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People often say that I’m curious about too many things at once...
But can you really forbid a man from harbouring a desire

to know and embrace everything that surrounds him?

-Alexander von Humboldt
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A B S T R A C T

The Atomic Force Microscope (AFM) is one of the most powerful
tools for the characterization of materials at the nanoscale. The de-
velopment of new AFM methods based on the measurement of the
tip-sample forces provide non-invasive and high-resolution imaging
of structures at the nanometer, molecular and atomic level. It can
also image the structure and properties of a great variety of soft and
hard materials, such as cells, proteins, lipids, crystals, or polymers.
The measurement can be performed in vacuum, air, liquid, and other
media, making it ideal for the characterization of biological samples.
One of the major achievements of the AFM is the measurement of in-
teratomic forces between the tip and the sample, which is used to map
with high-resolution the local properties of heterogeneous interfaces.
The measurement of these properties is necessary to understand the
behavior and principles of the materials at the nanoscale, which drive
the development of novel nanomaterials and biological applications.

Novel advanced AFM methods oriented for the measurement of
nanoscale properties are under development with the following goals:
(1) high-resolution measurements at the nanoscale, (2) quantitative
measurement of local properties, (3) high sensitivity, (4) high-speed
measurement, (5) independence of the measurement on the tip (6) ab-
sence of cross-talk with the topography, (7) measurement of properties
not accessible with the current methods.

The dynamic methods based on the excitation of a single normal
eigenmode can provide with most of these conditions, but do not
offer quantitative information of the properties of materials. Multi-
frequency methods, such as bimodal AFM, extend the capabilities
of the AFM measurements. The bimodal AFM is based on the dual
excitation of the frst and second eigenmodes of the microcantilever
and provides quantitative high-resolution measurement of viscoelastic
properties. The bimodal AFM is arguably one of the faster methods for
the characterization of nanomechanical properties, being intrinsically
faster than other spectroscopy methods used for the measurement of
nanomechanical properties. The technique is still under development,
and new applications are needed to fully demonstrate the capabili-
ties of the bimodal AFM. One of the objectives of this thesis is the
application of the bimodal AFM technique to the characterization of
the nanomechanical properties of polymers, proteins, lipids, collagen,
and other materials. In addition, with the foundation laid by previous
works, it is possible to extend the capabilities of the technique to study
new properties such as magnetic interactions, adhesion or viscoelas-
ticity, or to include mechanical corrections that further strengthen the
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accuracy of the nanomechanical measurements. In this thesis, a newly
developed method capable of including the bottom effect correction
and the measurement of long-range forces, such as magnetic forces, is
presented. Another objective of this thesis is the combination of high-
speed AFM with bimodal AFM, to further increase the speed of the
nanomechanical mapping. The thesis compromises the development
and application of novel bimodal AFM methods. The thesis is divided
in 5 chapters in the following structure:

Chapter 1: Introduction to the state of the art of the single-mode
and bimodal AFM in general. The principle of operation of AFM, the
different dynamic modes, tip-sample forces, multifrequency methods,
and theoretical background is presented. In addition, the latest ad-
vances in the technique are discussed.

Chapter 2: Development of a generalized bimodal AFM theory for
the measurement of contact forces and mechanical properties, and
application of the bimodal AFM for the nanomechanical mapping of
the PS-b-PMMA block copolymer, the 20-S Human proteasome, and
magnetoliposomes.

Chapter 3: Introduction to the nanomechanical mapping of ultrathin
layers with bimodal AFM. In this chapter, a new theory is developed
to include the bottom effect correction to the dynamic measurement.
Simulations and experimental measurement of the nanomechanical
properties of lipids are performed to demonstrate the robustness of
the method.

Chapter 4: Development of the high-speed bimodal AFM method to
obtain measurements of nanomechanical properties at several frames
per second. The technique is then applied to observe the self-assembly
of collagen and study the evolution of the mechanical properties dur-
ing the assembly.

Chapter 5: Development and application of a theoretical framework
for the analysis of long-range forces. The theory is then applied to the
measurement of magnetic forces of two samples: a hard drive disk
and a FePd thin magnetized sample.
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R E S U M E N

El microscopio de fuerza atómica (AFM, por sus siglas en ingles), es
una de las más poderosas herramientas para la caracterización de
materiales a la nanoescala. El desarrollo de nuevos métodos de AFM
basados en la detección de las interacciones entre punta y muestra,
provee de medidas no invasivas e imágenes de alta resolución de
estructuras a escala nanométrica, molecular y atómica. También puede
usarse para observar la estructura y propiedades de una gran varie-
dad de materiales, tales como células, proteínas, lípidos, cristales o
polímeros. Las observaciones también pueden ser llevadas a cabo en
vacío, aire, líquido, y otros medios. Es por ello que la técnica es ideal
para el estudio de muestras biológicas. Uno de los mayores logros del
AFM es la medición de las fuerzas interatómicas entre la muestra y
la punta, que es utilizado para realizar medidas de alta resolución
de las propiedades locales de superfcies heterogéneas. La medida
de estas propiedades a la nanoescala es necesario para entender el
comportamiento y principios de los materiales a la nanoescala, uno de
los requisitos en el desarrollo de nuevos nanomateriales y aplicaciones
biológicas.

El desarrollo de nuevos métodos de AFM orientados a la medida de
propiedades a la nanoescala está orientado a los siguientes objetivos:
(1) medidas de alta resolución a la nanoescala (2) medidas cuantitati-
vas de las propiedades locales, (3) alta sensibilidad, (4) alta velocidad,
(5) independencia de las medidas con las propiedades de la punta,
(6) independencia de la topografía y las mediciones, (7) medidas de
propiedades no accesibles con los métodos actuales. Los métodos
dinámicos basados en la excitación de un unico automodo normal
cumplen con la mayoría de estas condiciones, pero no ofrecen informa-
ción cuantitativa sobre las propiedades de la muestra. Los métodos de
multifrecuencia, tales como el AFM bimodal, extienden la capacidad
de las medidas de AFM. El método bimodal está basado en la doble ex-
citación del primer y segundo modo de la micro palanca. Esta técnica
es capaz de desarrollar medidas cuantitativas y de alta resolución de
las propiedades viscoelásticas de la muestra. El AFM bimodal es uno
de los métodos más rápidos para la medida de las propiedades mecá-
nicas, superando la velocidad de otros métodos espectroscópicos en
la medida de propiedades mecánicas. La técnica todavía se encuentra
en desarrollo, y nuevas aplicaciones son necesarias para demostrar el
potencial del AFM bimodal. Uno de los objetivos de esta tesis es la apli-
cación de la técnica bimodal a la obtención de mapas de propiedades
mecánicas de alta resolución de polímeros, proteínas, lípidos, colágeno
y otros materiales. Además, con ayuda del desarrollo teórico presenta-
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do previamente, es posible extender las aplicaciones de la técnica al
estudio de nuevas propiedades tales como interacciones magnéticas,
adhesión, o viscoelasticidad. Por otro lado, es posible considerar la
inclusión de correcciones mecánicas que afectan a las medidas de
AFM, para mejorar la precisión de la medida de las propiedades visco
elásticas. En esta tesis, se presentará un nuevo método para la medida
de muestra ultra fnas, y la medida de propiedades magnéticas. Otro
de los objetivos de esta tesis es la combinación de los métodos de
AFM de alta-velocidad junto con el AFM bimodal, para aumentar la
velocidad de medida de las propiedades mecánicas. La tesis incluye
el desarrollo y la aplicación de nuevos métodos basados en el uso
de la técnica de AFM bimodal. La tesis se divide en 5 capítulos, tal que:

Capítulo 1: Introducción y estado del arte de los métodos de AFM
monomodales y bimodales. Se presentarán los principios de operación
del AFM, los distintos métodos dinámicos de operación, las fuerzas
de interacciones punta-muestra, los métodos de multifrecuencia y el
marco teórico utilizado en el AFM bimodal. Además, se presentan y
discuten los últimos avances de la técnica.

Capítulo 2: Desarrollo de un método generalizado para la medida de
las fuerzas de contacto con el AFM bimodal. Incluye la aplicación de
la técnica para la medida de las propiedades mecánicas del polímero
PS-b-PMMA, el proteosoma humano 20-S, y magnetoliposomas.

Capítulo 3: Introducción a la medida de propiedades mecánicas de
capas ultrafnas con el AFM bimodal. En este capítulo de desarrolla
una teoría para incluir la corrección de la interacción con el sustrato
a la medida de las propiedades mecánicas. Se realizan simulaciones
y medidas experimentales de las propiedades mecánicas de lípidos
para demostrar la integridad del método.

Capítulo 4: Desarrollo de la técnica AFM bimodal de alta velocidad
para obtener videos de propiedades mecánicas a varias imagines por
segundo. La técnica es aplicada a la observación del autoensamblado
de fbras de colágeno y al estudio de la evolución de las propiedades
mecánicas durante su ensamblado.

Capítulo 5: Desarrollo y aplicación de un marco teórico para el análisis
de fuerzas de largo alcance. La teoría es aplicada a la medida de las
interacciones magnéticas producidas por dos muestras: un disco duro
de alta densidad y una capa de FePD magnetizada.
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1
I N T R O D U C T I O N T O B I M O D A L AT O M I C F O R C E
M I C R O S C O P Y

The Atomic Force Microscope (AFM) was invented in 1986 [1] by Gerd
Binnig, Calvin F. Quate and Christoph Gerber, just 5 years after the
Scanning Tunnel Microscope (STM) [2] was invented by Gerd Binning
and Heinrich Rohrer. The STM was awarded the Nobel prize in 1986 
and the AFM the Kavli prize in Nanoscience in 2016. The AFM probes
the sample by using a sharp tip attached to a fexible cantilever to
interact with the surface. The fexibility of the cantilever allows to
control and measure the nanoscale forces occurring between the tip
and the sample. The outstanding resolution achieved with the AFM
can resolve the 7x7 atomic structure of the Si(111) surface [3], while
routinely measuring the topography of surfaces with nanometer [1] or
even Angstrom [4] resolution. Unlike the STM, the AFM can be used
to scan the surface of insulating materials. Before the invention of
the AFM, the high-resolution imaging of individual proteins was only
possible by the use of electron microscopy in vacuum. The AFM is
capable to operate not only in vacuum [5], but also in air [6–10], water
[11–14], and other types of liquids such as hexane [15] or ethanol [16].
This characteristic proved vital for the characterization of biological
samples under physiological conditions, as nowadays the AFM is
routinely used for the investigation of proteins, lipids, fbrils, and
cells. The forces between the tip and the sample could be controlled
and modifed in several ways to measure additional properties. By
controlling the force versus indentation the AFM can measure the
elasticity of samples [17]. In addition, the changes in the charge of the
probe are used to measure electric properties [18] and magnetized tips
are used for measurements of magnetic structures[19].

1.1 the instrument 

The most important components of any AFM microscope are the can-
tilever, the optical beam defection detector, the feedback controller,
the piezo stage, and the image processor. A scheme of this confgura-
tion is represented in fgure 1.1. For this thesis, the Cypher S and the
Cypher VRS AFM (Asylum Research, Oxford Instruments) were used.

1.1.1 The Cantilever

The cantilever is one of the most crucial parts of the AFM microscope,
used to measure and control the force on the tip. The cantilever is a
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Figure 1.1: Schematic representation of an AFM system for amplitude
modulation measurement. Adapted from [20].

rectangular beam of silicon attached to a chip, with a length, width
and thickness ranging between 125x30x4 µm (PPP-NCH) to 9x2x0.13
µm (AC10). At the free-end of the cantilever, is located a very sharp
tip made of silicon with a radius of less than 10 nm. As the tip
approaches the sample, the interatomic forces exerted between the tip
and the sample will defect the cantilever in the direction of the force.
This defection can be used to measure the force with nN or even pN
resolution. The size and shape of the cantilever is also important, as
the spring constant (k) resonant frequency ( f0), and quality factor (Q),
depend on them. The spring constant of a rectangular cantilever is
[21]

EWh3
k = (1.1)

4L3

where E is the Young’s Modulus of the material, and W, L, h are
the width, length and thickness of the cantilever. The spring constant
allows transforming intermolecular and nanoscale forces into mea-
surements. For measuring soft materials, a low spring constant is

https://9x2x0.13


3 1.1 the instrument 

required, to reduce the force applied to the sample. The frst resonant
frequency of the cantilever iss 

E h
f0 = 0.16 (1.2)

ρ L2

where ρ is the mass density. Another property of the cantilever is
the quality factor or Q factor, which is a measurement of the energy
dissipated to the surrounding medium. In air, the quality factor is
typically around 500 while in water it is close to 2. The resonant
frequency controls the time response of the cantilever in combination
with the quality factor. The response time of the cantilever (τc) to a
change of the force is defned as [22]

Q
τc = (1.3)

π f0

In high-speed AFM, to decrease the response time, cantilevers with
a high resonance frequency have been developed. For this application,
small cantilevers with both small k and high f are used.

