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Atomic force microscopy (AFM) provides a three-dimensional topographic representation of a sample
surface, at nanometre resolution. Computational simulations can aid the interpretation of such
representations, but have mostly been limited to cases where both the AFM probe and the sample are
hard and not compressible. In many applications, however, the sample is soft and therefore deformed
due to the force exerted by the AFM tip. Here we use finite element modelling (FEM) to study how the
measured AFM topography relates to the surface structures of soft and compressible materials.
Consistent with previous analytical studies, the measured elastic modulus in AFM is generally found to
deviate from the elastic modulus of the sample material. By the analysis of simple surface geometries,
the FEM modelling shows how measured mechanical and topographic features in AFM images depend
on a combination of tip-sample geometry and indentation of the tip into the sample. Importantly for the
interpretation of AFM data, nanoparticles may appear larger or smaller by a factor of two depending on
tip size and indentation force; and a higher spatial resolution in AFM images does not necessarily
coincide with a more accurate representation of the sample surface. These observations on simple
surface geometries also extend to molecular-resolution AFM, as illustrated by comparing FEM results
with experimental data acquired on DNA. Taken together, the FEM results provide a framework that aids

rsc.li/soft-matter-journal

1 Introduction

Atomic force microscopy (AFM) is a versatile three-dimensional
topographic technique implementing a mechanical probe to
raster-scan and image sample surfaces. The technique provides
reliable nanometer measurements of materials and has
become a valuable tool with a diverse range of applications in
areas such as materials physics, nanotechnology, electronics,
and biology." In addition, AFM can image under natural
conditions, such as in aqueous solutions and in real-time,
allowing imaging of cell dynamics and biological processes.
This includes imaging protein unfolding* and conformational
changes as a function of time,”> as well as mechanical char-
acterization of soft and living materials.®

Along with these various strengths, AFM also comes with
limitations. AFM-specific limitations are that the spatial
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the interpretation of surface topography and local mechanics as measured by AFM.

resolution depends on the sharpness of the AFM tip, and that
its operation requires a force between the tip and the sample:’
broadly speaking, sample features may appear broadened due
to a convolution with the AFM tip, and even with an infinitely
sharp tip, measured AFM topography may represent a
deformed version of the unperturbed surface.

These limitations can in part be overcome using more
advanced experimental methodology. For example, using prin-
ciples borrowed from super-resolution optical microscopy,
protruding parts of the samples surfaces may be displayed at
a higher resolution than could be thought possible based on
the finite width of the AFM tip.® As for sample deformation,
this can at least in part be accounted for by recording an
unindented topography that can be derived from, e.g., the
(zero-force) contact point in force-versus-distance curves. While
contact-point determination comes with its own subtleties,’
such an approach is facilitated by the routine integration of
conventional and fast force spectroscopy methods in commer-
cial AFM instrumentation, as well as bimodal operation,*®*! to
yield estimates of the local surface indentation and thereby to
allow for a reconstruction of the unindented surface.

Nonetheless, AFM remains a surface technique best suited
for imaging protruding parts of a sample surface and it remains
a technique that may underestimate the local sample height
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due to compression not accounted because of, e.g., limitations
in signal-to-noise-ratio of the tip-sample forces. It can therefore
be beneficial to, alternatively, compare experimental results
with computational simulations.'” For example, AFM images
have been simulated by considering contours of closest
mechanical contact between tip and sample, allowing predic-
tions of how, e.g., biological molecules may appear in AFM
studies.”®” Another approach consists of docking (approxi-
mately or fully) known biomolecular structures to their best fit
within the surface envelope as measured by AFM,'®'? including
best estimates for biomolecular orientation and tip shape,”® as
well as flexible fitting via molecular-dynamics simulations.>*

As early experimental studies, however, those computational
approaches, broadly assume that AFM images represent an
unindented surface topography. This assumption may be vio-
lated on soft matter, since the finite force applied by the AFM
tip will generally result in elastic and/or viscous deformation of
the surface. These effects have been extensively studied in the
context of AFM-based force spectroscopy, an analysis aimed to
discover local mechanical properties of a sample. By analytical
modelling and/or computational simulations, force curves can
be predicted and compared with the experimental data.**>™>°
A common approach in such computational simulations is
finite element modelling (FEM). The FEM approach has been
validated for AFM-based force spectroscopy”” and extended to
also take into account viscoelastic effects in force curves.”

