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ABSTRACT

Contact-resonance atomic force microscopy (CR-AFM) is of great interest and very valuable for a deeper un-derstanding of the mechanics of biological materials with
moduli of at least a few GPa. However, sample surfaces can present a high topography range with significant slopes, where the local angle can be as large as + 50°.
The non-trivial correlation between surface slope and CR-frequency hinders a straight-forward interpretation of CR-AFM indentation modulus measurements on such
samples. We aim to demonstrate the significant influence of the surface slope on the CR-frequency that is caused by the local angle between sample surface and the
AFM cantilever and present a practical method to correct the measurements. Based on existing analytical models of the effect of the AFM set-up’s intrinsic cantilever
tilt on CR-frequencies, we compute the non-linear variation of the first two (eigen)modes CR-frequency for a large range of surface angles. The computations are
confirmed by CR-AFM experiments performed on a curved surface. Finally, the model is applied to directly correct contact modulus measurements on a durum wheat

starch granule as an exemplary sample.
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1. Introduction

The mapping of the mechanical properties of micrometre- and sub-
micrometre-sized structures has become available in the recent years by
the technological advancement of a number of methods based on
atomic force microscopy (AFM). Due to the unlimited scope of appli-
cations, such techniques have already been applied in very different
areas, such as cell wall stiffness in plants [1-3] or material science re-
search on composites from natural polymers [4-6]. Wheat grains are
another natural composite material, for which the knowledge of the
micro-scale elastic properties of its components would greatly benefit
the understanding and accurate simulation of the grains’ milling be-
haviour [7].

One of the AFM-based nano-mechanical characterization methods is
contact-resonance atomic force microscopy (CR-AFM). The elastic and
viscous properties of the sample are inferred from the modal response
of the AFM cantilever, which is in contact with the surface through the
AFM tip, while the sample is subjected to a sinusoidal ultrasonic vi-
bration of low amplitude [8,9]. This technique has especially been of
great interest since it was shown that vibrational mode frequencies
were very sensitive to changes in the indentation modulus of the sample
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[10]. Despite the great potential of the technique, one has to be aware
of the limitations before relevant information on the sample’s me-
chanical properties can be extracted. The difficulties linked to the to-
pography of the surface and the badly known geometry of the contact
area are probably the most substantial and the most hindering, espe-
cially since the delicacy and the heterogeneous nature of the samples
can limit the preparation of truly flat surfaces. Mazeran et al. [11]
pointed out, for phase interpretation in tapping mode, how cautious
one should be if the mechanical measurements are correlated with the
sample’s topography. In CR-AFM in particular, the resonance fre-
quencies of the cantilever-tip-sample system are highly dependent on
its exact geometry. Stan and Cook [12] studied for instance, how
roughness can be taken into account for a granular material at the
nanometric scale based on accurate Scanning Tunnelling Microscopy
acquisitions of the sample topography and a model which takes into
account multiple asperity contacts. Such a level of resolution is neces-
sary when one hopes to get quantitative determination of the me-
chanical properties at the nanometric scale, but is rarely possible to
reach. For most samples, the amplitude and wavelength of the rough-
ness over a micron-sized area are fortunately smaller than the local
radius of the AFM tip, so that such precise measurements are not
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necessarily needed. However, the samples often present long range
variations of the local slope, which constitute an important and easily
measurable parameter of the contact geometry that should be addressed
to improve the mechanical measurements. Passeri et al. [13] demon-
strated the significant influence of the angle between the cantilever-tip
and the surface on the frequency modes in CR-AFM. Yet, the only angle,
which is usually taken into account, is the one directly resulting from
the tilt of the cantilever in AFM devices. A possible slope of the surface
is generally neglected, although it can induce local changes of the tip-
surface angle, which can easily reach several tens of degrees. The non-
trivial correlation between surface slope and CR-frequency then hinders
a straight-forward interpretation of CR-AFM indentation modulus
measurements.

In this paper we study the influence of the local surface slope on
nano-mechanical measurements by CR-AFM. We propose a practical
method to correct the measure by taking into account the topography,
which is acquired simultaneously to the CR-frequencies. This correction
method is based on a simplified model of the vibrating cantilever to
emphasize the effect of the local slope. It can easily be implemented
using more advanced models of the vibrating cantilever and should also
be easily adaptable to other experimental techniques, i.e., acoustic and
ultrasonic AFM [14-19], PeakForce™ QNM™ [20] or QI™ [21], force
modulation (FMM) [22] or any other force volume (FV) and force
distance (FD) like modes, which are very likely exposed to the same
problem.