The size and shape of the tip at the end of the cantilever play a
defning role in the lateral resolution of the measurement. Different
methods of nanofabrication yield very sharp tips with a radius down
to 2 nm, a key component in the measurement of high-resolution
images. The size of the tip also plays a role in the measurement of
mechanical properties, as smaller tips reduce the force upon contact
and the effects of adhesion before contact. In the static methods, the
tip is approached or scanned over the sample while measuring the
defection of the cantilever to measure the forces or topography of
the sample. In the dynamic methods, the cantilever is excited at the
resonant frequency with the help of a piezo-actuator or photothermal
excitation, producing a periodic motion of the tip over the surface.
While approaching the tip, changes in the amplitude, phase, or reso-
nant frequency could also be measured to track the topography and
forces of the surface.

1.1.2 Optical Beam Defection

To measure the defection of the cantilever, a light beam coming from
a laser is refected at the back of the cantilever, and directed to a
photodetector consisting of several photodiodes. As the tip defects,
the slope of the cantilever changes the position of the laser over the
photodiode. This produces a change of voltage on the photodiode that
measures the vertical and lateral defection of the cantilever. However,
the optical beam defection method depends on the cantilever and
the optical path, thus the sensitivity (s) needs to be calibrated in
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each experiment [23, 24]. The optical sensitivity is equal to the ratio
between the defection and the signal measured by the detector

∆z
s = [nm/V] (1.4)

∆V
The signal from the photodetector could be used to measure the

defection, amplitude or phase of the cantilever. To measure phase
and amplitude, a lock-in amplifer is used. The speed at which the
amplitude is measured depends on the feedback bandwidth of the
detector ( fb). Recently newly develop detectors have been able to
measure the amplitude of the cantilever with a few [25] or even
only one single oscillation [26], speeding up the performance of the
microscope.

1.1.3 Feedback Controller

The feedback control maintains a constant distance between the tip
and the sample. The control electronics take the signal coming from
the optical beam defection system and use it to drive the piezoelectric
actuators. If the probe registers an increase in the force, the feedback
control moves the sample away from the sample, and conversely, if
the force decreases, the sample is moved closer to the tip. Depending
on the signal used to track the sample, different measurement modes
will be used. The feedback will maintain a certain observable constant
in the system. The most common measurement confgurations are
Contact mode (CM) which uses the defection signal, Amplitude
Modulation (AM) which excites the resonance of the cantilever and
measures the amplitude of oscillation, Frequency Modulation (FM)
that excites the cantilever and changes the frequency of oscillation to
maintain the mechanical resonance, or Phase Modulation (PM) that
measures the phase.

1.1.4 Piezo Stage

Piezoelectric actuators that can perform nanometric movements with
sub-angstrom precision are used to move the sample under the tip
and control the distance between the tip and the sample. Typically,
the piezo scanner is composed of a hollow segmented tube that can
control the movement in the x, y and z direction. The resonant
frequency of the scanner plays a key role in the scanning speed as well
as the scanner range. Piezo scanners can suffer from hysteresis, creep,
thermal drift, and non-linear behavior, thus in order to scan large
areas, close-loop systems are required to minimize the displacement
error. For high-speed AFM, tube scanners are not convenient due to
their low resonant frequency. An alternative method [20, 27] is to use
small piezoelectric actuators and specially designed stages with a high
resonant frequency.
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1.1.5 Image Processing Unit

All the information recorded by the AFM is processed in the image
processing unit. The piezo signal coming out from the microscope
is processed into topography images that are viewed by the user.
The raster scanning of the surface is represented in square images
where each pixel represents a section of the scanned area. Other
channels such as amplitude or phase are also represented in this way.
AFM images are typically represented in colormaps or 3-dimensional
projections.

1.2 interaction forces between tip and sample 

The working principle of the atomic force microscope is to detect the
forces between the tip and the sample to track the surface topography
and properties. The forces are composed of multiple long-range and
short-range forces. These forces give rise to interactions that depend
on the geometry of the tip, the distance, and the properties of the
sample. In air, the dominant long-range forces come from the van
der Waals interaction, adhesion and capillary forces. In water, the
solid-liquid interface and the free ions present in the liquid produce
additional forces that are dominant in the long-range regime. At short-
distances, when the tip touches the surface, repulsive forces produced
by the mechanical contact depend on the viscoelastic properties of the
sample and the geometry of the tip. The combination of forces and
different regimes of operation make the AFM measurement a complex
technique, while giving the opportunity of studying various atomic
and molecular forces [28]. An example of a theoretical force-curve is
depicted in fgure 1.2.

1.2.1 Van der Waals Forces

The van der Waals force is a distance-dependent force produced by
oscillating dipole-dipole interaction [29], that arises from electromag-
netic feld fuctuations. The van der Waals force decays very quickly
with distance, and it is present in most AFM measurements. The
magnitude of the force is typically described by the Hamaker constant
H [29]. The force between the a spherical tip and a fat sample is
described as [30, 31]

2HR3
FvdW = − (1.5)

3z2(z + 2R)2

where R is the tip radius, and z is the tip-sample distance. The
equation is typically simplifed assuming R >> z into
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Figure 1.2: Force versus distance curve. Theoretical curve including the
van der Waals, Sneddon and viscoelastic force. The force parameters are:
H = 1.1 eV, E = 130 GPa, η =1 kPa · s, R = 10nm

HR
FvdW = − (1.6)

6z2

The above equation diverges for z → 0. To avoid this, for distances
smaller than the intermolecular distance a0 = 0.165nm, the force is
assumed to be constant, corresponding to the adhesion force. The
Hamaker constant could be calculated using the Lifshitz theory [29]
that depends on the dielectric constant and refractive index of the
tip, sample, and medium. For thin layers of liquid or solid materials,
the Hamaker constant is a combination of both the properties of the
substrate and the flm [32, 33]. The adhesion coming from the van der
Waals forces is also related to the contact angle [34].

1.2.2 Contact Mechanical Forces

At the molecular level, repulsive forces produced when the tip and the
sample are in contact are generated by the repulsion of the electron
orbitals. When two individual atoms are at a distance smaller than
the atomic radius, the Lennard-Jones potential produces a repulsive
force due to the Pauli principle of exclusion. In AFM, as the contact
area includes many atoms, the interaction force can be described with
a classical mechanical model. The Hertz and the Sneddon models [35,
36] are commonly used to describe the mechanical contact between
the tip and the sample. The force exerted by a sphere of radius R on a
fat material as a function of the indentation δ is [36]

√4
Rδ3/2FHertz = Ee f f (1.7)

3
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where the value of the effective Young’s modulus Ee f f is

1 − ν21 tip 1 − ν2
s= + (1.8)

Ee f f Etip Es

where Etip, Es, νtip and νs are the Young’s modulus and Poisson
coeffcients of the tip and the sample. Usually, when the measured
material is softer than the tip (Es << Etip) the value is approximated
to

EsEe f f ≈ (1.9)
1 − ν2

s

The Sneddon model also describes the interaction of any axisym-
metric tip acting on a semi-infnite material with the formula

F = αEe f f δβ (1.10)

where α and β are parameters the depend on the tip geometry.√As
seen before, for the case of the spherical tip the values are α = 4/3 R
and β = 3/2. This formula is also used to describe the force of a
conical tip (α = 2 tan(θ)/π, β=1) and a fat punch (α = 2R, β=2)[37].
These models are widely used in the AFM community to describe the
mechanical response of materials.

The measurement of nanomechanical properties on fnite samples
may be infuenced by the stiffness of the supporting surface. The
Bottom Effect Correction [38–43] determines the true Young’s modulus
of a soft material considering the interaction with the substrate. The
force of a spherical indenter on a fnite layer is defned as

 √ ! √ !2
4 Rδ Rδ

RI3/2F = Ee f f
√ 1 + 1.133 + 1.497

3 h h √ !3 √ !4
Rδ Rδ 

+1.469 + 0.755  (1.11)
h h

where h is the thickness of the indented layer. The correction terms√ 
are proportional to the contact radius a = Rδ divided by the thick-
ness of the layer.

For viscoelastic materials, the force has a conservative and a non-
conservative component. Several models have been developed to ac-
count for the viscoelastic properties of materials, such as the Maxwell,
Kelvin-Voigt and power-law model, among others [44, 45]. The Kelvin–
Voigt (KV) model uses a spring and a dashpot connected in parallel to
describe the behavior of the viscoelastic material. For the AFM, the
Kelvin-Voigt model is approximated as [41, 46–48]

√ � � 
4 IR 3

FKV = Esδ + ηEδ̇ (1.12)
3(1 − ν2) 2s

https://�E��(1.12
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where ηE is the compression viscosity. The Kelvin-Voigt model is
used to describe the viscoelastic response of materials in many AFM
works. The main limitation of the system is that during retraction at
negative velocities, negative forces are produced (which is physically
not possible) as the material returns to its original condition [49].
For viscoelastic materials, the ratio between the elastic and inelastic
energies is known as the loss tangent [46, 48, 50–54]

E′′ ηEtan ρ = = ω (1.13)
E′ Es

where E′ and E′′ are the storage and loss modulus and ω is the
oscillation frequency.

1.2.3 Solvation Forces and Electrostatic Double-Layer

In liquid, the distribution of ions over charged surfaces produces the
formation of double-layers and the screening of electrostatic interac-
tions. The combination of the electric double-layer force and the van
der Waals interaction in liquid gives rise to the Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory, that describes the tip-sample in-
teraction between a spherical tip and a fat surface as [29, 55, 56]

4πR HR−z/λd −FDLVO = σtσsλDe (1.14)
ϵϵ0 6z2

where σt, σs are the surface charge densities of the sample and tip, ϵ 
is the permeability of the liquid and λD is the Debye Length [29, 57]s 

ϵ0ϵkBT
λD = (1.15)

e2 ∑i ciq2
i

where e, ci and qi are the electron charge, the ionic concentration and
the ionic valency. Thus for high ion valency or high ion concentration
the range of the solvation forces decreases. For measurements in liquid,
control over the ion concentration of the buffer solution is necessary
to screen electrostatic forces and achieve molecular resolution [58–61].

1.2.4 Magnetic Forces

In Magnetic Force Microscopy (MFM) a magnetic tip attached to a
cantilever is used to measure the magnetic feld of the sample. The
magnetized tip is obtained by coating a standard probe with a hard
magnetic coating. If the magnetization structure of the tip is known,
the force is related to the convolution of the tip magnetization and
the stray feld produced by the magnetic domains of the sample. The
magnetization of the tip is calculated as a transfer function, which
is often approximated to a dipole or a monopole, depending on
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the geometry of the tip. For a magnetized fat sample with surface
magnetization M(x, y), the 2D Fourier transform of the magnetization
domains M(κ) gives the components of the magnetic feld [62–64]

e−κ·z(1 − e−κ·h)
Hz(κ) = − M(κ) (1.16)

2

where h is the thickness of the sample, and the wavenumber is
defned as q 

κ = 2π 1/λ2 + 1/λ2
y, (1.17)x

which depends on the size of the magnetic domains λx and λy.
Thus the stray feld of a sample with periodic domains presents a
magnetic feld that decays exponentially. It should be noted that the
smaller the domains, the faster the magnetic feld will decay. Thus
measuring high-resolution magnetic images requires for the tip to be
close to the sample. If the tip is modeled as a dipole, the tip-sample
force is the sum of the components of the surface magnetization, each
defned as

1 − e−κt
Fz(x, y, z, κ) = m·∇B= -µ0κmtipe−κz

2
M(κ) (1.18)

where mtip is the magnetic moment of the tip. In the case where the
magnetic feld comes from individual magnetic domains, such as in
magnetic nanoparticles, the force is approximated by the dipole-dipole
approximation [65]

3µ0 mtipmsampleFz = (1.19)
2π z4

assuming both dipoles are parallel and on the same z axis.