To predict how measured AFM topography is affected
by mechanical deformation, we here apply such FEM simula-
tions to AFM imaging. This also enables us to verify how local
nanomechanical property measurement may depend on sur-
face geometry and topography. Following a validation of
our FEM implementation by comparison with analytical
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indentation models, we consider elastic globular and periodic
surface topographies and explore how the measured surface
morphology, the dimensions and the spatial resolution depend
on the applied force that is inherent to most AFM imaging.
Finally, we extend the observations on such general shapes to a
direct comparison with experimental data on DNA, as a cano-
nical biomolecule.

2 Methods

2.1 Tip geometry and analytical indentation models

The tip geometry was specifically chosen to resemble the approx-
imate shape of common AFM tips. As per the geometry of AFM
tips in electron microscopy images,’® the AFM tip is here
described as a rigid (incompressible) cone with opening angle
0 = 20° ending in a spherical termination of radius R,* see
Fig. 1A. The spherical portion smoothly transitions to the conical
segment at the tangential contact point {p,, 2z} = {Rcos6,
R(1 — sin0)}, where p is the radial coordinate away from the
tip axis, and z the vertical coordinate measured from the tip end.

With this geometry, the tip can be considered spherical for
indentations 6 < R(1 — sinf) ~ 0.65 R, which allows for a
direct comparison of FEM simulations with analytical indenta-
tion models. The Hertz model describes the force F required for
indenting a sphere of radius R into an elastic surface of radius r
(with 0 « R, r), made of a homogeneous material with Youngs

modulus E and Poissons ratio v,>'™33
4 E
Fraw(8) = = ———VR:5/? 1
Het() 3(]_1/2) ’ ()

where the tip-surface contact radius R* is defined via R* ' =
R~ +r'. The Hertz model approximates spherical indenters by

(A) Illustration of AFM tip geometry as a rigid cone with opening angle 0 and with a spherical termination of radius R. (B) Schematic of an AFM tip

indenting into a spherical sample of radius r. The applied force F, results in the reaction forces F and F¢ (C) Indication of different lateral (x, y) tip positions
(black dots) with respect to a sample structure, here DNA (PDB: 2BNA?). Lateral distances between the tip position to constituent atoms are indicated by
Pinteract- (D) Side view of (C), highlighting the calculation of vertical distances (Az) between the tip and the sample surface. To find the closest vertical
distance (Azmn) sample features were only considered when within a radius ppoundary (blue) defining the tip boundary with respect to the tip axis.
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assuming a paraboloid shape,** applicable for small indenta-
tions, which is the limit for which the analytical and FEM
results will be compared hereafter.

Another commonly used description is the conical model
provided by Sneddon, which presumes a perfectly conical tip of
opening angle 0. For indentations into a sample surface with
radius of curvature r, a modified form of Sneddon’s model yields>*

2 E
Feonical(s) = - mtan 00%f(9), 2
with
. —5.10302 — 13.99v + 13.53
f(o) =1+ 5 d, 3)

where the typical conical Sneddon model is modified by the
experimentally fitted function f(0) to produce closer force-
indentation behaviour for spherical samples. By fitting measured
force-versus-indentation curves with such models, it is possible to
find estimates for the Young’s modulus E.>>3673°

The models above ignore that there may be a compression at
the contact between the soft sample and the hard substrate
supporting the sample. However, the effects of the applied force
F are generally distributed over the contact between the tip and
the sample, with indentation J;, and the contact between the
soft sample and the underlying hard substrate, where the
sample is indented and compressed by J¢,** see Fig. 1B. AFM
detects the applied force, F, which is equal to the reaction force
at the tip-sample contact, F;, and the compressive reaction force
at the sample-substrate contact, F,

F=F =F, (4)

However, an AFM measurement detects the total displace-
ment of the tip from first contact until an indentation J, which
is the sum of the local indentation at the top of the sample, dy,
and compression of the sample at the base, Jc,

O(F) = 0(F) + dc(F), (5)

which is larger than the indentation at the tip-sample contact.