The correction method was successfully applied to mechanical
measurements on a biological surface, whose high slopes so far in-
hibited the correct interpretation of CR measurements: a cut starch
granule within the sectioned endosperm of a wheat grain.

2. Theory
2.1. Analytic determination of the vibration eigenmodes

The key principle of CR-AFM is that the resonance frequencies of the
cantilever are strongly dependent on the stiffness of the contact be-
tween the AFM tip and the surface. This contact stiffness is linked to the
mechanical properties of the sample surface and to the contact area,
which is mainly influenced by surface topography, tip shape, applied
force and adhesion force. Frequency shifts can therefore reveal even
small changes in the mechanical properties of the scanned surface,
provided that a good compromise between stability of the tip-surface
contact, sensitivity of the frequency measurement and sensitivity of the
frequency shift response to contact stiffness changes are reached. The
vibrational response of the cantilever can be modelled with the elastic
equation of motion of a rectangular beam in the frame of the Euler-
Bernoulli theory, with boundary conditions depending on the geometry
of the cantilever-tip-surface system. It is a well-studied problem, re-
sulting in a series of resonances corresponding to the different vibra-
tional eigenmodes of the cantilever. Numerical solutions have been
developed to obtain the amplitude and phase of the cantilever’s vi-
brational response as a function of the angle and considering the entire
complex geometry of the tip-cantilever system during contact-re-
sonance measurements. Such in-depth theoretical analysis of the system
can be found in the literature [8-10,12,13].

Due to the numerous parameters that have a strong non-linear in-
fluence on the vibrational response of the cantilever, the application of
these works to correctly analyse CR-AFM measurements is not straight-
forward. The present study focuses on the influence of the local slope of
the surface on the measured CR-frequencies. We thus take benefits from
the above mentioned global studies to provide a way to practically
obtain quantitative measures on samples with surface angles as high as
50°. The overall geometry of the cantilever-tip system in contact with a
surface is schematically presented in Fig. 1, along with a simplified
version, which focuses on the effect of local slope angle. We will de-
monstrate hereafter that these simplifications allow to soundly fit the
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Fig. 1. Simplified elastic beam model of the cantilever and AFM tip in contact
with a sample surface. (a) The full system is characterized by the cantilever
length L and stiffness k., the AFM tip height h, the surface’s normal stiffness ky
and lateral stiffness ki, the normal lateral damping, vy and v, and the angle a
between tip and surface. (b) The simplified model does not take into account
damping, lateral forces, and the cantilever part extending the centre of the tip.

experimental results. Damping of the cantilever is not taken into ac-
count in the model, as we focus only on the determination of the re-
sonance frequencies of the different vibration modes. They are suffi-
cient for the determination of the indentation modulus, and the effect of
damping of the cantilever on the resonance frequencies is assumed to be
negligible. Similarly, damping y (cf. Fig. 1a) of the material of the
sample is assumed to have a negligible effect on the measured fre-
quencies and is also not taken into account. Rabe [8] have shown that
the position of the tip along the cantilever length strongly influences the
vibrational frequencies during contact and that the correct analytical
model should involve both the total length L of the cantilever and the
real distance L; between the base of the cantilever and the exact tip
location (cf. Fig. 1a). A sound simplification can be made, taking into
account only the base-tip distance L; in the calculation assuming that
the cantilever extension after the tip has a negligible effect on the re-
sonance frequencies (cf Fig. 1b). One of the main difficulties in the
analysis is the description of the normal and lateral forces that con-
stitute the contact between the tip and the surface. While the normal
stiffness ky of the tip-surface contact is always present and can be



usually described with the well-documented models available in con-
tact theory, the lateral stiffness kj, depends on the type of contact (free
sliding, friction, pinning) that occurs between the tip and the surface,
and is difficult to anticipate. A general way to address the lateral forces
is to express the lateral stiffness as proportional to the normal one,

kiqs = Aky, and to confront the model’s results with increasing values of
the coefficient factor A, from 0 (free-sliding contact) to more than 1
(pinning) [8], to actual experimental results.