1.3 dynamics of the afm 

The images obtained by the AFM microscope provide impressive
resolution of nanometric samples. Nowadays most commercial AFM
microscopes are developed to allow users to perform measurements
with minimum knowledge about the working principles of AFM.
However, to fully exploit the capabilities of the AFM microscope,
a theoretical framework must be considered. The ultimate goal of
this theory is to provide a link between the AFM observables such
as amplitude, phase or frequency shift, and the sample properties.
This theory should explain the dependence of these observables with
respect to the tip-sample interaction. From these relations, it is possible
to establish the best imaging conditions, control the force between the
tip and the sample, and obtain materials properties.
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1.3.1 The Harmonic Oscillator

The oscillatory motion of the tip over the sample is well approximated
by a simple harmonic oscillator (SHO). Even if the forces are non-linear,
the movement of the cantilever is very well described by a sinusoidal
oscillation where the force is a perturbation of the movement of the
cantilever. The equation of motion of a driven dampled harmonic
oscillator is

k k
z̈ + ż + kz = F0cos(ωt) (1.20)

ω0
2 ω0Q

where the oscillator follows a sinusoidal movement

z = A cos(ωt + ϕ) (1.21)

The resonant frequency of oscillation ω0 is related to the mass of
the oscillator (m) and the spring constant (k = ω0

2m). When excited at
a driving frequency (ω), the amplitude of the oscillation follows the
Lorentz expression

F0/m
A(ω) = q (1.22)

(ω2 − ω0
2)2 + (ωω0/Q)2

with the phase shift

1 ωω0tan(ϕ) = (1.23)
Q ω0

2 − ω2

where A is the amplitude of oscillation, ϕ is the angle or phase shift
between the movement and the force. At ω = ω0 the phase ϕ = 90º
and the amplitude is

QF0A0 = (1.24)
k

where A0 is the free amplitude.

1.3.2 Euler-Bernoulli Equation and Point-Mass Model

The movement of the microcantilever could be best described with
the use of the Euler-Bernoulli equation for a rectangular beam. A
scheme of the AFM cantilever is shown in fgure 1.3. Given the local
displacement z(x, t) of each section the solution must follow [66]

� � 
EWh3 ∂4 ∂z(x, t) ∂2z(x, t) ∂z(x, t)

z(x, t) + a1 + Whρ + a012 ∂x4 ∂t ∂t2 ∂t (1.25)
= Fexc(t) + Fts(t) 



11 1.3 dynamics of the afm 

n = 1

n = 2

n = 3

n = 4

a b

Figure 1.3: (a) Scheme of a microcantilever. (b) Shape of the frst four
fexural vibration eigenmodes of a rectangular cantilever.

where E is the Young’s modulus, ρ is the density, a0 and a1 are
the external and internal damping, and W and h are the width and
height of the cantilever. For this work, the internal damping could
be neglected, and the external forces are assumed to be very small.
The solution to this equation can be expressed as the product of the
spatial and time components of the eigenmodes of the cantilever with
z(x, t) = T(t)X(x). For a bar fxed at one end, and no external force
at the free end, the boundary conditions are [67, 68]

X(0) = 0 X′ (0) = 0
(1.26)

X′′ (L) = 0 X′′′ (L) = 0

The solution for this is a linear combination of eigenmodes [67]

z(x, t) = 
∞

∑ Aicos(ωit + ϕi)Xi(x) (1.27)
i=0

where Ai is the amplitude and ϕi is the phase of the ith eigen-
mode. Considering the boundaries conditions the shapes of the valid
eigenmodes are restricted by

1 + cos(αi)cosh(αi) = 0 (1.28)

where each solution of this equation corresponds to a certain eigen-
mode. Some solutions are α1 = 1.88, α2 = 4.69 or α3 = 7.85 which
correspond to the frst, second and third eigenmode. The shape of
each eigenmode is defned by

� � � � �� x xXi(x) = (sin(αi) + sinh(αi)) cos αi + cosh αi� � � L � ��L (1.29)
x x− (cos(αi) + cosh(αi)) sin αi L − sinh αi L

A representation of each eigenmode can be seen in fgure 1.3. The
tip is located at the position z(x=L), thus the position and movement
of the tip is described as [67]
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mode frequency force constant quality factor 

n ωn=ω0(αn/α1)
2 kn = (ωn/ω1)

2k1 Qn = ωn/ω1Q1

1 ω1 k1 Q1

2 6.27 · ω1 39.31 · k1 6.27 · Q1

3 17.55 · ω1 308 · k1 17.55 · Q1

4 34.39 · ω1 1183 · k1 34.39 · Q1

Table 1.1: Relation of the frequencies, force constants, and quality factors
of the frst, second, third, and fourth fexural eigenmodes of a rectangular
cantilever. Adapted from [56]

z(t) = 
∞

∑ zi = 
∞

∑ 
0i= 

Aicos(ωit + ϕi) (1.30)
i=0

With this equation the Euler-Bernoulli equation can be transformed
into a set of simple harmonic oscillators, known as the Point-Mass
Model

ki kiz̈i + żi + kizi = Ficos(ωit) + Fts(z) (1.31)
ωi

2 ωiQi

where each eigenmode has a different frequency [67] determined
by s 

Eh2
ωi = α2 (1.32)i 12ρL4

The spring constant is calculated as

α4
i Ewh3

ki = (1.33)
48L3

The effective mass of the oscillator is

mi = ρWhL (1.34)

The effective quality factor is approximated as

ωiQi = (1.35)
a0/ρWh + a1ω2

i

The theoretical relation between these parameters is summarized in
the table 1.1.
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Figure 1.4: Calibration of the sensitivity and spring constant of the can-
tilever (a) Force vs distance curve over a hard substrate used to calculate
the sensitivity. (b) Power Spectral Density (PSD) of a BL-AC40 cantilever,
the frst eigenmode and second resonances are observed. The insets show
the ftting of the SHO of the frst and second modes to calculate the spring
constant, resonant frequency and quality factor. Adapted from [69].

1.3.3 Calibration of the Spring Constants

The measurement of quantitative properties requires to characterize
with high precision the mechanical properties of the cantilever. Due to
manufacturing errors during the cantilever fabrication, it is necessary
to characterize the spring constant and resonant frequency of each
cantilever individually. The optical lever sensitivity of the frst mode
(equation 1.4) can be calculated by measuring the defection versus
distance on a hard substrate, so that the deformation of the surface
is negligible. The sensitivity of the frst or higher modes could be
also measured using AM force curves[70]. Once the sensitivity is
known, the thermal noise method is applied[67, 71]. The thermal
noise method measures the thermal fuctuations described by the
equipartition theorem. The thermal spectrum of the cantilever shows
peaks corresponding to the different eigenmodes of the cantilever.
These peaks are ftted by the simple harmonic oscillator equation. The
equipartition theorem predicts the relation between sensitivity and
spring constant of each peak as [72]

kBT
ki = (1.36)⟨(Ai · si)2⟩ 

An example of the calibration of the sensitivity and spring constant
from force-distance curves and thermal spectra is shown in fgure 1.4.
Another simplifed method for calibrating atomic force microscope
cantilevers was proposed by Sader et al. [73–75] that relies solely on
the resonant frequency and quality factor of the cantilever in air� �2−αQ fRk = kre f (1.37)

Qre f fR,re f

The parameters kre f , Qre f , fre f and α are obtained from cantilevers
calibrated in-factory by laser-Doppler interferometry or other calibra-
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Figure 1.5: . Force distance curves and observables in contact mode and
amplitude modulation. (a) Force vs distance curve. (b) Scheme of tip-
sample distance and defection in force-spectroscopy AFM. (c) Driving
force (blue) and tip oscillation (black) with a phase shift and amplitude.
(d) Scheme of tip-sample distance and dynamic defection in dynamic
AFM. Adapted from [17].

tion method. These values area available online [75] and also imple-
mented in the Asylum Research software under the name GetReal. A
variation of the Sader method could also be applied to the calibration
of higher eigenmodes [70]. The calculation of the spring constant of
the second or higher eigenmodes is obtained by using a scaling law of
arbitrary power� �ζnfnkn = k1 (1.38)

f1

where the power-law exponent ζn needs to be measured empirically
for each model. The theoretical value for rectangular cantilevers is
ζ2 = 2. For example, the value for the PPP-NCH cantilever is ζ2 = 2.17
and for the PPP-FM cantilever is ζ2 = 2.13.

1.4 amplitude modulation atomic force microscopy 

The amplitude modulation confguration (AM-AFM) also known as
tapping mode AFM, is based on the excitation of the cantilever at
its resonant frequency with a sinusoidal force. It is one of the frst
and most successful methods implemented in AFM. Depending on
whether the tip enters in contact with the sample two main confgura-
tions are defned: attractive mode or non-contact, and repulsive mode.
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Figure 1.6: Response in amplitude modulation to the force depicted in
fgure 1.2. (A) Amplitude, (B) phase, (C) virial and (D) energy dissipation.
There is a difference between approach (black) and retraction (red). Three
different regimes are observed based on the phase of the oscillation: at-
tractive, bi-stability and repulsive. First, in the attractive regime, the phase
is above 90º. In the bistability regime, the phase jumps between attractive
(ϕ1>90º) and repulsive (ϕ1<90º). In the repulsive regime the phase is less
than 90º and the mechanical interaction is the main contribution to the
force.

In non-contact AM-AFM the oscillation interacts with the atractive
forces of the surface, measuring the topography without direct contact
with the sample. In repulsive AM-AFM, a sharp tip oscillates very
close to the surface, making intermittent contact with the surface at
the end of each oscillation. In this way the force exerted by the tip on
the sample surface is small (10 pN to 10 nN), and the tip spends most
of the oscillation time above the surface. The interatomic forces will
reduce the amplitude of oscillation as the tip approaches the surface,
from which the position of the sample is measured. While scanning
the sample, a feedback system will maintain the amplitude constant
(thus the name, amplitude modulation) moving the position of the
piezo to maintain this amplitude constant and measure the topograph-
ical features. The oscillating force produces a harmonic movement of
the cantilever such as in the simple harmonic oscillator. A scheme of
the movement of the tip and the interaction with the forces is shown
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in fgure 1.5. The tip follows equation 1.31 of the point-mass model
for the frst mode of the cantilever

k1 k1z̈1 + ż1 + k1z = F1cos(ω1t) + Fts(z, ż) (1.39)
ω2

1 ω1Q1

As the cantilever is excited, the tip follows a sinusoidal motion over
the sample. The instantaneous position of the cantilever is defned
with a static and a dynamic component

z(t) = zc + d + z1(t) (1.40)

where zc is the position of the base of the cantilever, d is the static
defection and z1 is the sinusoidal movement of the frst mode

z1(t) = A1 cos(ω1t + ϕ1) (1.41)

The defection is related to the average force as

⟨Fts⟩td = (1.42)
k1

During the measurement, the topography is reconstructed from the
movement of the piezo. Other channels such as the amplitude, phase,
and static defection are also recorded to obtain additional information
of the sample. If a non-linear force is applied to the oscillator, such as
the tip-sample force Fts, the response of the cantilever can be quantifed
by using a perturbation theory based on the harmonic movement of
the cantilever. The response of the cantilever to a typical AFM force
curve is depicted in fgure 1.6.

1.5 frequency modulation atomic force microscopy 

In the Frequency Modulation confguration (FM–AFM) the cantilever
oscillates at the resonant frequency, with a phase of 90o[76, 77]. This is
done by using a phase locked loop (PLL), that changes the frequency
of the excitation force. The change in the frequency is known as the
frequency shift (∆ f ). The frequency shift signal is used to control the
tip-sample distance. An advantage of frequency modulation AFM is
that the frequency can be measured in one oscillation with high preci-
sion. Frequency modulation AFM is the preferred method for high-Q
environments, where the response time of the cantilever increases and
the AM-AFM confguration becomes too slow. The frequency shift
is sensitive to the force gradient of short and long-range forces. A
positive frequency shift is indicative of a positive force, an vice versa.
An analytic expression for the frequency shift is calculated as [78, 79]� � 

f0 f0 ∂Fts∆ f = − ⟨Fts(t) · z(t)⟩t ∼ (1.43)
A2k 2k ∂z t
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where the approximation to the derivative of the force is performed
when the amplitude of the oscillation is smaller than the range of the
force. To obtain an analytic expression from a given force to frequency
shift, integration over one oscillation is required. This is not an
easy task and approximations for low and high amplitudes are often
required in order to obtain analytical expressions [78, 80–82]. Another
option is to calculate the integral numerically [83]. Although this gives
an approximation of the expected behavior of the microscope, these
methods are diffcult to apply on experiments. It has been shown that
force vs. distance curves Ftzs(z) can be reconstructed from frequency-
distance curves without modeling the force [84]. Several methods have
been developed to accomplish the force reconstruction to calculate the
force inversion [85].