Hertz and Sneddon indentation models (as in eqn (1)-(3))
assume the surface has infinite surface extent and, conse-
quently, there is no compression at the base (J¢ = 0); they can
therefore yield underestimates for the Young’s modulus of the
sample. By contrast, so-called “double contact” models***" do
not neglect dc and the compressive effect. For a spherical
indenter, the double-contact correction yields the following
relation between measured force F = Fpoupie and measured
indentation §,*>*!

E (R*r)l/3
(1 —1/2) R*l/3+r1/3

1 32
Fooueld) =+ | o2 e

These analytical models can be used for a technical valida-
tion of the FEM implementation in our study. Given that in
AFM experiments the contact radius is generally unknown, and
considering the approximate validity of the Hertz model with
R* ~ R for r » R, forces-indentation curves hereafter are

This journal is © The Royal Society of Chemistry 2024
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expressed via the dimensionless force F/(E*R*) versus the
dimensionless indentation §/R, where E* = E(1 —)"". To
facilitate comparison, the tip radius R of the Hertz and double
contact models (eqn (1) and (6)) was also used to obtain
dimensionless forces and indentations when applying the
Sneddon model (eqn (2) and (3)).

2.2 Finite element modelling (FEM)

All FEM calculations were performed using the commercially
available engineering software Abaqus (2017, Dassault Sys-
temes). Calculations used Abaqus’s standard solver for quasi-
static, implicit computations. Samples were modelled as con-
tinuous, homogeneous and isotropic elastic materials with
Young’s modulus, E = 100 MPa, and Poisson ratio, v = 0.3
comparable to DNA and other biomolecules.*>** The Young’s
modulus was further validated by fitting a Hertz model to the
experimental data taken from Pyne et al.*® To eliminate the
hourglass effect, R3D10 tetrahedral elements were employed.*®
Simulations implemented ‘“‘surface to surface contact” inter-
action with “hard”, nonadhesive normal contact and ‘‘rough”
(Coulomb friction), non-slip tangential contact. Viscous effects
were ignored throughout, for simplicity.

FEM was applied to various samples indented by AFM tips
terminated with radius of curvature R. For comparison with the
analytical indentation models indicated above, the tips were
pressed against an elastic spheres of different radii r, resting on
a rigid support, as in Fig. 1B, and cylindrical symmetry was
imposed around the indentation (z) axis.

No such symmetry was imposed for FEM analysis of AFM
imaging in which the lateral tip position was allowed to vary to
determine AFM images. Consequently, a three-dimensional
model of probe-sample indentation was required and the tip
was modelled as a three-dimensional rigid conical surface with
spherical termination. In that case, considering different tip
radii R, the vertical (z) tip position was varied at different lateral
(x, y) positions with respect to the sample structure, see Fig. 1C,
and the resulting tip-sample forces determined by FEM. This
procedure resulted in forces as a function of three-dimensional
(x, y, z) tip position. AFM images or profiles where extracted by
considering xyz contours of equal vertical force. The discrete
F(x, y, z) data were interpolated using bi-cubic interpolation.

To reduce the number of FEM calculations, vertical (z) tip
positions were limited to indentations é > 0, as forces were
zero for other positions. To find these tip positions, the closest
vertical distance between the tip and the sample was deter-
mined for each lateral (x, y) position of the tip, see Fig. 1D. This
closest vertical distance was not necessarily at the end of the
tip, but could also be where the sample touched the side of the
tip. From there, the tip position was lowered, leading to
indentations 4 > 0 and non-zero forces. The calculation of
closest vertical distances was limited to sample structures
within a radius ppoundary Set to define the largest radius with
respect to the tip axis over which the tip could be expected to
make contact with the sample (blue in Fig. 1C and D).

To test how indentation affected AFM images of biological
molecules, biomolecular structures were imported from protein

Soft Matter, 2024, 20, 9483-9492 | 9485
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data bank (PDB) files and—again for simplicity—approximated
as an elastic material with shape defined by the assembly of
atoms and their van der Waals radii, see Fig. 1C and D for the
example of DNA.

2.3 Analysis of periodic surface structures

To describe and quantify periodic variations of the AFM height
h(x), a Fourier series was used,

h(x) = Ay + i A, cos(k,x), (7)
n=1

where 4, are the amplitudes of the different cosine functions
characterized by wave numbers k, = 2n/A, for variations with
period 4, = A4/n. Given a choice of x = 0 for which A(x) is
symmetric, the sine components of the Fourier series are zero.

