduli measurements ranging from few GPa
to hundreds of GPa, contact resonance AFM (CR-AFM)
classifies as one of the most versatile AFM-base technique for
nanoscale elastic modulus measurements. It has proven to be
a robust technique for nanoscale elastic modulus measure-
ments, with applications on various composites [10, 11], thin
films [12], and nanostructures [13, 14]. Nominally, CR-AFM
is a contact AFM mode and it is used mostly in the relative
mode, with measurements made successively on the test
material and a reference material (with known elastic mod-
ulus) at a predefined applied force. An improvement in CR-
AFM accuracy has been demonstrated by performing mea-
surements not only at a given applied force but over the entire
contact range as the AFM probe is brought in and out of
contact with a material [15, 16]. An immediate extension of
this type of point-measurements is to accommodate depth-
dependent CR-AFM measurements during force-volume
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AFM scans to obtain three-dimensional (3D) mechanical
property characterizations [17] with the drawback of a slow
rate. Therefore, tracking the contact resonance frequency
during fast scanning modes like intermittent-contact AFM
modes has been a quest during the last few years.

One approach would be to develop a fast resonance
frequency tracking on the basis of various frequency and
amplitude-modulation AFM techniques. Besides fast topo-
graphical scans, these intermittent-contact AFM modes were
sought also to provide mechanical property characterization
in terms of conservative and dissipative tip–sample interac-
tions. Thus, in the amplitude-modulation AFM (AM-AFM
also known as tapping mode [18, 19]), the phase was con-
sidered [20, 21] to provide qualitative contrast associated with
the energy dissipation, although it is not straightforward to
deconvolute its various topographic, adhesive, elastic, and
viscoelastic contributions. In the last ten years a better
separation between conservative and dissipative contributions
was thought to be possible in the new developed multi-
frequency-modulation AFM modes [22–27]. The idea of
multifrequency-modulation AFM modes is to use one
eigenmode (usually the first eigenmode) as a carrier mode to
track the topography like in AM-FM and simultaneously
excite one or more higher eigenmodes to observe the elastic
and viscoelastic responses of the sample probed. While these
methods introduced interesting avenues of imaging various
materials, several issues are still to be solved for proper
quantitative mechanical property measurements: force control
during intermittent contact, adhesive force measurement, and
force-resonance frequency correlation during contacts (due to
the fast dynamics, the frequency shifts are measured over
many oscillations and donʼt reflect the momentarily variation
in the tip–sample interaction during individual oscillations).

In this work, we propose an intermittent contact reso-
nance (ICR) AFM method to retrieve force-frequency mea-
surements during individual oscillations of an intermittent-
contact AFM mode, namely PFT. In this new method the
induced change in the resonance frequency of a cantilever
eigenmode due to the change in the tip–sample interaction is
measured progressively as the tip is brought in and out of
contact with the sample. Because PFT is a force controlled
AFM mode, the frequency measurements can be synchro-
nized with the applied force during tip–sample interaction, so
a more robust confirmation of the contact mechanics can be
extracted from the measured force dependence of the contact
stiffness. The dynamics of ICR-AFM has the potential to add
new features to the mechanical characterization provided by
the quasi-static PFT force–distance curve measurements: (1)
contact stiffness measurements at each indentation depth,
which gives a detailed 3D elastic response of the material; (2)
detailed observation of the tip–sample interaction around
contact formation and contact breaking, which can be used for
adhesive property characterization; (3) dynamic character-
ization of the dissipated energy during tip–sample interaction,
both in and out of contact.

Through the use of the dynamics of one of its eigen-
modes, ICR-AFM complements other existing intermittent
and non-contact AFM techniques, like amplitude modulation

AFM (AM-AFM) [18, 19] and frequency modulation AFM
(FM-AFM) [28, 29]. In AM-AFM, the modulation is made at
a fixed frequency (e.g. at or near to the first free-resonance
frequency of the cantilever in tapping mode) and the tapping
amplitude is maintained at a constant level through a feedback
loop by adjusting the relative tip–sample distance; the
amplitude loop provides the z-topographical profile of the
scanned area. In non-contact FM-AFM, in addition to the
amplitude feedback (also used to observe non-conservative
forces) the modulation frequency is maintained at resonance
through a separate loop that provides measurement of the
conservative tip–sample interactions. Lately, FM-AFM was
extended to provide 3D high-resolution imaging of the force
field above the sample surface [30, 31]. Like FM-AFM, the
frequency modulation loop in ICR-AFM is used to retrieve
the tip–sample interactions but mainly in contact. Unlike FM-
AFM where small frequency shifts (order of Hz) detail the
non-contact interactions, large frequency shifts in ICR-AFM
(order of kHz) are induced and indicative of the tip–sample
contact deformation. Ultimately, ICR-AFM can be used for
3D mapping of the nearby subsurface elastic field in a similar
way as force volume contact resonance [17]. In this work, the
scope is limited to demonstrating the applicability of ICR-
AFM for quantitative nanoscale mechanical property char-
acterization of a two-phase polystyrene/poly(methyl metha-
crylate) (PS/PMMA) film with emphasize on measuring the
elastic and adhesive responses of the two materials.