1.6 virial theorem 

The use of amplitude modulation from a quantitative point of view
is not an easy task, as the dynamics of the cantilever are rather com-
plicated. The use of simulations can provide a qualitative description
of the AFM response, but lack an understanding of the processes
governing the response of the microscope. This is the reason why
advanced analytical methods, such as the virial theorem[86], have
been developed to explain the AFM response. Given a non-linear force
Fts(z), the tip-sample and cantilever forces control the dynamics of the
oscillation. Quantifcation of those dynamics [80] can be expressed
by using a perturbation theory to calculate the virial [86]. By taking
equation 1.39, we can multiply by z1 and integrate over one period to
obtain Z � � 

1 T k1 k1z̈1 + ż1 + k1z A1cos(ω1t + ϕ1)dt
T 0 ω1

2 ω1Q1Z T1
= (F1cos(ω1t) + Fts(z, ż)) A1cos(ω1t + ϕ1)dt

T 0

resulting in the relation

Z1 T k1A1A01(Fts(z, ż))A1cos(ω1t)dt = cos(ϕ1) (1.44)
T 0 2Q1

Separating the two sides of the equation, the virial is defned asZ T1
Vts = Fts (z(t)) z1(t)dt (1.45)

T 0

Obtaining the virial over one period of oscillation, the analytical
relationships of amplitude and phase are linked to the tip-sample
interaction. The virial can be applied to any force to relate the average
kinetic energy of the oscillation to the tip-sample interaction. On the
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other side of the equation, the experimental terms are used to calculate
the value of the virial

kA0V = A cos(ϕ) (1.46)
2Q

where A0 is the free oscillation amplitude. For frequency modula-
tion, the virial equation is

V = A2k
∆ f

(1.47)
f

From these equations, the changes in amplitude, phase or frequency
shift are related to the force interaction. Another way to calculate
these parameters is to use the effective stiffness of the cantilever [37]
ke f f = k + ∆k and consider the change in stiffness ∆k of the interacting
cantilever averaged over one cycle. The relation with the virial is

2V
∆k = (1.48)

A2

1.7 energy dissipation 

Similarly, the energy dissipated in each oscillation can be measured
[87–90] in the amplitude modulation confguration by the use of the
phase and the amplitude. The formula for the calculation of the
dissipated energy per cicle isZ T πkA

Ediss = − Fts (z(t)) ż1(t)dt = (A0sin(ϕ) − A) (1.49)
0 Q

From this equation it is deduced, considering that in amplitude
modulation the value of A is fxed by the feedback, that changes in
the energy dissipation between two materials will result in different
values of phase. The energy dissipated between the tip and the sample
depends on the viscoelastic properties and adhesion of the sample
[50]. Also, if the energy dissipated is equal to zero, it is implied that

A
sin(ϕ) = if Ediss = 0 (1.50)

A0

Phase imaging provides maps of compositional variations of hetero-
geneous materials, where the materials contrast of the surface or
subsurface is measured with nanometer resolution in samples that
otherwise appear as a homogeneous surface, separating topography
from compositional information. This technique has been used for
the characterization of polymers heterogeneity and phase transitions,
bacteria, and other materials.

The formula for the calculation of the energy dissipation is valid
for high Q values. In other mediums such as water, with low quality
factors, the oscillation of the cantilever shows energy transfer between
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the excited frequencies and higher harmonics and modes [91]. The
energy transfer depends on the hardness of the material and the force
applied to it. For the measurement of soft materials with low forces,
most of the energy dissipated is related to the viscoelastic properties of
the material, however, for hard substrates, the energy transfer to higher
eigenmodes is the main contributor to energy dissipation [50, 91]. In
this case equation 1.49 is no longer an accurate description of the
dissipation processes. An analytical expression for the measurement
of the energy dissipation can still be derived [92] but requires the
measurement of the amplitude of higher eigenmodes.

1.8 bimodal atomic force microscopy 

Bimodal AFM is a dynamic method based in the simultaneous ex-
citation of two eigenmodes of the cantilever, typically the frst and
second fexural modes [93–95]. The dual excitation allows mapping
simultaneously the topography and nanomechanical properties of
soft-matter surfaces. Typically the amplitude of the second mode
is much smaller than that of the frst mode (A2 << A1) [96]. The
tip response is a combination of the movement of the two excited
modes, and because of the differences in amplitude and frequency
the response of each mode will be different [81]. The frst mode can
run either in Amplitude Modulation or Frequency Modulation. An
additional set of lock-ins and feedback loops will act on the second
mode, providing with additional observables (amplitude, phase shift,
frequency shift)

[37, 97]. In the Open-Loop confguration (OL), the second mode of
the cantilever is excited by a constant driving force at the resonant
frequency of the second eigenmode while observing the changes in
the amplitude and phase. In the Frequency-Modulation confguration,
the changes in the resonant frequency of the second eigenmode and
driving force are monitored while the amplitude and phase are kept
constant. Different feedbacks confgurations have been used, giving
the Bimodal FM-FM [46, 81], AM-FM [48, 69, 96, 98, 99] or AM-OL
[97, 100, 101].

The most successful confguration for the measurement of nanome-
chanical properties is the bimodal AM-FM [69, 102]. A scheme of
bimodal AM-FM is shown in fgure 1.7. In the bimodal AM-FM, the
frst mode is controlled by an amplitude modulation feedback. The
feedback moves the position of the piezo to keep the amplitude of the
frst mode constant while measuring the topography and the phase.
The second mode operates in frequency modulation, where the excita-
tion frequency and driving force are changed to keep the phase and
amplitude of the second mode constant, with a low amplitude.

From the interaction with the sample, observables from the frst
mode (amplitude and phase) and the second mode (frequency shift,
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Figure 1.7: (a) Scheme of the eigenmodes of the cantilever in Bimodal
AFM. The defection signal shows two components, corresponding to
the frst and second eigenmode oscillation. In blue it is shown the total
oscillation, in red the oscillation of the frst mode, and in orange the
second mode. (b) Scheme of the bimodal AM-FM confguration. One
feedback controls the changes in the amplitude, while two additional
feedbacks control the phase and amplitude of the second mode. This
produces the main observables: topography, frequency, and dissipation.
(c) The interaction with the surface follows a contact mechanics model.
From the theoretical framework of bimodal AFM and the knowledge of
the tip-sample interaction, the observables are transformed into material
properties. Adapted from [96].
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dissipation) are obtained. The maps of these quantities can be used
to calculate the mechanical properties. If the tip-sample interaction is
dominated by the elastic force such as the contact between a spherical
tip and a fat sample described in equation 1.7, then the value of the
Young’s modulus is [69, 96, 98]r � 

A3/28 k2∆ f2
�2 Q1Ee f f = 1 (1.51)

R f02 k1 A2
01 − A2

1

and the maximum indentation of the tip isqk1 f02
δ = A2 (1.52)01 − A2

12Q1k2∆ f2

where ki is the spring constant and Qi is the quality factor of the
mode i; A01 is the free amplitude and A1 the set-point amplitude of
the frst mode; and f02 and ∆ f2 are the free resonant frequency and
frequency shift of the second mode. A more detailed description of
the derivation of these equations will be presented in Chapter 2. It is
worth mentioning that in those equations, all the parameters except
∆ f2 are constant during the experiment. This means that during the
bimodal measurement, changes in the nanomechanical properties will
be directly observed in the frequency channel. The procedure only
requires measuring a few tip oscillations per pixel, making the mea-
surement intrinsically faster than force-curve systems. Bimodal AFM
is a technique under development, with new contributions pushing
every year the applications and capabilities of the technique [83, 98,
103, 104].
The measurement of the viscoelastic properties of soft samples with
bimodal AFM is of paramount importance to characterize the me-
chanical properties of materials. The measurement of the elastic
properties alone provides an incomplete description of the material.
The quantitative measurement of viscoelastic properties such as vis-
cosity, retardation time or the loss tangent is required for the full
characterization of the mechanics of soft materials. The loss tangent
is defned obtained as the ratio between the stored and dissipated
energy per oscillation [50, 52]

1 Ediss,1tan(ρ) = (1.53)
2π V1

If the measurement is done in amplitude modulation, the loss
tangent is [50]

sin(θ1) − A1/A01tan(δ) = (1.54)
cos(θ1) 

If the system follows the Kelvin-Voigt model described in equation
1.13 the viscosity is measured as [48]

Ediss,1 Ee f f
η = (1.55)

V1 2πω1
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1.9 high-speed atomic force microscopy 

One of the main advantages of the AFM is the capability to generate
high-resolution images of the biological samples under physiological
conditions [60, 105–107], the measurement of interatomic and molec-
ular forces [108–110], and the characterization of nanomechanical
properties [111–113]. However, the typical imaging rate of the AFM
takes 1 minute per image, rather slow compared to the time scales
of most biological processes. This static imaging which migth be
comparable to other high-resolution methods. X-ray crystallography,
NMR, and electron microscopy have revealed the molecular structure
of multiple proteins and biological structures. But static images do
not provide temporal resolution of the dynamic processes. Single-
molecule fuorescence microscopy can observe the dynamic behavior
of proteins by observing fuorescence spots, nevertheless, the overall
structure of the protein during the dynamic changes remains hidden.
For this reason, the High-Speed Atomic Force Microscope (HS-AFM)
was introduced [114].

Several groups in the AFM community worked on the develop-
ment of faster methods to measure the AFM images and increase
the imaging rate[20]. The development of ultrashort cantilevers [115,
116], piezo-actuated scanners with high resonant frequency [117–119],
few-cycle amplitude detectors [26, 120] and dynamic PID controllers
[121] increased the maximum imaging rate to more than 30 frames
per second (fps) [122, 123] on biological samples. The low-forces
applied to the sample do not disturb the biological function of the
biomolecules, providing direct detection of how the biomolecules op-
erate in action. These technological developments culminated in the
frst video recording of the walking myosin V [124, 125]. The current
state of the art in HS-AFM can measure dynamic changes of biological
samples at sub-100 ms temporal resolution and submolecular spatial
resolution.

This remarkable progress has been used to measure molecular
movies displaying the dynamics during the photoinduced movement
of the bacteriorhodopsin [126], intrinsically disordered proteins [123,
127], the catalysis of the α3β3 subcomplex of F1 − ATPase [128], pro-
tein mechanics [129], fuctuations and movement of DNA [130, 131],
imaging of live cells [132], IgG oligomerization [133], SARS-CoV-2 
lectin-spike binding [134] self-assembly of biomolecules[135, 136], and
crystal growth [137, 138] or dissolution [139], among other works.

In the development of HS-AFM, the maximum imaging rate is
limited by various factors. The feedback loop maintains the amplitude
of the oscillation constant by displacing the Z-scanner. Because of
the time delays in the electronics, scanner and tip, the Z-scanner
cannot follow instantaneously the changes in the topography. The
feedback bandwidth ( fB) determines the reaction time of the AFM
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during the measurement in the close feedback loop used to measure
the topography. It is defned as the feedback frequency at which the
phase delay of the feedback, defned as θ = π f /4 fB, equals θ = π/4.
In the AM-AFM the feedback bandwidth is approximately determined
by [20, 121]

f1 2Q1 2Qs f1fB = /(1 + + + 2 f1(τp + τI + δe)) (1.56)
8 π π fs

where f1 and Q1 are the resonant frequency and quality factor of
the cantilever, fs and Qs are the resonant frequency and quality factor
of the z-scanner, τp is the parachuting time and δe represent other time
delays. τI is the integral time, approximately corresponding to half a
cycle with the peak hold method or one oscillation with the Fourier
method [120] The feedback bandwidth is dominated by the slowest
term if one of the components is not suffciently optimized. Assuming
the AFM is measuring a sample with periodicity λ (representing the
maximum resolution), during the measurement the ratio between the
scan velocity Vs and the sample periodicity should be less than the
feedback bandwidth

Vs
< fB (1.57)

λ 

One of the main limitations during high-speed measurements is
parachuting. When a sample having a maximum height h0 is scanned
in the x-direction, the sample height h(t) varies as [121]� � 

h0 Vsh(t) = sin 2π t (1.58)
2 λ 

the movement of the scanner follows the changes in the topography
as � � 

h0 VsZ(t) = sin 2π t − θ (1.59)
2 λ 

and the feedback error is � � � � 
h0 θ Vs θ

∆h(t) = h(t) − Z(t) = sin cos 2π t − (1.60)
2 2 λ 2

the feedback error produces changes in the amplitude as the tip
approaches or retracts from the sample. The maximum error is
h0/2 sin(θ/2), increasing the force on the sample. In addition, if
the tip retracts from the sample surface, it can lose contact with the
sample, producing parachuting. When the contact is lost the error
signal is saturated, slowing the feedback. If the measurement is per-
formed with an amplitude A1 and free amplitude A01 the condition
to avoid parachuting is� � 

A1 h0 θ 
< 1 − sin (1.61)

A01 2 2
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counter-intuitively, the phase delay is one of the major obstacles
for high-speed AFM [114]. To minimize the maximum force exerted
to the sample, A1 should be close to A01, while A01 should also be
minimized. This limitation has been solved by the development of
a feedback technique known as dynamic PID control [121], in which
the PID gains are increased proportionally to the error when the
oscillation amplitude is higher than the setpoint.