3 Results

3.1 Validation of FEM against analytical indentation models

The FEM approach was first validated for AFM indentations
into an elastic sphere, in which case analytical models are
available (eqn (1)—(6)).

Fig. 2B shows the extracted force-indentation data for var-
ious ratios 7/R of the sphere radius r and the tip radius R, with
forces and indentations given in dimensionless units, F/(E*R?)
and /R, respectively (see Methods). When the commonly used
Hertz model (eqn (1)) applies, this normalization should yield
force-indentation curves that are independent of R as long as
r/R > 1. In that case R approaches the tip-contact surface
radius R*, that is, the sample surface appears locally flat.
Indeed, for the explored r/R range from 0.5 to 8.0, the curves
are highly similar, with only a slight increase in dimensionless
force for larger r/R. This increase is expected: when considering
units in which the R dependence has been eliminated, as is the
case here, a larger r/R implies that a larger fraction of the tip
area is in contact with the sample, which results in a larger
dimensionless indentation force for the same indentation.
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The FEM simulations suggest a power-law scaling with the
indentation. As common in AFM experiments, the force-
indentation data can be fitted with Hertz or Conical indenta-
tion models (eqn (1)—(3) with tip-surface contact radius R*; see
Fig. 2C),>%*7%° yielding estimates E py for the Young’s mod-
ulus of the sample Egampie-

However, these models do not account for the compression of
the spheres at the base and, as a consequence, the fact that
indentation at the tip-sample contact (J; in Methods) is smaller
than the measured indentation in an AFM experiment J. This
effect is negligible in the limit » — oo but, otherwise, results in a
tip-sample force F that appears to increase more slowly with the
measured indentation J, compared with Fversus J;. These effects
can be accounted for by fitting the force-indentation (F versus 9)
data directly with “double contact” models*>*! (eqn (6)).

Hence when comparing the fitted Expyv With Egample, ONe may
expect a good match (Eapm/Esample & 1) when applying the double-
contact model. Without the double-contact correction, the
expected Eapm < Esample; With potentially larger deviations for
the Conical model since it assumes a (here erroneous) perfectly
conical tip shape (see Methods). These expectations are met in
Fig. 2D, confirming the validity of the FEM implementation.

3.2 AFM of elastic hemispheres

Next, to establish how AFM measures the topography and nano-
mechanics of simple geometries, an elastic hemisphere was probed.
The hemisphere was modelled as a three-dimensional elastic body
with radius r = 5 nm, attached to a fixed, rigid support at their base.
This choice of geometry has two advantages compared with full
sphere with a single contact point at the base as in Section 3.1. First,
the force between the hemisphere and the support is spread over a
larger area, such that the indentation at the bottom of the hemi-
sphere is small compared with the indentation at the tip-sample
contact, reducing the need for double-contact models to account for
sample mechanics as in Section 3.1. Second, the wide base makes
hemispheres less amenable to pivoting, rolling motion as readily
occurs for off-axis indentation of perfect spheres.
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(A) Illustration of an AFM tip with radius R indenting into a spherical sample of radius r, mounted on a solid support, as in Fig. 1B. (B) Dimensionless

force curves for indentations 6/R, for different r/R. For indentations with r/R < 0.65 (dotted line), the contact area only extends over the spherical end of
the tip, and the conical shape of the tip is irrelevant (see Section 2.1). (C) Data from B for r/R = 3.0, with indentation-model fits. (D) Measured Young's
modulus Eapm as determined from the fits, normalized to the Young's modulus of the sample Esampie. for different indentation models and ratios r/R.
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Fig. 3

ER

(A) Schematic of AFM probe (blue) with tip radius R (orange) tracing a hemispherical sample of radius r (black). Red dots indicate the trajectory of

the tip end assuming no indentation. (B) Heat map showing the dimensionless indentation force for the geometry in A, with R/r = 0.2. Overlaid are the
sample surface (white dotted line), the unindented AFM topography (red dotted line) and AFM topography at constant force F/(E*R?) = 0.23 (solid red line).
Grey: No data available. (C) As B, for R/r = 1.4. (D) FWHM of the AFM topography (FWHMagm), normalized to the FWHM of the hemisphere (FWHMsampie).
as a function of F/(E*R?), for different R/r. (E) As D, for the apparent volume V of the hemisphere. (F) Measured Young's modulus based on Hertz model
fitting as a function of scan position, for different (R/r) up to an indentation of F/(E*R?) = 0.1. (G) As F, for positions at the centre (solid) and at the edge of
the hemisphere, x/r = 1 (dashed), as a function of F/(E*R?), for different R/r.