2. Experimental methods

Here, we demonstrate a new high-speed ICR-AFM mode
capable of tracking the change in the resonance frequency of
an eigenmode of a vibrating AFM cantilever during indivi-
dual oscillations (taps) as the AFM probe intermittently
contacts a surface during a fast scanning (imaging) mode. The
scanning mode used was PFT, which provides an intermittent
contact mode at frequencies on the order of a few kHz and
feedback control for the maximum applied force (peak force).
Unlike PFT, the common tapping mode (AM-AFM) [18, 19]
operates at the first eigenmode frequency of the cantilever,
tens or hundreds of kHz, and uses feedback control on
amplitude modulation (not on force). Thus, the high-speed
operation and lack of force control make AM-AFM unsui-
table for observing reliable tip–sample interaction during
individual taps. In this work, the PFT was paired with high-
speed phase-locked loop (PLL) instrumentation for indepen-
dently tracking the change in the resonance frequency of the
cantilever. The key point in ICR-AFM is that the force–
distance curves from PFT can be precisely synchronized with
the resonance frequency measurements from PLL, so a con-
tact stiffness versus force (or distance) curve can be obtained
at any point in the scan. Previous attempts [32] of tracking the
contact resonance frequency during the oscillations of an
intermittent scanning mode have been made in a pulsed-force
mode but without rigorous force control. Moreover, with the
characteristic ringdown vibrations of the pulsed-force oscil-
lation, only a limited range of individual force–distance
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curves was available for resonance frequency tracking and
this was possible only in single-point measurements and lift-
mode [32].

In the new ICR-AFM mode described in this work, the
PFT amplitude modulation was operated at 2 kHz on a
MultiMode V AFM (Bruker, Santa Barbara, USA)1 with a
peak force of 35 nN and modulation amplitude of 8 nm.
Simultaneously, an independent frequency modulation of

small amplitude was added to the cantilever and controlled by
a PLL system (SPECS, Zurich, Switzerland) (see footnote 1).
As shown in figure 1, the two modulations are applied to the
tip–sample contact through two separated actuators and at
unrelated frequencies for crosstalk reduction: the amplitude
modulation is at 2 kHz (a non-eigenmode of the cantilever)
and the frequency modulation is at one of the cantileverʼs
eigenmodes (as specified below, the fast modulation was done
at the third eigenmode frequency of the cantilever). The lower
panel of figure 1 shows that (going from left to right) as the
tip is brought in and out of contact during one PFT oscilla-
tion, the resonance frequency of the cantilever shifts from its
free value to higher and higher values and goes back to its
free value: at position (1), on approach, a high load imposes a
high shift in the contact resonance frequency; at position (2),
on retract, a lower applied load provides a lower shift in the
contact resonance frequency; at position (3), the cantilever is
out of contact and the resonance frequency returns to its free
oscillation value.

The AFM probe used for ICR-AFM measurements was
a PPP-SEIH integrated Si probe (NanoSensors, Neuchatel,
Switzerland) (see footnote 1) with a cantilever spring con-
stant of 9.12 ± 0.07 Nm−1 (measured using a laser-Doppler
vibrometer (Polytec, GmbH, Waldbronn, Germany) (see
footnote 1) and thermal calibration methods developed at
NIST) [33, 34]. This particular cantilever had its first three
out-of-contact flexural resonance frequencies of 107.3 kHz,
670.5 kHz, and 1865.5 kHz, respectively. Measurements
were made on a PS/PMMA film containing sub-micrometer
size PMMA domains (figure 2) provided by Bruker-Nano
(Santa Barbara, USA) (see footnote 1). The PS/PMMA
blend was prepared from xylene solution mixed in 50–50
ratio; both PS (Ww-21 000, Wm-17 000) and PMMA (Ww-
53 000, Wm-35 000) were from Polymer Source (Montreal,
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Figure 1. Schematic diagram of the new implemented ICR-AFM
mode, with the amplitude modulation controlled by PFT (blue loop)
and the frequency modulation controlled by PLL (red loop). The
cantilever deflection during one PFT oscillation is detailed in the
lower panel, as superimposed responses to the tip–sample interac-
tions of the two excitations: slow PFT tapping oscillation (blue line)
and fast PLL modulation (red line); the change in the resonance
frequency of the cantilever is schematically shown at different
locations along one cycle of the PFT oscillation. The acquisition of
cantilever deflection and z-piezo displacement from PFT and
resonance frequency and amplitude from PLL are time-correlated
during each PFT oscillation.