Describing the vibrations with an elastic beam model and the spe-
cific boundary conditions, one obtains a system of equations, whose
non-trivial solutions are obtained independently of the excitation am-
plitude when the system’s determinant is equal to 0. This leads to solve
the characteristic equation [8]:

(BL)* [1 + cos(BLy)cosh(BL)]
+ (BL,)? C, [sin(BL,)cosh(BL,) + cos(BL,)sinh(BL;)]
+2(BL1)* C, sin(BL,)sinh(BL,)
+ (BLy) C; [sin(BLy)cosh(BLy) — cos(BLy)sinh(BL)]

+(C1C5 — C3) [1 = cos(BLy)cosh(BLy)] = 0, (€))
h Y 3k
withC, = (—) 2N (sinq + 1 cos?a)
L1 kc
C, = e Sy sina cosa (A — 1)
Ly k.
C; = ﬁ(cosza + Asin?a).

c

The solutions f3, of this equation can be obtained numerically as a
function of the geometrical parameters cantilever length L,, tip height
h, angle a between tip and surface, of the ratio A between normal and
lateral stiffness, and of the ratio ky/k. between normal contact stiffness
ky and cantilever stiffness k.. The solutions are the wavenumbers f3,, of
the spatial vibration modes (n € N*). Wavenumber f, and pulsation w,
are linked by the dispersion relation:

frea
"o @)
with u = E—ﬁc where E is the Young’s modulus of the cantilever ma-

terial along its axis, p its density, I, the moment of inertia of the can-
tilever in bending, and A the cantilever’s cross-section. The resonance
frequencies associated to each mode are then:
= %n
b= ®
Fig. 2 shows the non-linear influence of the angle a on the 2nd and
3rd resonance frequencies obtained from Eq. (1) for the parameters and
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range of ratio ky/k. corresponding to our experimental conditions in
the absence of friction or pinning (4 = 0). It is interesting to note how
different the influence is for these two modes and how strongly it is
dependent on the ratio kny/k.. The asymmetry related to the sign of the
tilt angle arises from the asymmetry of the torque acting on the tip
(projected normal force in the direction parallel to the cantilever times
the height h of the tip, sin @ term in the C, coefficient in Eq. (1) that
cancels if A =1, see Appendix A). The measure of the 3rd mode fre-
quency enables us to study in good experimental condition the effect of
the angle up to ratio ky/k. = 2000 (this would correspond to a contact
modulus of about 50 GPa in our experimental conditions).

2.2. Tip-surface contact mechanics

In this work, we modelled the tip-surface contact within the clas-
sical frame of elastic sphere-plane contact geometry. Assuming small
amplitude excitation of less than a few nanometres, as it is the case in
CR-AFV, and considering the rather stiff material with limited adhe-
sion, contact was described by the DMT model [23]. The small mod-
ulation around the interaction force, which is the sum of the normal
load Fy and of the adhesive force F,4p, allows then to express the normal
stiffness as a function of this sum, of the tip radius R, and of the reduced
modulus of the contact E*, according to Johnson [24]:

ky = /6R;(Fy + Fuan)E**, 4

where the reduced modulus can be written as:

-1
E* = (L + L) .

Ms My (5)
where Mg and My are the indentation moduli of the sample and tip,
respectively. The indentation modulus of the silicon tip, oriented in
(001) crystallographic direction, used in the model was My = 163 GPa.

For the investigation of the influence of the local slope, the inter-
action force has to be projected along the normal to the surface so that
Eq. (4) is modified as:

kn = 3/6R, (Fy + Fyan)cos E*2, )

where ¢ is the local angle as described later in Fig. 4.
3. Experimental measurements

All measurements were performed with a SD-R30-CONT probe
(Nano-sensors™). This type of probe has the advantage of having an
initially rounded tip apex of a well-defined radius R; = (30 & 5) nm
obtained through manufacturing by ion beam melting. The cantilever is
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Fig. 2. Influence of the tip-surface angle on the (a) 2nd and (b) 3rd resonance frequency from Eq. (1) with L; = 432 um and h = 12.5 um is shown for different ratios
kn/k. (values next to lines). Assuming a low cantilever stiffness of k. = 0.27 Nm™! these ratios correspond to a range of indentation modulus Ms of 1 GPa-100 GPa.
The second mode saturates for values of ky/k. > 1000, the third mode for ky/k. > 2000.



rectangular, which is necessary to apply the developed model. Its spring
constant was determined by thermal noise calibration [25] to be
k. = 0.27 N m~!, which is within the range of 0.02 N m~! to 0.77 N m™!
given by the supplier. The cantilever length L and tip height h are
supplied by the manufacturer as L =(450+ 10)um and
(12.5 + 2.5) um.

The resonance frequencies of the three first modes in free vibration
were determined to be flfm =13 kHz (supplier: 6 kHz-21 kHz),
fi¢ = 86 kHz and fJ™ = 243 kHz. These free vibration modes were

used to determine experimentally the parameter u = % that is used

in the calculation. We ensured that our values fitted very nicely the
dispersion relation Eq. (2) relatively to the known theoretical wave-
length of a cantilever of length L. We found ¢ = 0.005 m? Hz, which is
very close to the estimation (u,, = 0.0049 m? Hz) that can be obtained
from the cantilever characteristics.