For any off-axis indentation, the first tip-sample contact will be at
the side of the tip. Hence even for a rigid hemisphere, the trajectory
of the tip end (red dots in Fig. 3A) will differ from the surface
contour. This results in a wider appearance of the hemisphere in an
AFM image, which is an effect well known as tip convolution.

In its simplest form (ignoring feedback errors and pecula-
rities of dynamic modes particularly), the AFM topography does
not represent the surface contour but contours of constant
indentation force (F/(E*R?) in dimensionless units). As shown
in Fig. 3B and C, deviations from the actual sample surface
contours are due to both tip convolution and compression of
the sample. To some extent, these effects compete, affecting the
spatial resolution and volume as apparent in AFM images.

One way of defining spatial resolution is via the apparent
widening of surface features in AFM images, considering the full-
width half-maximum (FWHM)" of a surface feature. Compared to
the FWHM of the hemisphere, the measured FWHM is larger for
low forces due to tip convolution, as has long been known and
observed experimentally, e.g., in nanoparticle size analysis.*®
However, the FWHM can become smaller for higher forces
(Fig. 3D). Hence by the application of higher forces, the apparent
AFM resolution may increase, but this increase in resolution does
not (necessarily) mean that the AFM measurement represents a
more accurate representation of the surface topography.

Similar effects are observed for the apparent volume as
would emerge from a grain-size analysis of AFM data, with

This journal is © The Royal Society of Chemistry 2024

deviations from the actual hemisphere volume that exceed
+50% in the data shown here (Fig. 3E). Experimentally, this
affects volumetric measurements of protein complexes by
AFM.**° Of note, there is less compaction of the hemispheres
(at equal force) for larger tip radii R, since the indentation
forces are spread over a larger area. Hence for robust size
analysis of soft particles, blunter tips can yield more easily
interpretable results, provided that the tip radius is known such
that it can be corrected for (see, e.g., ref. 45).

As in Section 3.1, the FEM data can also be fitted with
indentation models, to extract apparent Young’s moduli.*®*7-*°
Here, such apparent E,py are obtained from Hertz model fits
(eqn (1)) to calculated force-indentation curves clipped to
contours of equal indentation force. Consistent with the com-
mon approach in AFM experiments, where the curvature of the
sample surface r is not generally known, R* is substituted by R
for these fits.

This yields an effective Young’s modulus, Exry, as a function
of relative lateral position, x/r, shown in Fig. 3F. At the centre
(x/r = 0), the tip-sample contact area is largest and the normal
force dominates. Hence the highest Er\ is found there. For
R/r>1, this Expy is an overestimate (Expm/Esampte > 1) because
of the solidity of the substrate that supports the hemisphere.
Note the difference with the case in Fig. 2, where the Hertz
model yields an underestimate of Eary, attributed to compres-
sion at the contact of the sample with the solid support; for the

Soft Matter, 2024, 20, 9483-9492 | 9487
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hemisphere, this compression is much less relevant, as the force
between hemisphere and substrate is spread over the entire
hemisphere base and therefore leads to a much smaller com-
pression at the base. This behaviour is not observed for the
indentation where R/r < 1, conversely, Expy is underestimated at
this low dimensionless force (F/(E*R®) = 0.23). Smaller indenters
have smaller contact radius and, as such, experience a smaller
elastic response. Consequently, the smaller indenters require
smaller forces to achieve equivalent surface indentation.

Earm also depends on the depth of surface indentation, as
shown in Fig. 2G. Based on fits up to given dimensionless
forces F/(E*R?) in the FEM data, the central values for Expy peak
at the same overestimated value at high forces. Beyond this
force, the increase in indentation depth results in a slight
reduction in effective Young’s modulus, presumably related
to a violation of the assumptions underpinning the Hertz
model for deeper indentation J.