High-speed cantilevers are custom-made small cantilevers with high
resonant frequencies in the order of ~1 MHz in air. As seen in eq.1.56 
and eq.1.56 the low Q factors in water and high resonant frequen-
cies minimize the response time of the cantilever [22]. With small
cantilevers the resonant frequency is increased while maintaining a
low spring constant, minimizing the force produced in biological sam-
ples and increasing the sensitivity. To increase the resolution, these
cantilevers have electron beam deposited carbon tips (BL-AC10DS,
Olympus) or diamond-like carbon tips (USC-F1.2-k0.15, Nanoworld).
Another key component for high-speed AFM is the sample stage.
Because of the hydrodynamic pressure between the cantilever and
the sample at high frequencies, the surface area of the sample is
minimized and the tip is located at the edge of the sample stage for
measurements [125, 140].

https://USC-F1.2-k0.15
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T H E O RY A N D A P P L I C AT I O N S O F B I M O D A L A F M

The AFM is capable of measuring interactions and forces on the
molecular scale. The development of new AFM methods allows the
measurement of nanomechanical properties that have important im-
plications on the analysis of materials and biomolecules. Different
AFM methods have been developed to perform the nanomechanical
mapping. The force-distance curve methods measure the change in
the defection while approaching the tip towards the surface [49]. The
ftting of the force to the mechanical model gives information about
the nanomechanical properties [45]. To image the surface, a grid of
force-curves is performed over the sample of interest. Force-curves
are intrinsically slow, operating below the resonant frequency of the
cantilever [141, 142]. Multifrequency methods operate at the resonance
frequency of the eigenmodes [94, 143–146]. Fast measurements of the
response of the eigenmodes provide information on the properties of
the sample. However, those approaches require the use of a complex
theoretical framework or simulations to transform the observables
from the measurement into quantitative information [81, 147]. Bi-
modal AFM is a multifrequency method where the dual excitation of
two eigenmodes produces information used to measure nanomechani-
cal properties [37, 46, 93, 148]. The calculation of the nanomechanical
properties requires a set of analytical formulas where only one pixel of
information is required. In this chapter, the derivation of quantitative
methods to analyze the response of the cantilever is studied. These
methods are then exploited to develop analytical equations to analyze
a general contact elastic model, used to obtain nanomechanical proper-
ties from the sample. To probe the consistency and capabilities of the
technique, bimodal AFM measurements were performed on polymers,
proteasomes, and magnetoliposomes. The results of this chapter were
published in [69, 149].

2.1 theoretical framework of bimodal afm 

In the bimodal AFM confguration, two modes of the cantilever are
excited simultaneously to extend the capabilities and information
obtained from the sample. To excite the frst two normal modes of the
cantilever, the driving force applied is

Fd(t) = F1cos(ω1t) + F2cos(ω2t) (2.1)

where ωi is the angular frequency (ωi = 2π fi) of the ith mode and Fi
is the driving force. The movement of the cantilever is the combination
of the two modes

25 
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Figure 2.1: Bimodal AM-FM scheme for mapping elastic properties. The
frst and second modes of the cantilever are excited simultaneously. The
amplitude modulation feedback tracks the topography while maintain-
ing the amplitude of the frst mode constant. The frequency modulation
feedback maintains the amplitude and phase of the second mode constant
while changing the frequency and force of excitation. The theoretical
framework of bimodal AFM transforms these observables into measure-
ments of elasticity, indentation, and maximum force.

z(t) = z0 + z1(t) + z2(t) 
= z0 + A1cos(ω1t − ϕ1) + A2cos(ω2t − ϕ2) (2.2)

were Ai is the amplitude of oscillation and ϕi is the phase shift. The
equation of motion that was presented in equation 1.31 for the frst
and the second mode results in two separated equations of motion

k1 k1z̈1 + ż1 + k1z1 = F1cos(ω1t) + Fts(z, ż) (2.3)
ω2

01 ω01Q1

k2 k1z̈2 + ż2 + k2z2 = F2cos(ω2t) + Fts(z, ż) (2.4)
ω2

02 ω02Q2

where the equations of motion are completely independent, except
for the tip-sample force that depends on the total distance. The
relations derived for the virial and energy dissipation still hold for the
bimodal case, and thus V1, V2, Ediss1, Ediss2 can be calculated from the
response of the two modes. The instantaneous phase

θi = ωit − ϕi (2.5)

of each mode is independent, thus the equation of the virial (eq.
1.45) could be transformed to a 2 dimensional phase spaceZ Z2π 2π1
Vi = F(z0 + A1cos(θ1)+ A2cos(θ1))Aicos(θi)dθ1dθ2 (2.6)

4π2 0 0
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To calculate virial and energy dissipation from the AFM observ-
ables, it must be considered that the virial of the frst and second
modes depends on the lock-in confguration. In the bimodal AM-FM
confguration, the virials are obtained from the expressions [37]

k1 A1A01 ∆ f2V1m = 
2Q1

cos ϕ1; V2m = k2A2
2 f2

(2.7)

where ki, Qi, Ai, A0u, and ϕi are the spring constant, quality factor,
amplitude, free amplitude and phase shift of the ith mode, respectively,
and ∆ f2 is the frequency shift of the second mode. In the bimodal
AM-OL confguration the virials are obtained as [37, 101, 150]

k1 A1A01 k2A2A02V1m = cos ϕ1; V2m = cos ϕ2 (2.8)
2Q1 2Q2

Sometimes the virial of the frst mode is approximated by assuming
that there are no dissipative forces, and the energy dissipation is
zero[96]. In this case equation 1.50 is used to approximate sin(ϕ1) = 
A1/A01 when (Ediss = 0) and the virial of the frst mode isqk1 A1V1m = A2 (2.9)01 − A2

1Q1 2

and for the second mode

qk2 A2V2m = A2 (2.10)02 − A2
2Q2 2

2.2 bimodal afm theory for a generalized contact force 

The Viral could also be calculated from equation 2.6 for a given force.
Lets consider a general expression for the tip-surface force [151]

Fts = αEδβ (2.11)

where α and β are parameters that depend on the geometry of the
tip, and δ is the instantaneous indentation

δ = I − A1 + A1cos(θ1) + A2cos(θ2) (2.12)

where I is the maximum indentation per cycle. The calculation of
the virial through the integration of the force is not trivial. Several
methods and approximations have been developed with the use of
fractional calculus [78, 79, 81], simplifed approximations [37], simu-
lations [152] or numerical integration [83, 104]. To obtain a complete
analytical solution, a new method is developed here. For the cal-
culation of the virial with the general force 2.11 for the frst mode,
assuming that A1 >> A2 the equation 2.6 results in
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Z 2π1
V1 ≈ 

2π
αE (I − A1 + A1cos(θ1))

β A1cos(θ1)dθ1 (2.13)
0

The calculation of the integral requires an intermediate step, which
is extracted from the table of integrals in reference [153](page 22,
equation 28) [154][eq.14.12.1] for the Fourier transform of equation
f (x) into g(x) 

( 
(cos(x) − cos(θ))ν−1 0 < x < θ

f (x) = 
0 θ < x < ∞R ∞ p

π 1g(y) = f (x)cos(xy)dx = 2 (sin(θ))νΓ(ν + 2 )P−ν (cos(θ)) 0 y− 12
(2.14)

where Pb(x) is the associated Legendre Function and cos(θ) = 1 − I/A1.a
With this expression applied to the integral in equation 2.13 the virial
of the frst mode isr 

1 β+ 2 Γ(β + 1)P−β− 12V1 = αEAβ+1
(sin(θ)) 

1

1 (cos(θ)) (2.15)1 2π 2

If the amplitude of the frst mode is larger than the indentation
(A1 >> I) the virial can be approximated as

r 
A1 Γ(β + 1) 1

V1 = αE Iβ+ 2 (2.16)
2π Γ(β + 3/2) 

For the calculation of the virial of the second mode, assuming that
A1 >> I >> A2 and the Taylor expansion of the force

� �3F(z0 + z1 + z2) ≈ F(z0 + z1) + F′ (z0 + z1) · z2 + O z (2.17)2

the equation 2.6 givesZ Z2π 2π � � 
V2 ≈ 1

F(z0 + z1) + F′ (z0 + z1) · z2 z2dθ1dθ2 (2.18)
4π2 0 0

ZA2 2π 
2≈ F′ (z0 + A1cos(θ1))dθ1 (2.19)

4π 0

ZA2 2π 
2≈ αβE(I − A1 + A1cos(θ1))

β−1dθ1 (2.20)
4π 0

that for the general force described in equation 2.11 leads to

A2 αEβAβ−1
β− 1 1

2 1 2 Γ(β)P−β+ 2V2 = √ (sin(θ)) − 1 (cos(θ)) (2.21)
2 2π 2

https://A1cos(�1))��1d�1(2.20
https://A1cos(�1))d�1(2.19
https://z2d�1d�2(2.18
https://A1cos(�1)d�1(2.13
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Figure 2.2: Comparison of the equations for the calculation of the bimodal
measurements. Values of V1 and V2 calculated with the formulas from
[46] are compared with those presented in [37] and [155]. (a) Error of the
Young’s modulus calculated with equation 2.25 (blue)[37] and 2.24(red)
(b) Error of the indentation calculated with equation 2.26 (blue)[37] and
2.23(red).

which in the limit of small indentations gives

A2
2 αEβ Γ(β) 

Iβ− 1V2 = √ 1
2 (2.22)

2 2πA1 Γ(β + 2 ) 

which is equivalent to the expressions described in [78, 79, 81] for
the virial of the frst and second mode. Rearranging the terms in
equations 2.16 and 2.22 results in

A2
2V1(2β + 1)

I = (2.23)
4A1V2

and s 
2π Γ(β + 3/2) V1E = 1 (2.24)
A1 Γ(β + 1) αIβ+ 2

2.2.1 Comparison with previous works

The general expressions derived in this section must be compared with
previous works in Herruzo et al. [46] for the spherical indenter, and in
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Labuda et al.[37] for an indenter of generalized geometry. The expresion
of the Young’s modulus calculated for the generalized indenter is [37]

∆kβ+1/2Lβ−2
2E = Ψ 

(2.25)
Aβ−1 ∆kβ+1/2αc 1 1

and the maximum indentation� � 
A1 ∆k1 1

I = β + (2.26)
2 ∆k2 2

where β depends on the geometry of the tip (β = 1.5 for sphere, β 
= 1.0 for punch and β=2.0 for cone), L is the sphere diameter, and
∆ki = 2Vi/A2

i . The correction factor for the contact radius αc is � 
β 
�β−1

Γ 2(β−1)
αc = √ 2 (β − 1) � � (2.27)

π 1Γ 2(β−1) 

and the correction factor for the power-law model coming from the
integration is

√ � �β+ 1
2β−1 1 2π Γ β + 

Ψ = 2 (2.28)� �β− 1Γ(β) 3 2Γ β + 2

The equation for the calculation of the indentation presented in
equation 2.23 is equivalent to equation 2.26 [37]. But the equations for
the calculation of the Young’s Modulus can no be futher simplifed to
compare with results presented previously. A numerical representa-
tion of both methods is presented 2.2. The results show that eq.2.25 is
equivalent to 2.24 and eq.2.26 is equivalent to 2.23. It can also be seen
that 2.24 is simpler for the calculation of the Young’s modulus. Both
systems produce the same results as in [46] for the specifc case of the
spherical indenter.