CR-AFM was performed on a Bruker Dimension AFM with
Nanoscope V controller with an averaged vertical force of
Fy + Eygn = (200 £ 10) nN. Sample holder discs containing the sample
were placed on a small amount of acoustic coupling gel on top of a
contact transducer (Olympus V 103-RM), which generated an ultrasonic
sinusoidal oscillation. Resonance frequencies were tracked via dual-
resonance frequency tracking [26] using an H2FLI lock-in amplifier
from Ziirich instruments, which serves as a signal generator for the
transducer excitation, too.

3.1. Calibration of resonance frequencies

The resonance frequencies of the tip-sample system are highly de-
pendent on the exact geometry of the system. However, an accurate
description of the contact mechanics of the tip surface system is diffi-
cult, if not unreachable, and analytical equations describing the whole
range of geometry and mechanical properties are not available. In
practice, most users avoid this problem by calibrating the resonance
frequencies on surfaces with known mechanical properties for each
cantilever [13,27].

We performed the calibration of the cantilever by measuring re-
sonance frequencies of the 2nd and 3rd modes of the cantilever on a
number of rather flat surfaces at a constant scanning speed of 12 um s~.
To obtain an accurate calibration the use of samples with not only a
known indentation modulus, but also a surface with limited change of
local angles and low roughness is important. The calibration samples
were chosen so that their indentation moduli, determined by nano-in-
dentation and/or using known elastic properties in the literature and
anisotropic indentation model [28] if required, were in a range of 3
GPa-20 GPa. The samples and their respective indentation moduli are
listed in Table 1.

The calibration points were then fitted with Egs. (1) and (6) for the
2nd and 3rd modes simultaneously. Only the case where the lateral
stiffness is null (1 = 0, free-sliding contact) is described here and re-
presented in Fig. 3. The cases with A = 0 are shown and discussed in the
appendix (cf Appendix A), because it is shown in Section 3.2 that, with
the present experimental conditions, only a free sliding contact de-
scribes the experimental data well. The best fit of the measured re-
sonance frequencies versus the respective indentation modulus was

Table 1
Samples used for calibration of the resonance frequencies and their indentation
moduli as determined by nano-indentation or from literature data.

Polystyrene Acrylic resin (LR-  epoxy based =~ PMMA [30] Mono-
(PSFILM-12M, White, adhesive crystalline
Bruker) Polysciences) [3]  (Hysol sulphur (100)
EA9394) [30]
[29]
3GPa 3.5 GPa 4.5 GPa 6.5 GPa 20 GPa
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Fig. 3. Calibration curves for 2nd and 3rd CR-frequencies measured on samples

with known indentation modulus. Black circles: experimental data; Red: fit with
Eq. (1) to 2nd and 3rd mode simultaneously.
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Fig. 4. Definition of angles in the direction parallel to the cantilever. qy is re-
sulting from the cantilever tilt in the AFM instrument and therefore constant. ¢
depicts the local angle. The resulting overall angle a is the sum of @, and ¢.

obtained for the following parameters: L; = 431 um, h = 12.5 um,
a = 9.7°(:=ap) and R, = 101 nm.

The fitting values for L; and h are in very good agreement with the
supplier information on the cantilever and tip geometry, considering



L=

that the tip is generally located at a distance of 10 um to 20 um from the
end of the cantilever. Considering that the total cantilever length is
(450 + 10) um, this corresponds to a tip position parameter be-
tween 0.94 and 0.98, in agreement with what is usually reported in the
literature, e.g., 0.91-0.99 [31]. The inclination angle of the cantilever is
known to be about 10° in the Bruker Dimension AFM and is thus also in
very good agreement with the fitting value found for the angle a on the
horizontal samples. The radius found for the tip is three-times larger
than the nominal tip radius specified by the supplier. This can be due to
usual flattening of the far end of the tip apex that can be either the
original state of the tip or caused by wear. Since tip geometry has been
shown to play an important role in CR measurements [32], it was
verified by an AFM measurement of the tip apex shape after CR mea-
surements using a standard tip-check calibration grid (PAO1, umash).
We found that the far end of the tip (down to 0.5 nm depth corre-
sponding to the maximal indentation depth on the different reference
materials) was essentially spherical with a radius measured to be
(92 + 15) nm which is in good agreement with the value R, = 101 nm
obtained by the fit, confirming the relevance of the chosen contact
model in our measurement conditions.