However, for indentation at the side of the hemisphere (e.g.,
at x/R = 1), higher forces lead to substantially reduced values of
Expm, Which vary as a function of R/r, with smaller contact areas
(for smaller R/r) leading to a softer response.

3.3 AFM of periodic surface structures

Besides single globular geometries as captured in Section 3.2,
AFM images commonly include features that are at least locally

J} ~0.5
D 1.50 ——R/7=0.03]
. ——RI=0.15
S E ——RI=025
SR 1254 VY
g E —RI=0.35
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periodic. This applies, for example, to atomic-resolution map-
ping of a solid-liquid interfaces,” to two-dimensional lattices
of membrane proteins,**>* and to DNA imaging resolving the
double helix.*® Generally, these samples may be considered as
periodic soft materials, as here explored by considering a three-
dimensional surface structure that is periodic in one dimen-
sion with a given wavelength /, sinusoidally varying with
amplitude Agample = 4. The structure has a width of 44 and is
attached to a solid support at its base. The solid support has a
thickness Agample from the wave troughs down to its base. With
this geometry, substrate and boundary effects may be consid-
ered small. The surface wavelength was set as A = 10 nm and
AFM tip radii were varied between 0.5-4.5 nm.

As is the case for any but the flattest surface geometries, the
point of first tip-sample contact is often not at the very end of
the tip, but at its side. This results in a broadening of the wave
crest as measured by AFM, may reduce the trough depth, and
moreover can lead to sharp drops in the AFM topography,
following a trajectory that is locally steeper than the surface
topography itself, see red dots in Fig. 4A.

As for the hemispheres in Fig. 3, these periodic structures
can be indented with tips of different radii R, expressed in units
of the surface periodicity 4, resulting in the force heat maps
and contours of equal force in Fig. 4B and C. Plotted in Fig. 4D
and E, the apparent FWHM and surface volume show a similar

E*R

0.0 0.5 —0.5 0.0 0.5

x/A x/
E 14
5|3 VT
N ;‘5 Lo \/\,\_ AN
0.6
D 2 1 i)

E’

(A) Schematic of AFM probe (blue) with tip radius R (orange), shown at two different lateral (x) positions with respect to a sinusoidal surface structure (black)

with periodicity 4. Red dots indicate the trajectory of the tip end assuming no indentation. (B) Heat map showing the dimensionless indentation force for the
geometry in A, with R/ = 0.05. Overlaid are the sample surface (white dotted line), the unindented AFM topography (red dotted line) and the AFM topography at
constant force F/(E*R?) = 0.23 (solid red line). (C) As B, for R/ = 0.45. (D) FWHM of the AFM topography (FWHMagw), normalized to the FWHM of the hemisphere
(FWHMs,mpie). as a function of F/(E*R?), for different R/ (E) As D, for the apparent relative volume V contained between the top of the crests and the bottom of the
troughs in the AFM topography. (F) Measured Young's modulus based on Hertz model fitting, as a function of scan position, for different R/4 up to an indentation of
F/(E*R?) = 0.2. (G) As F, for positions at the crest (dashed) and trough (solid lines), as a function of F/(E*R?), for different R/A.
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behaviour as for the hemispheres (¢f Fig. 3D and E), with
features appearing broader and more voluminous at low forces,
and instead appearing narrower and compacter due to the
compression occurring at high forces.

In contrast to the behaviour observed for the hemispheres in
Section 3.2, the effective Young’s modulus Expy increases when
the lateral position substantially deviates from the peak posi-
tions (crests) of the surface, shown in Fig. 4F and G. At the
crests, the tip contacts the surface at the tip end only. At the
surface troughs (x/2 = 0.5), however, the indenter experiences
lateral contact from the surface on both sides, resulting in a
larger tip-surface contact area and hence a larger effective
Young’s modulus than measured on the crests.

A periodic surface as in Fig. 4 also lends itself well for Fourier
series analysis (eqn (7)), with amplitudes 4, referring to oscilla-
tions with wave number k&, = 2mn/A and A, an offset, which in an
AFM experiment depends on an arbitrary choice of reference height.
For a periodic, perfectly (co)sinusoidal surface with wavelength 4 as
is the case here, the ideal AFM representation would yield A; =
Agurface and 4y, 1 = 0. This ideal scenario is closely followed for sharp
tips (R/A < 0.1) at moderate load force (Fig. 5A and B).