2.3 bimodal afm theory for the spherical hertz model 

In the Hertz model, the contact force between a spherical indenter and
an elastic surface is

√ 
Fts = 4

REI3/2 (2.29)
3

the equations 2.23 and 2.24 give the virial of the frst and second√ 
Hertz model after using β = 3/2 and α = 4/3 R asr 

RA1V1 = EI2 (2.30)
8

s 
R

V2 = A2
2 EI (2.31)

8A1

https://EI2(2.30
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which can be combined to characterize the nanomechanical proper-
ties of the sample. For the Hertz model, the elasticity and maximum
indentation are

V1m A2
I = 2 (2.32)

V2m A1

s 
2 2V2

2
m A2

1E = (2.33)
RA1 A4

2 V1m

Depending on the bimodal confguration, the experimetal values of
the virials (V1m, V2m) are calculated from the observables (eq.2.7 and
eq. 2.8). In the AM-FM confguration the virials are those calculated
from equation 2.7, and in the AM-OL confguration the ones from 2.8.
For the AM-FM confguration

r � �28A1 Q1 k2∆ f2E = (2.34)
R k1 A01 cos(ϕ1) f2

k1A01 cos(ϕ1) f2I = (2.35)
Q1 2k2∆ f2

and the AM-OL confguration where there is no feedback in the
second mode is

r � �22A1 4Q1 k2A02E = cos ϕ2 (2.36)
R k1 A01 cos ϕ1 2Q2A2

Q2k1A01 cos ϕ1I = A2 (2.37)
Q1k2A02 cos ϕ2

If the frst mode uses amplitude modulation to track the topography,
by combining the expression of the virial with no energy dissipation
shown in equation 2.9 and the formula of the virial in equation 2.30 a
relation between amplitude and indentation is obtained

r qk1 2A1I = A2 (2.38)01 − A2
1EQ1 R

The non-linear behavior of this equation shows the dependence of
the maximum indentation on the measurement conditions of free and
setpoint amplitude. The equation is non-invertible, but the indentation
is zero for A1 = 0 and A1 = A01. Additionally, two values of different
amplitudes can produce the same indentation. This is not to be
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Figure 2.3: (a) scheme of the PS-b-PMMA block copolymer lamellar struc-
ture (b) Topographical measurement of the surface of the polymer. The
lamellar structure is observed but the materials are not clearly differenti-
ated. (c) Frequency shift of the second mode, showing contrast between
the two different materials. Adapted from [69].

confused with the bistability [156] observed in amplitude modulation,
produced by the attractive forces. With the derivative of the equation,
the amplitude at which the indentation is maximized is obtained

A2dI k1 01 − 3 · A2
1= √ q (2.39)

dA1 EQ1 2R A1(A2
01 − A2

1) 

showing that, for a fxed A01, the indentation is maximized when√ 
A1 = A01/ 3 ≈ 0.57 · A01. Thus the maximum indentation achieved
for any given A01 isq 

2 · k1 A3

Imax = √ 01
(2.40)

33/4EQ1 R

which can also be used to calculate the maximum force. These rela-
tions depend on the Young’s Modulus of the sample but could be used
to understand the behavior of the maximum indentation produced by
the tip in amplitude modulation. This result is comparable to other
methods to characterize the peak force in amplitude modulation, such
as simulations [53, 152, 157] and analytical expressions [158].

2.4 applications of bimodal afm to the analysis of poly-
mers 

Bimodal AFM is capable to generate high-resolution images of the
nanomechanical properties and true topography of polymeric inter-
faces. To test the capabilities of the bimodal AM-FM confguration a
standardized polymer was used. The PS-b-PPMA block copolymer is
a mixture of polystyrene (PS) and polymethil methacrylate (PMMA)
whose mechanical properties are heterogeneous over the surface. The
distribution of the lamellar structure could be tuned to form differ-
ent geometries (lamellar, cylindrical, etc.). A scheme of the lamellar
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structure is presented in fgure 2.3 along with the topographical im-
age obtained from the AM-AFM. The fabricated diblock-copolymer
arranges in a lamellar structure with alternating domains with a pitch
of 25 nm. The diblock-copolymer was fabricated by Simone Benaglia
following the protocol instructed by Prof. Francesc Perez-Murano and
Steven Gottlieb (Instituto de Microelectrónica de Barcelona) described
in [159]. The measurements were performed in a Cypher S AFM
microscope with a PPP-FM microcantilever, characterized by f1 = 82 
kHz, k1 = 3 N/m, Q1 = 220, f2 = 518 kHz, k2 = 152 N/m and R = 2 
nm. The measurements conditions were A01 = 95 nm, A1 = 70 nm and
A2 = 1 nm. Under these conditions the maximum force applied was
8.5 nN (PS) and 8.9 nN (PMMA).

When the cantilever is excited with two signals, the feedback system
of the second mode produces the map of the frequency shift, as
seen in fgure 2.3c. The frequency shift of the second mode shows
contrast between the different areas of the block copolymer. As seen
in equation 2.34 the changes in the nanomechanical properties are
directly observed as a contrast on the frequency shift of the second
mode. Then the elasticity and indentation is calculated. In fgure 2.4 
the elasticity and indentation maps are represented. The elasticity of
the PS area is determined to be 2.1 GPa, while the Young’s modulus
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of PMMA is 2.6 GPa. The spatial resolution of the nanomechanical
measurement is 5 nm.

Due to the differences in elasticity, the force applied by the tip
produces a deformation on the sample. The deformation on soft
materials is necessary to measure the topography and nanomechanical
properties of the sample. However, softer areas tend to be more
deformed under the same conditions of setpoint amplitude and force.
To separate the true topography and deformation from the apparent
topography in monomodal AFM is very diffcult due to the unknown
deformation [160–164]. In bimodal AFM, to correct this effect, the
true topography of the surface (hTrue) is calculated by adding the
indentation map to the apparent topography[46, 163, 165, 166] as

hTrue(x, y) = ha(x, y) + I(x, y) (2.41)

where ha(x, y) is the height measured (apparent topography) in
each pixel and I(x, y) the indentation at each pixel as calculated with
equation 2.35 from the bimodal observables. The true topography
map shows the unperturbed surface of the polymer, as presented in
fgure 2.5.

2.5 high-resolution bimodal mapping of the 20s human 
proteasome 

Bimodal AFM can generate high-resolution nanomechanical maps
of heterogeneous surfaces under a wide variety of conditions. One
of the goals of the AFM in liquid is to measure the nanomechanical
properties of biological samples under physiological conditions. The
measurements of protein structures, require sub-nanometer resolution
to characterize the mechanical properties of the different subunits
[167]. Previous works proved the capabilities of bimodal AFM to
measure the nanomechanical properties of proteins [96, 168], lipid
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Figure 2.6: (a) Structure of the 20S Human proteasome (Protein data Band
accession no. 5L4G) (b) True topography of the proteasome in liquid,
obtained from the apparent topography and deformation maps (c) Cross-
section of the apparent and true topography (d) Young’s Modulus map of
the proteasome. (e) Cross-section of the Young’s modulus. The Young’s
modulus of the gate region (α subunits) is 102 MPa, and the catalytic
region (β subunits) is 89 MPa. The connection area between the subunits
gives a value of 70 MPa. Scale bars, 5 nm. Adapted from [69].

layers [169], DNA [98], virus [170] and cells [171, 172]. In this section
it is demonstrated the capability of bimodal AFM to measure the
nanomechanical properties of single proteins.

Proteasomes are protein complexes found in eukaryotes cells. They
play a critical role in degrading proteins that have been damaged or
are no longer required [173, 174]. The barrel-like structure of the 20S
human proteasome is shown in fgure 2.6a. The regulated protein
hydrolysis is critical in cells to remove potentially toxic misfolded
proteins and other damaged proteins that can accumulate, leading to
aggregation. The activity of the proteasome occurs through a gating
mechanism that controls the closing and opening of the α subunit.
This gate blocks the access of proteins to the interior cavity, composed
of the β subunits, which perform the catalytic reactions. The mech-
anism of the closing and opening of gates is still poorly understood,
which is related to the viscoelastic properties of the protein domains
[175].

The measurement of the nanomechanical properties of the 20S
proteasome was performed by using bimodal AM-FM in liquid. In
this experiment the proteasome was diluted to a 100 nM concentration
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Figure 2.7: Dependency on the tip-sample distance on liquid of the (a)
amplitude, (b) phase, and (c) frequency shift of the second mode. The red
cross marks the point at which the free amplitude (A01) and the frequency
offset of the second mode ( f02) are measured to ensure the accuracy of the
nanomechanical measurement. At this point, the phase of the frst mode
should equal ϕ01 = 90o . During the approach the hydrodynamic drag
increases as the tip get closer to the surface [177], decreasing the Q-factor
and the amplitude.

in buffer at 7.5 pH, prepared with 50 mM HEPES-KOH, 100 mM KCl
and 5 mM MgCl2. For the AFM measurement, 8 µl of the solution
was deposited on freshly cleaved mica in the measurement cell. The
presence of the Mg2+ and K+ ions favors the adhesion of the molecules
to the negative mica surface. The proteasome sample was left to rest
for 20 minutes for adsorption on the mica surface. The sample was
then rinsed with buffer at 7.5 pH, prepared with 25 mM HEPES-KOH
and 100 mM KCl. Measurements started without further delay.

AFM measurements were performed in a Cypher-S AFM micro-
scope with dual photothermal excitation. Photothermal excitation
in liquids is key to avoid the forest of peaks produced by the use
of piezoexcitation [176]. The experiments were performed with a
BL-AC40TS cantilever, characterized by f1 = 29 kHz, k1 = 0.084 N/m,
Q1 = 1.9, f2 = 243 kHz, k2 = 3.3 N/m and R = 2 nm. Before imaging,
the natural frequency of the frst and second modes of the cantilever
was measured with the PSD method. These frequencies were excited
by the photothermal excitation of the AFM. Once the amplitude and
phase of both modes were tuned and the approach was initialized.
The tuning of the free amplitude and phase in liquid was constantly
checked to ensure before contact with the surface the phase is always
at 90o and the free amplitude is constant.

For image acquisition, the measurement conditions were set to A01 =
5.0 nm, A1 = 3.8 nm and A2 = 0.5 nm with a peak force of 430 pN. The
scan area was set to 400 nm at a scan rate of 5 Hz (lines per second) and
512x512 pixels. After adjusting the feedback gains and amplitudes of
the frst and second modes, high-resolution images of the topography
of the proteasome were obtained. From the response of the frequency
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shift of the second mode, the maps of the Young’s Modulus and
indentation were calculated. Then a correlation method is used to
improve the quality of the image. By exploiting the symmetry of
the proteasome structure, an average is obtained from the original
image and the fipping in both the horizontal and vertical directions.
Then the average of the trace and retrace is calculated. The resulting
nanomechanical maps are seen in fgure 2.6. The Young’s modulus
map and cross-section show that the gate and catalytic units of the
20S proteasome have different Young’s modulus values of 102 MPa
and 89 MPa for the α and β subunits, respectively. The differences in
the elastic values are indicative of the changes in the internal structure
and could be related to their respective functionalities. The connection
area between the α and β subunits has the lowest Young’s modulus,
with a value of 75 MPa. As seen in the proteasome scheme these are is
less densely packed which could explain the low elastic value. From
these results, the spatial resolution is ~2 nm. The spatial resolution of
nanomechanical measurement depends on the tip radius, topography,
stiffness and structure of the sample,

Due to the forces applied by the AFM tip over the surface, small
deformations are induced when performing the topographical mea-
surement that affects the resulting topography map. To obtain the
true topography the indentation measured from the bimodal AFM
described in equation 2.35 is added to the apparent topography to ob-
tain the true topography of the proteasome. The results are displayed
in fgure 2.6b. The cross-section in 2.6c shows the change in the true
height and structure when compared with the apparent height.

The measurement of the cantilever properties, as well as the free am-
plitude and frequency of the second mode, are crucial for the precision
of the nanomechanical measurement. A requirement for nanomechan-
ical mapping is to ensure the phase of the frst mode is always < 90o.
In fgure 2.7 the values of the amplitude, phase and frequency shift are
plotted against distance to illustrate the dependency of the cantilever
properties over distance. Depending on the cantilever dimensions and
measurement buffer, changes in the Q factor, k, f and A0 are observed
close to the sample surface due to the electrostatic and hydrodynamic
forces. Increasing the amplitude of the second mode improves the
quality of the frequency shift in the second mode and the elasticity
map. However, the value must always remain A2 < 0.1 · A1 to fulfll
the conditions applied during the derivation of the virial equations.