One should notice that, even if the fit is not perfect compared to the
experimental data, simultaneously fitting with the same set of para-
meters, which are sound when confronted to the known geometry of the
tip/cantilever system, allows to describe well the level of the measured
frequencies and the position of the curving point toward the plateau
regime for the two modes. Noise in the resonance frequency determi-
nation was measured to be of the order of 1 kHz. Considering the ca-
libration curves, we can thus infer that in our experimental conditions,
frequency measurement will allow for determining contact moduli
differences when these moduli are below 50 GPa using the 3rd mode
(respectively 30 GPa using the 2nd one). From the local slope of the
curves, the sensitivity in terms of modulus determination can be eval-
uated to be around 0.1 MPa at moduli of the order of 1 GPa and of
around 10 GPa when we reach the limit of discrimination.

3.2. Effect of local angle

A curvature or slope of the sample surface changes the overall angle
between tip and surface. As illustrated in Fig. 4, it must be considered as
the sum of the inclination angle of the cantilever relative to the hor-
izontal (ap) and of the local angle of the surface towards the horizontal
(¢). To study the effect of this local surface slope, CR-AFM was per-
formed on spherical beads, which were assumed to be mechanically
homogeneous. Hollow silica spheres with diameters of 10 um-30 pum
(Polysciences, Inc.) were selected for their high sphericity. They were
spread onto double-sided sticky tape on a sample disc and sputter-
coated with about 5 nm of gold for fixation of the beads. Topographical
AFM scans were performed to select a bead with very good spherical
appearance. Fig. 5 shows a three-dimensional view of the topography of
the selected bead on the 12 um x 12 um imaging area. The surface can
be well fitted by a spherical cap of radius r = 13 um, whose centre is
very close to the centre of the image (x, = 6.02 um, y, = 5.98 um). The
root mean square difference between the fitted spherical cap and the
real surface is 60 nm.

The local angle ¢, defined in Fig. 4, can be obtained from any un-
treated topographical AFM image by calculating the partial derivative
of the height z with respect to the y-direction:

¢ = arctan 4
dy

)

The angle measured by Eq. (7) on the selected bead can be com-
pared to the theoretical value ¢™ calculated from the spherical fit ac-
cording to:

3.4 ym

0.0 ym

Fig. 5. 3D view of the topography of a silica glass bead measured by AFM. The
surface can be well fitted to a sphere of radius r= 13 um centred at
Xo = 6.02 um, y, = 5.98 um.

P = —arcsin— 2~ % yox_x
r cos(arcsinTO) 8)

The local angle determined by both methods is presented in Fig. 6.
The very good agreement between the two maps shows that the cal-
culation of the partial derivative to obtain ¢ is reasonable.

Images of the 2nd and 3rd resonance frequency modes on the silica
bead are presented in Fig. 7. In spite of the expected homogeneity of the
surface in terms of mechanical properties, the measured frequencies are
not constant and present a significant variation in the y-direction (along
the cantilever axis, Fig. 4), whereas much fewer variations are observed
in the x-direction (perpendicular to the cantilever axis, Fig. 4). This is
the expected manifestation of the change of local angle relatively to the
cantilever direction.

For each pixel of the image the 2nd and 3rd eigenmodes are mea-
sured independently, as well as the topography and therefore the local
angle of the surface relatively to the cantilever. Such a set of images can
thus be considered as an array of measurements of both frequencies as a
function of the local angle on a material with homogeneous contact
modulus Ms. Both frequency measurements are plotted as a function of
the angle ¢ in Fig. 8. Due to the high number of pixels (512 x 512)
and unavoidable scattering, iso-values of different point density are
represented by a colour code. Regions of highest density are shown in
yellow, lowest density in dark blue.

Both sets of data were fitted simultaneously with a least square
optimization method, entering the values of L, h, @y and R, that were
determined during calibration (Section 3.1) as fixed parameters and
using the sample contact moduli as the only fitting parameter for the
model. Such fits were performed for increasing values of the lateral
stiffness (1 = 0, 0.3, 0.5, 1). The results are given in Appendix A. We
observed that only in the case where the lateral stiffness is equal to
zero, the fit was able to capture the main trend of the experimental data
for both vibrational modes. This could be due to the fact that, in the
present study, all the measurements and calibrations are done while
scanning. It has been shown that ultrasonic vibrations lead to a re-
duction of friction even at the nanoscale [33-35]. Furthermore, the
maximum modulus of reference materials used and measured is rather
low (i.e., below 20 GPa) [13] and the ratio between the maximum
contact stiffness and that of the cantilever is less than 10, i.e., before the
plateau regime [36]. In those conditions, the contribution of the lateral
stiffness and the pinning effect are assumed to be reduced. In con-
sequence, the following part will be discussed in the frame of free-
sliding contact between the tip and the surface. The scattering of the
data might be due not only to impurities at the surface, but also to
geometrical effects such as the lateral angle and the variation of the
contact area, which are not taken into account in the model. It should
also be noted that the assumption of homogeneous mechanical response
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Fig. 6. (a) The local angle ¢ between surface and AFM tip calculated from AFM topography data on silica glass bead by Eq. (7). (b) The angle ¢™ calculated for a