For blunter tips (R/A 2 0.1), however, the measured 4, drops
noticeably below the amplitude of the surface wave, indicating
that the AFM tip follows the surface contours less well and
provides a diminished contrast. Higher-order Fourier coeffi-
cients A,-; now significantly deviate from zero, due to the
relatively steeper descend of the tip into the troughs of the
wave. Hence if one uses Fourier analysis as is common in wave-
based microscopies such as optical and electron microscopy,
the AFM results would artefactually suggest the presence of
features at a spatial resolution that is higher than possible
given the structure of the actual surface.”*

Again, these effects are dependent on the applied force (Fig. 5B
and C). Broadly speaking, a higher indentation force results in a
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suppression of the amplitudes for the entire Fourier series. Not
surprisingly, this indicates that as far as possible in the presence
of noise, the best contrast and most accurate representation is
obtained by a sharp tip and minimum indentation.

3.4 Comparison with experimental data on DNA

To explore how the effects above translate to less idealized
geometries, the FEM approach was applied to DNA (Fig. 6A), as
a canonical biological molecule for which high-quality experi-
mental data are available in the literature. The starting point was
the B-DNA structure (PDB: 2BNA),** repeated to form a linearized
DNA segment of 80 base pairs.*> With each atom represented as a
sphere with radius defined by the atomic van der Waals radius
from universal force field,>> a DNA FEM model resulted as a solid
consisting of overlapping spheres, and mechanical properties
defined by the shape of the model, and by the elastic modulus
(set at 100 MPa) and Poisson ratio (set at 0.3) assumed as an
effective value experienced by the AFM tip probing DNA on a solid
support. Whereas molecular dynamics simulations may provide a
better understanding of intramolecular detail, this FEM model
facilitates the comparison with idealized geometries studied
above and focuses on results that may more generally apply
(ie., not defined by intramolecular dynamics). The tip radius
was set to 18 A based on experimental estimates in AFM experi-
ments on DNA*® and a conical half-angle 5° following manufac-
turer’s specifications.’®*” To mimic surface adhesion and simplify
contact at the base, the molecule was partially embedded in a
rigid base/substrate with the bottom 20% cleaved and fixed at the
base using boundary conditions. The base itself was modelled as a
rigid cube with width 50 A and length 200 A divided into bins of
5.5 A, and in total 240 individual scan positions were used for the
FEM simulations.

Firstly, tip convolution effects were clearly apparent in the
cross-section of the DNA molecule (Fig. 6B) and via the
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Fig. 5 (A) Fourier series coefficients A, for the contour of equal force F/(E*R?) 7 0.227, for tip radii R//. (B) As A, but showing the variation of Aj/Asuface as
a function of applied force F/(E*R?). (C) As B, for higher-order components S 4, where N = 50.
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Fig. 6 (A) 3D view of the simulated AFM tip probing a linear DNA segment, red points indicate initial scan positions across surface. Inset: Simulated AFM

appearance of DNA molecule at indentation force F = 100 pN, dotted red lines indicate cross-section parallel to (x direction) and perpendicular to
(v direction) the longitudinal axis of the molecule. (B) AFM topography measured across the DNA, comparing simulated data with experimental data.
(C) AFM topography along the longitudinal axis of the DNA, showing the repeat of major and minor groves typical for the double helix. (D) DNA diameter
as estimated from the maximum DNA height in AFM images across cross-section, as a function of applied force, comparing simulated data with
experimental data. Experimental data was reproduced from Pyne et al.,*® denoted by the triangle symbols.

smoothening of the repeating major and minor grooves typical
for the DNA double helix (Fig. 6C). The measured compression
and DNA width can be modelled to close agreement with the
experimental data, as quantified by the profiles across the DNA
molecule shown in Fig. 6B. However, in the simulations, the
AFM tip does not seem able to penetrate as deep into the major
and minor grooves as in the experimental data (Fig. 6C), which
could be attributed to contrast arising through chemical differ-
ences in the local tip-sample interaction or to technical limita-
tions of the model, such as an overestimate of the atomic radii or
too coarse mesh sizes or tip positioning. Finally, the DNA height
declines somewhat less rapidly in the simulations than in the
experimental data, but captures the correct trend and order of
magnitude, which is probably as good as may be expected
without providing structural detail at atomic length scales.