2.6 subsurface imaging of magnetoliposomes 

Measurement of subsurface structure and nanomechanical properties
are of great interest in complex materials [178, 179], nanolithography
[180–182], cells [183, 184] or polymer nanocomposites [185]. On these
applications, accurate detection of buried structures embedded into a
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Figure 2.8: (a) Diagram of the Magnetoliposome structure. The DPPC lipo-
some encapsulates the DOX drug for cancer treatment. The liposomes are
covered with iron nanoparticles. When the alternating magnetic feld is ap-
plied, the heating of nanoparticles breaks the liposome releasing the drug.
(b) TEM images and schemes of liposomes with nanoparticles with dif-
ferent coatings (DMSA, Oleic Acid, and (3-aminopropyl)trimethoxysilane
(APS)), resulting in different nanoparticles distribution on the liposome.
Adapted from [149].

matrix is of great importance for the characterization of the system.
Several methods such as ultrasound waves [181], confocal microscopy,
AFM [179, 186] or Kelvin probe microscopy [187] have been proposed
to study subsurface structures. For example, subsurface imaging of
cells with AFM Spectroscopy [184] showed that the measurement
elastic and viscous forces at different indentations carries information
of the cell inner structures, enabling the imaging of the cell nucleus
and actin flaments under the cytoplasm.

Multifrequency methods such as trimodal AFM [188] and bimodal
AFM [189] exploited the use of higher harmonics to increase the inden-
tation depth during the measurement thanks to the higher stiffness
of the second and third eigenmodes. This approach allows for high-
resolution imaging of buried structures. Controlling the response of
higher eigenmodes, the topography of the surface is imaged while
simultaneously detecting nanoparticles buried tens of nanometers
under a polymer matrix. The use of trimodal AFM allows to obtain
topographical, nanomechanical and subsurface imaging. However, as
pointed out in [189] the imaging of subsurface features only requires
the excitation of two eigenmodes, as the frst mode is used to track
the surface of the material while the second mode interacts with the
subsurface structures due to the higher indentation. Implementation
of bimodal subsurface imaging in softer or biological materials such
as lipids or cells has not yet been implemented, despite multiple appli-
cations. In this section, it is shown how bimodal subsurface imaging
is applied for the detection of nanoparticles in liposomes. The combi-
nation of nanoparticles in liposomes is known as Magnetoliposomes.
A scheme of magnetoliposomes is shown in fgure 2.8a.
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Magnetoliposomes serve as carriers for drug delivery systems [190].
The effect of drugs can be maximized if the drug can be effciently
delivered to the target site. Liposomes with encapsulated drugs
increase cell-specifc delivery and drug release. However, drug release
depends on the transition temperature of the liposome from gel to
fuid state [191], which can be remotely triggered by localized changes
in temperature. Iron nanoparticles are a promising method to control
the temperature remotely. These nanoparticles, added to the liposome,
can be heated by applying an alternate magnetic feld. The heating
of the nanoparticles breaks the liposome releasing the drug on the
target. The distribution of the nanoparticles over the liposome affects
the transition temperature, heating effciency and pH resistance [192].
To study the nanoparticle incorporation into the liposomes, bimodal
AFM was used to characterize the position of the nanoparticles on
the liposomes. The magnetoliposomes were provided by the group
of Maria del Puerto Morales at the Instituto de Ciencia de Materiales de
Madrid. Liposomes prepared with Dipalmitoylphosphatidylcholine
(DPPC) were covered with dimercaptosuccinic acid (DMSA) coated
iron nanoparticles. More information about the preparation process
can be found in [149].

Characterization of the nanoparticles distribution with TEM in fg-
ure 2.8b shows the density of nanoparticles on the liposome. Depend-
ing on the coating material, the surface charge of the nanoparticles
determines the position of the nanoparticle inside or outside the lipo-
some. Even though TEM images show the individual position of the
nanoparticles over the liposomes, the 3-dimensional position of the
nanoparticles over or under the surface cannot be clearly differentiated.
To determine the distribution of the nanoparticles in the liposomes, bi-
modal AFM was applied. AFM measurements were performed in the
Cypher S operated in the bimodal AM-FM confguration. Liposomes
with and without nanoparticles were deposited on freshly cleaved
mica and measured in Mili-Q water. The images were obtained with
BL-AC40TS microcantilever characterized by f1 = 28 kHz, k1 = 0.052 
N/m, Q1 = 1.5, f2 = 228 kHz, k2 = 3.4 N/m, and R = 2 nm. Amplitude
modulation measurements on the liposomes were performed with
A01= 2 nm, A1= 1.8 nm. Bimodal subsurface measurements on the
magnetoliposomes were performed with A01= 12.0 nm, A1= 9.6 nm,
A2=0.8 nm. The topography of liposomes without nanoparticles is
shown in fgure 2.9a. The size of the liposomes ranges between 20 and
200 nm.

The deposited liposomes bind to the mica surface forming a semi-
sphere. Bigger liposomes are more likely to collapse, releasing the
water in the interior and forming a lipid bilayer [193]. The topog-
raphy image of a magnetoliposome over a mica surface is shown in
fgure 2.9b. By observing a larger area, it was observed that a lipid
bilayer covers the mica surface, formed during the sample deposition.
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Figure 2.9: (a) AM-AFM topography of liposomes without nanoparticles.
(b) Topography map of magnetoliposomes covered with DMSA coated
nanoparticles. (c) Compositional map obtained from the dissipation chan-
nel of the second mode. The map shows the positions of the nanoparticles
on the liposome and lipid bilayer. (d) Scheme of different nanoparti-
cles and structures found on the lipid bilayer and the magnetoliposome.
(e) Scheme of the different structures found by comparing the position
of the nanoparticles in the compositional map and the height map com-
pared to the lipid layer. The structures detected on the lipid bilayer and
magnetoliposome are: clusters of nanoparticles and lipid (yellow), single
nanoparticles (blue), clusters of nanoparticles (light blue), half-buried
nanoparticles(green), completely buried nanoparticles(green) and lipids
(red). Adapted from [149].

The magnetoliposome shows a non-spherical geometry, with several
nanoparticles and lipids clusters sticking out from the surface. In
fgure 2.9c the map of the dissipation of the second mode is displayed.
While measuring the nanomechanical properties and observables from
the second mode, the contrast of the nanoparticles is higher in the
channel of the dissipation, allowing for clear differentiation between
single nanoparticles and lipids. In the lipid bilayer outside the li-
posome the nanoparticles are clearly differenciated from the lipid,
which is used to calibrate the dissipation for the compositional map.
Nanoparticles are found to dissipate more energy than lipids, as they
appear in blue while the lipid is shown in red.

When imaging the interior of the magnetoliposome, the composi-
tional contrast to identify the position of the nanoparticles. Figure
2.9d shows a scheme of the different nanoparticle structures detected.
The map of the detected structures is shown in 2.9e. During the exper-
iments, to prevent lipid bilayer rupture, a maximum indentation of
1.5 nm was applied.
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Figure 2.10: (a) Topography and (b) Phase form the frst mode. (c) Frequency
shift and (d) Dissipation maps of the second mode. The nanomechanical
response depends on the presence of mica, lipids, or nanoparticles. The
maps of the phase and dissipation show the high contrast between the
different areas of the magnetoliposome. The dissipation map shows
the complexity of the magnetoliposomes structure, while the material
heterogeneity is resolved.

Magnetoliposomes can also collapse during the absorption on the
mica surface, and it was observed that they are more likely to form a
lipid bilayer compared to normal liposomes. In fgure 2.10 the topog-
raphy, phase, frequency shift, and dissipation image of the magnetoli-
posome is shown. The different channels offer compositional contrast
between the mica, lipids, and nanoparticles. The multiple stacked
lipid bilayers on top of the mica surface are observed. The response
and nanomechanical properties of the stacked lipid bilayer depend on
the number of stacked bilayers and the presence of nanoparticles [39,
155].
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2.7 conclusions 

It was shown how bimodal AM-FM can be used to measure high-
resolution maps of the nanomechanical properties and true topogra-
phy of soft-matter samples. The topography, elastic modulus, indenta-
tion, and true topography maps of polymers and single proteins in
their native environment were obtained simultaneously. Nanomechan-
ical maps with 5 nm resolution were obtained with the PS-b-PMMa
block copolymer, along with high-resolution true topography maps
that show the unperturbed surface of the polymer.

The bimodal AFM imaging of single proteins in their native envi-
ronment was demonstrated with the measurement of the elastic and
true topography maps of the 20S Human proteasome. Elastic maps
with 2 nm resolution of the proteasome subunits show the difference
in elasticity between the α and β subunits, which could be related to
their gate and catalytic function.

The true topography maps reconstruct the real height of the protea-
some in liquid. This method shows the capabilities of bimodal AFM
to obtain high-resolution maps of nanomechanical properties for a
wide range of materials (10 MPa-10GPa) under a variety of measure-
ment conditions. In addition, the subsurface capabilities of bimodal
AM-FM are applied to the imaging of magnetoliposomes. Detection
and characterization of the structure and depth of the nanoparticles
showed a variety of nanoparticles confgurations in the liposomes.
This characterization shows uneven distributions of nanoparticles
on the magnetoliposome, along with the detection of nanoparticles
outside and inside the lipid membrane.



3
N A N O M E C H A N I C A L M A P P I N G O F U LT R AT H I N
L AY E R S W I T H B I M O D A L A F M

Nanoscale mapping of the nanomechanical properties of interfaces
and thin layers is of great importance in materials science [194] and
biology [169, 195]. The use of semi-infnite models such as the Hertz
model in thin samples might be affected by the stiffness of the rigid
support [36, 39, 42, 196]. This makes semi-infnite models inappropri-
ate to describe the mechanical response of thin samples such as lipids
and proteins when the indentation is comparable to the thickness of
the material. To account for the interaction of the substrate, Dimitri-
adis et al. [39] developed a method to describe the force of a spherical
AFM tip on a sample with fnite thickness. They demonstrated that
the error during the determination of the Young’s Modulus might
be overestimated by an order of magnitude. In recent works, the so-
called Bottom Effect Correction (BEC)[197] was expanded for indenters
of different geometries and a more precise derivation of the contact
area [40]. The force correction in materials with fnite thickness greatly
depends on whether or not the sample is bonded to the substrate [38,
198], the Poisson’s ratio [39], or the elastic modulus of the substrate
[42, 199]. This new theory has been applied to viscoelastic materials
[49, 184] and lipids [43]. Bimodal AFM has been routinely used for
the analysis of very thin materials such as proteins [46, 69, 164], fbrils
[199], self-assembled monolayers [200] or lipids [169]. Typically, very
small indentations are required to avoid interaction with the substrate.
However, the measurement of nanomechanical properties of soft mat-
ter with bimodal AFM is also affected by the bottom effect correction.
In this section, bottom effect correction methods are introduced into
the bimodal AFM measurements. This method allows measuring the
correct Young’s Modulus of the sample with bimodal AFM, indepen-
dently of its thickness. The results of this chapter were published in
[101, 155].