Figure 2. AFM micrograph showing the topography of a 5.0
μm × 5.0 μm of the investigated PS/PMMA blend. The PMMA
phase is in the form of cylindrical pillars surrounded by the PS
matrix.

1 Certain commercial equipment, instruments, or materials are identified in
this document. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology, nor does
it imply that the products identified are necessarily the best available for the
purpose.



Canada) (see footnote 1). The slight difference in the elastic
moduli of the two materials (about 3.4 GPa for PS and about
3.0 GPa for PMMA) [35] is expected to provide a contrast
in the resonance contact frequency response when areas
encompassing both PS and PMMA regions are mapped. The
uncertainties introduced by PLL in measuring the resonance
frequency at the locked phase of the free resonance were
calculated for a model clamped-coupled cantilever config-
uration that reproduced our experimental setup. For the
maximum resonance frequency shifts (about 15 kHz) and
amplitude damping (about 80 % from out of contact to
contact) observed during measurements, the PLL uncer-
tainties were on the order of a few tens of Hz, which is
insignificant for CR-AFM conversion of kHz frequency
shifts into GPa elastic moduli.

For meaningful ICR-AFM measurements, the measure-
ment frequency (controlled here by the PLL time constant)
has to be significantly higher than the tapping frequency (2
kHz) to be able to acquire enough measurement points during
each oscillation (tap) but, at the same time, has to be less than
the frequency of the eigenmode used to assure a good
detection. To satisfy these criteria, we chose to excite the third
eigenmode of the cantilever and adjusted the PLL time con-
stant between the frequency constraints. A first example of
PLL time constant adjustment is shown in figure 3 with
various maps acquired either directly by PFT (topography,
adhesion, dissipation, and Derjaguin, Muller, and Toporov
(DMT) modulus) and feedback from PLL signals: resonance
frequency tracked with a slow PLL in figure 3(e) (100 μs time
constant) and with a fast PLL in figure 3(f) (1 μs time con-
stant). As can be seen from the PFT maps, the PMMA
appears to be less adhesive and less dissipative than PS but
with no significant difference between their DMT elastic
moduli. Regarding the resonance frequency maps, in
figure 3(e) there is a contrast suggesting PS is stiffer than
PMMA whereas in figure 3(f) the contrast between PS and
PPMMA is negligible. However, if we look at their frequency
shift values, we can see that in the case of a faster PLL
(figures 3(f) and (l)) the resonance frequency shifts are higher
than those measured with a slow PLL (figures 3(e) and (k)).
The explanation here is that, in both cases, the maps are
showing values averaged over the time per pixel, which in the
case of these scans was 1.5 ms. The signals were interrogated
every 50 μs, but only the average values over the pixel time
were collected. In the case of the faster PLL detection, the
average values of the resonance frequencies show the same
contrast with that from the DMT modulus map, whereas in
the case of a slower PLL detection, due to a larger time
interval, a larger contribution comes from the contact region
dominated by adhesive forces, so the contrast in the frequency
map (figure 3(e) more closely resembles the adhesion map
(figure 3(b)). However, the interpretation of average reso-
nance frequency maps is qualitative at most and requires
corroboration with contributing information like modulus,
adhesion, and dissipation. This is similar to the case of
bimodal resonance frequency mapping [7] where the ampli-
tude modulation (tapping mode) is made at very high fre-
quencies so the measured resonance frequency is averaged

over many oscillations, but in those cases there is no force
control, and no measurement of adhesive forces. A proper
interpretation of the resonance frequency response requires
both measurements during individual oscillations and known
force at each instant.