Taken together, these data show that the continuum
approach may be extended to single molecules and still provide
qualitively correct results, while exact quantitativeness is hard
to achieve without considering structural and possibly
chemical details at atomic scales.

4 Discussion and conclusion

13717 the simula-

Unlike previous simulations of AFM images,
tions presented here explicitly take into account the compres-

sion of soft materials that is inherent to most AFM

9490 | Soft Matter, 2024, 20, 9483-9492

measurements. By calculating the compressed surface topogra-
phy of idealized geometries as well as a well-studied biological
molecule (DNA), they provide a framework via which to assess
the appearance of the sample surface in AFM experiments, both
in terms of surface structure and surface mechanics.

Of direct relevance for many AFM applications, it is shown
that sizes of nanoscale objects in AFM may be overestimated by
tip broadening but also plausibly underestimated due to com-
pression, by up to a factor 2 under the conditions investigated
here. This provides indications for potential artefacts which
AFM experimenters may wish to verify for, for example by
independent assessment of tip size against a calibration sam-
ple and by verifying compression of the surface as a function of
applied force. Moreover, it provides a quantification of how
large such artefacts may be on various geometries, which may
aid, for example, particle/molecular size analysis by AFM.

Similar caution applies to estimates of elastic moduli, which
in in the simulations show larger than two-fold deviations from
the true elastic modulus, depending on lateral position and
applied force. Experimenters could address this by assessing
position and force dependence of measured elastic moduli on
samples with known elastic moduli. The here presented analy-
sis provides a reference against which experimental behaviour
can be compared.

As AFM experimenters continue to push for higher resolu-
tion, these simulations importantly show that the highest
apparent resolution imaging does not necessarily result in the

This journal is © The Royal Society of Chemistry 2024
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most accurate representation of the sample surface,
which again calls for quantitative comparison against known
structures.

Overall, the results illustrate how strongly the measured
topography and nanomechanics may depend on tip and
sample geometry and the applied forces in AFM experiments.
As outlined in the Introduction, such dependency may in
part be addressed by suitable experimental methodology,
but direct comparison of AFM results and computational pre-
dictions is emerging as an potentially powerful additional
approach.">"*® Here we have extend this by combining pre-
dictions for topographic imaging and mechanical indentation/
characterization. We expect this to be a significant contribution
towards more quantitative prediction-based interpretation of
AFM images: hypotheses on sample/tip geometry and
mechanics can be translated into testable predictions for
experimental AFM results, and potentially be elaborated based
on adaptive algorithms and/or machine-learning approaches
informed by larger libraries of simulated AFM measurements.

One such structure is DNA, here simulated as a continuous
solid, stretching the continuum approximation to the limit, still
yielding qualitatively good comparisons with experimental
data, but being less accurate in quantitative details. This high-
lights how mechanics could be included in AFM simulations
based on structural information contained in, e.g., the protein
data bank, with the caveat that a finer FEM mesh size and
thereby increased computational resources may be required for
more quantitative results. This would be complementary to
molecular dynamics simulations, which will be more accurate
at atomic/submolecular length scales but harder to extend to
mesoscale geometries.

Finally, we note that FEM simulations can be extended to
also include viscous effects. While viscous effects may be
negligible in some cases,> they becomes more pronounced at
higher load rates, as has been observed down to molecular
length scales.® This may result in smaller indentation depths,
implying an underestimating of surface deformation and a
misrepresentation of the true topography. Viscoelasticity may
also cause overestimation of stiffness, as the material appears
stiffer under faster loading conditions.® While beyond the
scope of the simulations presented here, this is a clear avenue
along which it may be pursued to further enhance their
predictive value.

Overall, We expect these computational approaches to find
increasing use for the identification of measurement artefacts
and for the quantitative interpretation of experimental data.

Data availability

Source code, documentation, and related data are available at
AFMsims repository at https://github.com/hoogenboom-lab/
AFMsims. This includes python scripts for ABAQUS automa-
tion, and data analysis shown in article, alongside, indentation
data collected from simulations.
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