perfect sphere of the size of the measured silica glass sphere according to Eq. (8).

225 kHz

197 kHz

of the sample over the scanning area is not accurate since we worked on
an hollow sphere, as discussed hereafter. All these effects are likely to
be the origin of the second order variation of the 3rd mode frequency
observable along the x-axis in Fig. 7b. In any case, the model, even
though it is simplified, captures the major trend of the data in both
modes and can thus be used to correct the local slope artefact on the
experimental measurements.

On the sphere, an apparent contact modulus of M, = (12 + 5) GPa
was found to provide the best simultaneous fit for the variation of the
two frequency modes as a function of the local angle. This contact
modulus, which corresponds to an apparent contact stiffness
ks = (259 + 73)N m~!, does not correspond to the glass indentation
modulus (i.e., Myjas = 73 GPa) as it results from the contact stiffness ky
of the 5nm gold layer in series with the stiffness ks of the hollow silica/
glass sphere, that behaves like a linear elastic membrane, with an ef-
fective mass mg . (Fig. 9) [37]. The sphere’s exact shell thickness hg is
unknown, but its order of magnitude was optically roughly estimated to
be some hundreds of nm. The theoretical stiffness ks of a thin hollow
sphere, of radius Rg and thickness hs loaded centrically, is available in
the literature [38]:

4Eglass h52
A 31 - nglass)RS 9

where Eyjos = 71 GPa and vy1as = 0.17 for silica/glass elastic properties.
In our case, quite high off-centre loading (up to 6 pm) occur during the
scanning. Linear elastic finite elements modelling, using Cast3M 2017,
of such a case yields an increase of =12% of the stiffness for an off-
centred loading of 6 um, which is therefore negligible here. In addition,

ks=

1 http://www-cast3m.cea.fr/.

445 kHz

396 kHz

(b)

Fig. 7. Recorded CR-AFM frequencies for (a) 2nd and (b) 3rd mode on a silica glass bead.

the applied load during CR-AFM measurements is such that there was
only a slight bending of the hollow sphere relative to its radius. Its
elastic response is thus linear. Moreover, eigen resonance frequencies of
the pure glass hollow sphere can be estimated analytically [39]. This
gives a resonance frequency of the first eigen mode around 47MHz, i.e.,
the excitation frequencies of the AFM cantilever here are at least two
order of magnitude lower. The behaviour of the hollow sphere can fi-
nally be assimilated to a linear spring without mass, i.e., in quasistatic.
Thus, using Eq. (9), the indentation stiffness of the pure gold layer (Eq.
4 with Egold = 77GPa and Veold = 0.42, Mgold = 94 GPa,
F + Fg, = 200 nN and R; = 101 nm) and the apparent contact stiffness,
equivalent to the two springs ky and ks in series, of 259 + 73 N/m, it is
possible to back calculate an estimate of the sphere shell thickness
hs = (162 + 31) nm. This theoretical shell thickness agrees with the
expected order of magnitude and validates the experimental measure-
ments. One should note that the contribution of the gold layer and of
the glass sphere are well decorrelated, as the indentation depth in the
gold layer is estimated to be = 0.3nm in the worst case, which is at
least ten times smaller than the gold layer thickness.

3.3. Whole image correction

From a complete set of data containing the frequencies (2nd and 3rd
modes) and the local angle calculated from the topography via Eq. (7),
a map of a corrected modulus can be calculated by solving Eq. (1) for
each pixel separately. Fig. 10 compares the uncorrected estimation of
the indentation modulus on the silica bead as obtained from both fre-
quencies and constant cantilever tilt (Eq. (1) with a = a,) to the cor-
rected indentation modulus (Eq. (1) with a = ay + ¢ for each pixel).
Scatter excluded, the expected homogeneity of contact modulus on the
scanned area is recovered after the correction. The average line profiles
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Fig. 9. Scheme of the measurement configuration on the glass hollow sphere (radius Rs = 13 um, thickness hs) coated with a 5 nm gold layer: indentation of the tip in
the gold layer, stiffness ky, in series with the sphere elastic membrane, stiffness ks and effective mass ms ¢, leading to an apparent contact stiffness k.