3. Results and discussion

Short scanning segments from a high speed data capture at a
rate of 500 kHz over a PS region are shown in figure 4 for
both slow and fast PLL detections. It can be seen that in the
case of a slow PLL detection (figure 4(a)) the measured
contact resonance frequency shifts are within 1 kHz from the
free resonance frequency and with no significant force
dependence. However, in the case of a fast PLL detection
(figure 4(b)), the contact resonance frequency shows shifts as
large as 15 kHz at the peak force and responds with fidelity to
the force variation during each oscillation. These observations
suggest the possibility of obtaining 3D characterization of the
nanomechanical properties of surfaces at imaging speeds. The
3D details of the force-frequency (figure 4) or depth-fre-
quency dependencies are not apparent in the 2D-maps shown
in figures 3(e) and (f) due to the time averaging of the signals
over the oscillation cycles. In the following example, we
analyzed only a small data subset of measurements acquired
with a fast PLL over the region marked by arrows in figure 3;
the data covered 58 oscillations over PMMA and 122 oscil-
lations over PS (on both sides of the PMMA region). The
measurements are shown in figure 5(a) in the form of reso-
nance frequency shift versus applied force. It can be seen that
the resonance frequency shift provides a clear distinction
between the two materials at any given force on either
approach or retract portions. Since the retract portions contain
additional data on the adhesion effect and detachment point,
we chose those data for further modeling and analysis.

In general, the contact mechanics of adhesive contacts on
perfectly elastic materials is customarily analyzed within the
limits of two models that include contributions of adhesive
forces: DMT model [36], which considers the contribution of
long-range attractive forces outside the contact area, and
Johnson, Kendall, and Roberts (JKR) model [37], which
includes the contribution from attractive forces acting only
inside the contact area. A more realistic interpretation relies
on using a model that captures the transition regime between
these two limiting cases, e.g. Maugis-Dugdale [38], Car-
pick–Ogletree–Salmeron [39], or Schwarz [40] models. Due
to its simple analytical form and direct interpretation, we used
the Schwarz model in this work to analyze the stiffness–force
curves extracted from the measurements. In the Schwarz
model, a transition parameter τ1, defined as the square root of
the ratio between the work against the short-range adhesive
forces and the total work of adhesion, ranges from 0 (DMT
limit) to 1 (JKR limit). The force dependence of the contact
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radius is given in this model by [17]

τ

τ
= * −

± +
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟a

R

E
F F F

3

4 4
3 , (1)T

1 3
1

1
2 a a

2 3

where RT is the tip radius, Fa is the maximum adhesive force
at the detachment of the tip–sample contact, and the reduced

elastic modulus *E is given in terms of the indentation

moduli of the tip and sample, * = +E M M1 1 1T S. For
elastically isotropic materials the indentation modulus is
simply expressed in terms of the Youngʼs modulus E and

the Poissonʼs ratio ν, ν= −( )M E 1 2 . Since the com-

pliances of the elastomers probed were much greater than
that of Si, the deformation of the AFM tip was neglected in
this study. The signs + and − indicate the stable (the tip is
continuously in contact with the sample) and unstable (the
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Figure 3. Maps of (a) topography, (b) adhesion, (c) dissipation, (d) DMT modulus, (e) resonance frequency shift with slow PLL, and (f)
resonance frequency with fast PLL over 5 μm × 2.5 μm area of the PS/PMMA sample. In these maps, the PMMA regions are visible as
circles and PS as the matrix. (g)–(l) traces from each of the left maps along the dotted scan line shown in (a). DMT modulus refers here to the
elastic modulus calculated by using the Derjaguin, Muller, and Toporov (DMT) model [36].



tip is pulling off of and away from the sample) contact
regions.

A particular contact mechanics model has been proposed
in the case of high speed indentation of an elastomer [41, 42].
Thus, it is expected that in the case of a fast oscillating
indentation, like that imposed during ICR-AFM, viscoelastic
effects will hinder the peripheral variations imposed by the
oscillation onto the contact area. As a result, the contact area
remains approximately constant during an oscillation and the
contact geometry resembles that of a ‘flat punch’ configura-
tion (an indenter with circular flat end). In the limit of this
dynamic flat punch approximation, the expression of contact

stiffness reduces to * *=k aE2 , with the contact stiffness
being proportional to the contact radius a. The expression for
the contact stiffness of a dynamic flat punch in the Schwarz
model becomes [17]

τ

τ
* = *

−
± +

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟( )k R E F F F6

4
3 . (2)T

2 1 3 1

1
2 a a

2 3

The equation can be rearranged to show the linear relationship

between +F Fa and *k 3 :

α β+ = * −F F k , (3)a
3

with *α = R E1 6 T
2 and β τ τ= −F3 4a 1 1

2 . This linear

dependence was probed in figure 5(b) using retract data
around the detachment point ( = −F Fa) on both PS and
PMMA: at the left of the detachment point the data were fit by
the unstable solution and at the right of the detachment point
by the stable solution. For each material, the unstable and
stable regions were fitted simultaneously by considering the
same value of α for both of them and a different value of β,
which means a different value of τ1 for each region. For the
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Figure 4. Force and resonance frequency shift along few successive
PFT oscillations during scanning over PS. In (a) the resonance
frequency shift was tracked with a slow PLL detection and in (b) a
fast PLL detection was used. In each case the imaging scan speed
was 1 Hz.