(Fig. 10c) show that the correction removes the inhomogeneities in the
y-direction and that the corrected modulus value is more even
throughout the whole image.

4. Application

The correction method was applied to the measurement of a bio-
logical surface, whose high surface slopes inhibit the interpretation of
CR measurements so far: a cut starch granule within the sectioned en-
dosperm of a durum wheat grain. Starch consists mainly of amylose and
amylopectin, which together form spherical to elliptical granules in the
grain [40]. Starch granules are, next to protein, one of the main com-
ponents of wheat grains. Wheat grains are a natural composite material
and the mechanical properties of the separate constituents are of in-
terest in order to better understand the fragmentation behaviour during
the milling process. Indentation modulus information on starch can
provide insight into the elastic properties, which would complement
other nano-mechanical measurements of for example the abrasive
hardness of starch [41]. Nano-scale abrasion tests were able to reveal
the overall differences in the abrasive hardness of starch
(2.0 = 0.6 GPa) and protein (0.64 = 0.17 GPa) [42], but they are
limited to measuring only the global properties on an area of
~1 x 1 pm. Both types of mechanical properties, elasticity and hard-
ness, are necessary to accurately simulate the mechanical behaviour of
the whole grain [7].

The sample was obtained by sectioning an intact wheat grain in a
cryotome (Microm HM520, —20° C). Both distal regions of the grain
(containing the brush and the germ [43]) were removed with a scalpel.
The grain was then placed vertically on a cryotome sample holder,
covered in freezing medium (Richard-Allan Scientific Neg-50TM) and
placed in the cryotome for about 5 min to freeze fully. Sectioning was
performed at slow speed using a carbon steel blade (Feather C35). The
sectioning thickness was gradually reduced from 50 pm to 2 um until a
mirror-like surface was obtained.

As can be seen in Fig. 11 the starch granule exhibited high topo-
graphy changes of several hundred nanometres within a small imaging
area of 4 um X 4 pm. Due to the centre of the granule being lower than
the edges, both granule halves are strongly inclined at opposite angles
and an additional overall inclination is present. Contact-resonance
measurements on this sample are therefore greatly influenced by the
surface slope and the correction is necessary to remove the artificial
variation of the indentation modulus and to obtain the one of the actual
material.

CR-AFM measurements were performed on the same set-up as de-
scribed in Section 3 and with the same cantilever probe. The indenta-
tion moduli calculated without surface angle correction is shown in
Fig. 12a. It shows a strong contrast between the left and right side of the
granule, which is caused artificially by the opposite surface slopes of
the granule halves. To obtain a meaningful modulus of the CR-AFM
measurements on this area, the correction method for the whole image
was applied on the data. The map of the modulus obtained after cor-
rection is shown in Fig. 12b and the histograms of the modulus before
and after correction are shown in Fig. 12c. These figures show that our
method allows for efficiently correct the asymmetry of the measured
modulus induced by the different slopes of the opposing halves of the
granule. The average value of indentation modulus obtained for this cut
starch granule after correction was (2.8 = 0.4) GPa. Within the gran-
ules itself, starch also exhibits nano-scale substructures, whose exact
mechanical properties are still unknown. One of these substructures are
growth rings, which originate from different states in the crystallinity of
the starch polymers [40]. The rings’ thickness is in the range of a few
hundred nanometres and they are often already observable in topo-
graphy images, the regions in-between two rings usually forming small
valleys. It is possible that the regions of different crystallinity have
different mechanical properties, but no direct evidence exists so far.
One of the advantages of CR-AFM is the possibility to investigate the
mechanical properties of such sub-micrometer structures. In the ex-
amined starch granule, growth rings were observed in the topography
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0.00 ym

Fig. 11. Three-dimensional view of the topography on a cut starch granule in a
sectioned wheat grain. Arrows are pointing out the valleys between growth
rings.

image (Fig. 11). They were also recovered with contrast in the modulus
maps without and, to a lesser extent, with surface slope correction
(Fig. 12). The regions between the rings were slightly lower in modulus
and the different crystallinity of the polymers could be the cause of
these differences. However, the valleys between the rings are sharp
(~100nm in width) and possibly lead to changes of the contact area,
which are not corrected with our model.