Figure 5. (a) Resonance frequency shifts versus applied force during
individual oscillations of PFT along a portion of a scan line; (b)

linear fits of +F Fa versus *k 3 with 95% prediction bands; (c)
measured contact stiffnesses versus applied force with the
dependencies given by equation (2) for the fit parameters obtained in
the linear fits shown in (b).



fits shown in figure 5(b), the tip radius was adjusted to
12.95 nm to provide an indentation modulus of ±3.73 0.10
GPa for PS, which was considered as a reference material.
The indentation modulus of PS was calculated by considering
3.40 GPa and 0.33 for the Youngʼs modulus and Poissonʼs
ratio of PS [43] respectively. With that and the measured
average =F 9.64a nN, the best fit for PS data indicated a
transition parameter τ1 of ±0.27 0.04 for the stable branch
and ±0.72 0.01 for the unstable branch. For PMMA, with

=R 12.95T nm and =F 7.17a nN, the best fit was for an
indentation modulus of ±3.22 0.09 GPa and a transition
parameter going from ±0.08 0.04 for the stable branch to

±0.66 0.03 for the unstable branch. The determined inden-
tation modulus of PMMA can be converted into ±2.83 0.08
GPa Youngʼs modulus by considering an average Poissonʼs
ratio of 0.35 for PMMA. All uncertainties represent one
standard deviation of the calculated values. The theoretical
stiffness–force curves for the found fit parameters are plotted
as solid lines along with measurements in figure 5(c).

In comparison with force–distance measurements, the
ICR-AFM measurements and their fits indicated an improved
sensitivity in differentiating the mechanical response of the
two probed elastomers. Thus, in terms of their elastic moduli,
a clear difference was determined between PS (3.4 GPa) and
PMMA (2.8 GPa) with ICR-AFM whereas in either indivi-
dual force–distance curves (not shown here) or maps (refer to
figure 3(d)) no distinct contrast between PS and PMMA was
observed. The advantage of ICR-AFM over force–distance
measurements is that it provides a measurement for the con-
tact stiffness at any applied force, whereas with force–-
distance measurements the contact stiffness could be only
calculated from the derivative of the measurements and it is
not accurate around the contact point due to the reduced
number of measurements. In addition, a detailed depth-
dependent contact stiffness measurement provides an
improved validation of the contact model used over the entire
contact depth. In the present case, it was possible to differ-
entiate the transition parameter τ1 of the Schwarz model
during contact deformation, 0.3 for PS and 0.1 for PMMA.
Qualitatively, this agrees with the measurement of a smaller
adhesive force on PMMA than PS. Interestingly, due to the
high rate contact stiffness measurement, data were obtained in
the contact detachment region, with a negative slope of
stiffness versus force curve (refer to figure 5(c)). In this
region, the transition parameter τ1 has comparable values for
both materials, slightly bigger on PS than PMMA, which
indicates that, at least for these data sets, the response in this
region is dominated by the contact geometry and less specific
to material properties.

4. Conclusions

A new high-speed nanomechanical property measurement
AFM technique, ICR-AFM, has been demonstrated with
capabilities of interrogating surfaces during a force-controlled
tapping mode. The technique utilizes fast resonance

frequency PLL tracking of a higher eigenmode of a cantilever
during PFT imaging. Shifts in the resonance frequency of the
third eigenmode of the cantilever were measured and corre-
lated with the deflections of the cantilever to determine the
induced changes in the tip–sample stiffness during individual
PFT oscillations on a PS/PMMA blend. Besides the contact
stiffness characterization, the new ICR-AFM showed very
good sensitivity in resolving the adhesive response of mate-
rials, which suggests the possibility of performing a real-time
characterization of the mechanics of contact formation and
detachment during fast contacts on elastomers.

We have demonstrated an improved quantitative mea-
surement of the elastic moduli of PS (3.4 GPa) and PMMA
(2.8 GPa) probed in this work by collecting the depth-
dependence of the contact stiffness during successive tapping
oscillations while imaging. Detailed contact stiffness mea-
surements over the entire contact depth provided robust ver-
ification of the applicability of a contact model that includes
both long and short range adhesive forces. Within the pro-
posed analysis, the mechanical differences between the two
materials were demonstrated both in terms of elastic moduli
and transitional parameters. Based on its quantitative
mechanical property measurement capability, ICR-AFM can
be used as a depth sensing technique for 3D characterization
of near-surface mechanical properties of various nano-
composite materials.
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