The crystalline structure of starch and its deposition into circular
growth rings result in an anisotropy of the material. Therefore, the
measured mechanical properties are depending on the testing direction
with regard to the orientation of the crystalline layers. This effect must
also be taken into account in the interpretation of contact modulus

measurements. Therefore, the real mechanical properties of the starch’s
growth rings cannot be determined yet by this method.

5. Conclusion

In this article we demonstrated the non-negligible effect of the
surface angle, caused by high topography of the samples, on the me-
chanical measurements by CR-AFM. This effect is so pronounced that
the obtained maps of the mechanical properties of curved surfaces be-
come meaningless due to an artificial broadening of the moduli that can
be measured, which has nothing to do with the actual mechanical
properties of the sample. A simplified theoretical model, without
damping, was shown to be able to predict the relation between surface
angle and measured cantilever vibrational frequencies. The validity of
the model was confirmed by comparison with experimental measure-
ments on a spherical surface. Successful correction of the measurements
on this surface demonstrated that the model is suitable to correct the
mapping of the contact modulus on surface with local angles ranging
from — 50° C to 50° C Furthermore, this model was successfully used to
correct the experimental data on a surface of biological origin with high
surface slopes. After correction, a first value of the indentation modulus
of a starch granule in situ in a sectioned wheat grain was obtained. This
opens the way to investigate possible differences in modulus of starch
granules depending on the botanical origin.

We proposed thus a practical way to account for the local slope of
the surface in the CR-AFM measurements. In our experimental condi-
tions and for our sample, contact was likely to occur in free-sliding
mode (i.e., with negligible lateral forces). We nevertheless show how
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Fig. 12. (a) Uncorrected and (b) corrected maps of the indentation modulus on a cut starch granule are shown. Arrows are pointing out regions of lower modulus
correlating to valleys between growth rings. (c) shows the modulus histograms of the uncorrected and corrected maps of the modulus.

these lateral forces can be accounted for and what is their influence on
the relation between the local angle and the frequencies (cf
Appendix A). It should be noticed that the proposed correction is likely
to be effective only on topography with in plane typical length-scales of
several hundreds of nanometres. Smaller curvatures caused by struc-
tures approaching the size of the tip diameter ( < 100 nm) might
change the contact area in ways that are not corrected with this model
[12].

The present study highlights in any case that extreme caution
should be applied when interpreting nano-mechanical measurements
by AFM, as the interactions between tip and sample on the nano-metre
scale are highly complex and often non-linear. Similar effects are
strongly expected to occur for other nano-mechanical AFM techniques,

Appendix A. Effect of the lateral forces

which rely on the effect of tip-sample contact on the cantilever beha-
viour, such as ultrasonic and acoustic AFM, PeakForce™ QNM™ or
QI™, FMM and other force-distance like modes.
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The whole analysis of the measured 2nd and 3rd modes resonance frequencies, from calibration to determination of the local angle effect on the
spherical sample was performed for different values of the lateral/normal stiffness ratio A =0, 0.3, 0.5 and 1. Fits of calibration data for the two
modes with increasing ratio A are presented in Fig. A.13. The accuracy of the calibration is not sufficient to allow for the discrimination between the
different fits.

It is yet interesting to consider the fitting parameters which are calculated for each value of A and reported in Table A.2. It is in particular
interesting to notice that for the intermediate cases, the fitting value of the tip radius, are very large, out of the range of the expected values.

For increasing value of the lateral/normal stiffness ratio A and consequent values of the geometrical parameters obtained from the calibration fit,
we tried to adjust the experimental data obtained on the hollow sphere as a function of the local angle. The corresponding fitting curves are
represented on Fig. A.14. We can remark that with the ratio A has a strong influence on the variation of the frequency as a function of the local angle.
It was expected, since this ratio change drastically the torque applied on the cantilever/tip system. Moreover, the stronger the lateral forces are set in
the model, the less the fit is able to capture the global trend of the data. In our experimental conditions this leads us to think that the tip/surface
contact while scanning was in free sliding mode. It would nevertheless be interesting to systematically investigate the influence of the lateral force
when correcting the data, especially if adhesive surfaces are tested.
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Table Al

Fitting parameter of the calibration data as a function of stiffness ratio A.
A 0 0.3 0.5 1
R, (nm) 101 403 279 76
Ly (um) 431 438 438 436
a () 9.7 8.6 6.9 14.2

Fig. A2. Point density maps of the re-
corded CR-AFM frequencies on the si-
lica glass bead plotted as a function of
angle a for (a) 2nd and (b) 3rd vibra-
tional mode. Results of least square fits
for values of A between 0 and 1 are
shown in red. (For interpretation of the
references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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