3.1 theoretical framework of bimodal afm on a finite 
layer 

The bottom effect correction [38–43] gives the true Young’s modulus
of a soft material considering the substrate interaction. The force
produced by a spherical tip of radius R on a fnite layer of thickness
h over a rigid support is described by the bottom effect correction as
[40]
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Figure 3.1: Force curves as a function of the sample thickness and the tip
radius. (a) Scheme of a paraboloid indenter on the fnite layer over a rigid
support. (b) Force-distance curves at different indentations as a function of
the height of the sample. (c) Force-distance curves at different indentations
as a function of the tip radius. The force curves were calculated with E =
10 MPa, R = 8 nm in (b) and h = 7 nm in (c). Adapted from [40, 155]
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Rδ3/2F = E 1 + 1.133 + 1.497
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Rδ Rδ 

+1.469 + 0.755  (3.1)
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where δ is the indentation and E is the effective Young’s modulus
of the fnite later. In fgure 3.1 the dependence of the force on the
indentation, layer thickness, and tip radius is shown. For the same
indentation, higher sample thicknesses decrease the force, while in-
creasing the tip radius increases the force. The contact radius a is
defned as [40]

√ 
a = Rδ (3.2)

The bottom effect correction depends on the ratio between con-
tact radius and the sample thickness (a/h). The force could also
be expressed as sumatory of terms depending on the order of the
indentation

F = ∑ αnEδ 
n
2 (3.3)

n

To include the bottom effect correction in bimodal AFM, we calculate
the virials of the two eigenmodes. In chapter 2 the virial of the frst
mode was calculated for a generalized force like

F = αEδβ (3.4)

with the virial of the frst mode calculated as (eq.2.11, 2.16 and 2.16)
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Z T1
V1 = F (z(t)) z1(t)dt (3.5)

T 0Z 2π 
= 1

αE(I − A1 + A1cos(θ1))
β A1cos(θ1)dθ1 (3.6)

2π 0r 
A1 Γ(β + 1) 

= αE Iβ+ 2
1

(3.7)
2π Γ(β + 3/2) 

For the polynomial force in equation 3.3 the virial of the frst mode isZ T1
V1 = F (z(t)) z1(t)dt (3.8)

T 0Z 2π 
= 1

∑ αnE(I − A1 + A1cos(θ1))
n/2A1cos(θ1)dθ1 (3.9)

2π 0 n=0r 
A1 Γ(n/2 + 1) 

In/2+ 1= ∑ αnE 2 (3.10)
2π Γ(n/2 + 3/2)n

Using the bottom effect force in equation 3.1 and the relation presented
the virial of the frst mode isr √ ! √ !2

V1 = EI2 RA1

8
1 + 1.03

RI
h

+ 1.25
RI
h

√ !3
√ !4

+1.14
RI
h

+ 0.55
RI
h

 (3.11)

The virial of the seconde is calculated using the equations 3.3, 2.18,
2.20, and 2.22 as

Z Z1 2π 2π � � 
V2 = F′ (z0 + z1 + z2) · z2 z2dθ1dθ2 (3.12)

4π2 0 0ZA2 2π 
2≈ F′ (z0 + A1cos(θ1))dθ1 (3.13)

4π 0ZA2 2π n2≈ ∑ αn E(I − A1 + A1cos(θ1))
n/2−1dθ1 (3.14)

4π 0 2n

A2
2 αnEn Γ(n/2) n−1≈ ∑ √ I 2 (3.15)

4 2πA1 Γ( n+1 )n 2

and the virial of the second mode calculated with equation 2.22 is

s !√ √ !2
R RI RI

V2 = A2
2EI 1 + 1.28 + 1.87

8A1 h h √ !3 √ !4
RI RI

+2.00 + 1.10  (3.16)
h h
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where h is the true thickness of the thin layer, determined by

h = ha + I (3.17)

where ha is the apparent height of the layer determined from the
topography data. The thickness of the layer is underestimated by the
AFM due to the deformation of the surface. The theoretical value of
the virials should equal those measured experimentally by the AFM
in equations 2.7 or 2.8. This system of equations is defned as V1(E, I) − V1m = 0

(3.18)V2(E, I) − V2m = 0

The values of E and I are the solutions to this system of equations.
Rearranging the terms from the equation 3.18 the value of I is the
solution to the following equation� ��√ � �√ �2 �√ �3 �√ �4

RI RI RI RIA1 I 1 + 1.03 + 1.25 + 1.14 + 0.55h h h h V1m� �√ � �√ �2 �√ �3 �√ �4
� − = 0

RI RI RI RI V2mA2 1 + 1.28 + 1.87 + 2.00 + 1.102 h h h h

(3.19)

The value of the indentation must be solved numerically. Once the
indentation is calculated the Young’s Modulus isq 

8 V1m
RA1 I2

E = ��√ �√ �2 �√ �3 �√ �4
RI RI RI RI1 + 1.03 + 1.25 + 1.14 + 0.55h h h h

(3.20)

With these equations, the elasticity of thin layers is measured. The
solution to the indentation requires numerical approximations. An
analytic solution is only available for the frst order of the bottom
effect correction. Approximating the equation 3.19 results in� � √ �� 

A1 I 1 + 1.03 RI
ha+I V1m� � √ �� − = 0 (3.21)

RIA2 1 + 1.28 V2m
2 ha+I

and substitution of x2 = I gives

� √ � � √ � 
2 2 V1m 2A1x ha + x + 1.03 Rx − A2 ha + x + 1.28 Rx = 0 (3.22)

V2m
2

which is a polynomial equation of 3rdorder with analytical solution.
If the next order of the bottom effect correction is used, the result is a
polynomial of 5thorder, which has no analytical solution.
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Figure 3.2: Numerical simulations of the infuence of the sample thick-
nesses (7 nm , 14 nm and semi-infnite) for a material of Es = 1.0 GPa in air.
(a) Virial of the frst mode as a function of the indentation compared to
equation 3.11. (b) Virial of the second mode as a function of the indenta-
tion compared to equation 3.16. (c) Simulated Young’s modulus with the
semi-infnite model (symbols) and with the bottom effect correction (line)
calculated with equations 3.20. The shaded area shows the values that
lie within a 10% error of the Young’s modulus of the material. Bimodal
parameters k1 = 54.8 N/m, Q1 = 596, f1 = 331 kHz, k2 = 2000 N/m,
f2 = 2075 kHz, A01 = 54 nm, A1 = 50 − 54 nm A02 = 0.1 nm, R = 8 nm.

Figure 3.3: Numerical simulations of the infuence of the sample thick-
nesses (7 nm , 14 nm and semi-infnite) for a material of Es = 10 MPa in
water. (a) Virial of the frst mode as a function of the indentation compared
to equation 3.11. (b) Virial of the second mode as a function of the inden-
tation compared to equation 3.16. (c) Simulated Young’s modulus with the
semi-infnite model (symbols) and with the bottom effect correction (line)
calculated with equations 3.20. The shaded area shows the values that lie
within a 10% error of the Young’s modulus of the materials bimodal pa-
rameters k1 = 0.33 N/m, Q1 = 1.1, f1 = 366 kHz, k2 = 6.5 N/m, f2 = 1621
kHz, A01 = 2 nm, A1 = 1 − 2 nm, A02 = 0.1 nm, R = 8 nm. Adapted
from [155].
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3.2 simulations of finite-thickness interfaces 

To assess the accuracy of the equations, simulations were performed on
dForce [152] adapted for the BEC, and compared against the equations
of the elasticity and the virial. The Young’s modulus and virial as
a function of indentation for a sample with E = 1 GPa in air with
different thicknesses is represented in fgure 3.2 with R = 8 nm. The
values of the virial are in excellent agreement with the theory, and
the recovered Young’s modulus lays within a 10% error margin when
using indentations larger than 0.5 nm. To compare the response in
different media, simulations in water were performed.

The simulations of a soft sample with a Young’s Modulus of E =
10 MPa in liquid are shown in 3.3. The simulated virial agrees with
the equations presented before. The elastic values obtained with the
bottom effect correction are shown with a 10% error compared with
the original, marking the area of stability. The area of stability is
reached again when the indentation is higher than 0.5 nm, for this
system. The stability of the bimodal AFM simulations is determined
by the amplitude of the second mode of the cantilever and the height
of the sample. The resulting Young’s modulus lies within a 10%
error compared to the original. For reference, the Young’s modulus
obtained with the semi-infnite Hertz model is displayed. If the bottom
effect correction is not considered, the overestimation of the Young’s
modulus could exceed the 1000% error. It should be noted that the
error produced by the semi-infnite theory is much higher in bimodal
AFM than the one produced in force-distance curves. For reference,
at 1 nm indentation for a sample with h = 7 nm, R = 8 nm the value
obtained by force-distance curves is overestimated by 80%, compared
to an overestimation of 150% for the bimodal AFM.

Similarly, the dependence on the tip radius for a layer of h = 7 nm
is simulated in fgure 3.4. For smaller tip radius the overestimation
of the Young’s modulus decreases, while the bottom effect bimodal
equations can recover the true elastic modulus of the sample even
when the tip radius is comparable to the thickness of the sample. The
region of measurement conditions where the error is below 10% is
displayed. This error is very diffcult to obtain if the layer is treated
with the semi-infnite model. Only by using very sharp tips (R = 1 
nm) is the value within the tolerance, and only within very restricted
measurement conditions (indentation between 0.6 to 0.8 nm).

To check the consistency of the results, simulations were performed
in thin layers with thickness ranging between 1-15 nm over a fve order
of magnitude Young’s modulus range (1 MPa-100 GPa ). Figure 3.5 
shows that the use of the Hertz model with the semi-infnite thickness
could lead to an overestimation of the Young’s modulus by a factor of
10 for very thin layers. However, the use of the fnite-thickness model
recovers the expected Young’s modulus of the material independently
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Figure 3.4: Numerical simulations of the infuence of the tip radius for
a material of Es = 10 MPa and h = 7 nm. (a) Virial of the frst mode as a
function of the indentation compared to equation 3.11. (b) Virial of the
second mode as a function of the indentation compared to equation 3.16.
(c) Simulated Young’s modulus with the semi-infnite model (symbols)
and with the bottom effect correction (lines) calculated with equations
3.20. The shaded area shows the values that lie within a 10% error of
the Young’s modulus of the materials. Bimodal parameters k1 = 0.33
N/m, Q1 = 1.1, f1 = 366 kHz, k2 = 6.5 N/m, f2 = 1621 kHz, A01 = 2 nm,
A1 = 0.5 − 2 nm, A02 = 0.1 nm, R = 8 nm. Adapted from [155].
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Figure 3.5: Simulations of the measurements of the Young’s modulus of
ultrathin materials with different thicknesses. Tip Radius R = 2 nm. (a)
Relative error obtained by the use of the Hertz model for a semi-infnite.
The signifcant overestimation of the Young’s modulus produces a relative
error between 10-1200%. (b) Relative error of the Young’s modulus ob-
tained with the fnite-thickness theory. The recovered value is in excellent
agreement with the original. The relative error is <1%. The fuctuations in
the error are produced by errors during the numerical integration in the
simulation. Continuous lines serve as visual aid between the points. The
simulation parameters are displayed at the bottom table. Adapted from
[155].
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of the sample thickness. The simulations also show that the interaction
with the substrate depends only on the contact area, independently of
the stiffness of the material.

3.3 bimodal afm experiments on lipid bilayers 

Figure 3.6: Scheme of a single and double lipid bilayer indented by an
AFM tip. Adapted from [155].

To test the capabilities of the measurement of the Young’s mod-
ulus of ultrathin soft materials, we have performed measurements
on lipid bilayers. Lipid bilayers enable the preparation of samples
with single or multi-layer confgurations with a few nanometers in
thickness, as seen in fgure 3.6. Lipid bilayers are of great relevance in
biotechnology and cell biology, used to mimic biophysical properties
of cell membranes [169, 193, 201–211]. Several techniques have been
used to study the mechanical properties of lipid bilayers. For example,
micropipette aspiration provided crucial information about the mem-
brane elasticity, shear and bending [212]. However, those methods
cannot provide local information about the properties of the bilayers.
In addition, it has been demonstrated that the intrinsic curvature in
free-standing lipid bilayers determines the bending and stretching
elasticity[213]. Supported planar bilayers, when deposited in the mica
surface, are also used to study the nanomechanical properties such
as elasticity or rupture force of the membrane [202]. The planar ge-
ometry of the deposited lipid bilayer constrains the movement of the
lipid molecule in the vertical direction. The breakthrough force is
directly related to the elasticity, adhesion and other lateral interactions
between the molecules of the lipid [214, 215]. The breakthrough force
serves as a fngerprint of the lipid composition. The elasticity of the
lipid bilayers could also be measured independently by the AFM with
the use of force-distance curves [208]. The Young’s modulus of the
deposited lipids bilayer depends on the lipid molecule composition
[215], cholesterol concentration [169, 205] or cation concentration [216].
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Figure 3.7: (a) Topography map of a single and double bilayer. (b) Young’s
modulus map obtained with the semi-infnite model. The elastic modulus
obtained is higher in the single bilayer due to the bottom effect. (c) Young’s
Modulus map obtained with the fnite thickness model. With the bottom
effect correction, the elasticity measured is independent of the thickness of
the layers. The bottom panels display the cross-section across the dashed
line and the histogram of the values obtained in the maps. Adapted from
[155]

Recently Chiodini et al [43] successfully tested the bottom effect cor-
rection in the measurement of lipid nanomechanics with force-distance
curves. The lipid bilayers have thicknesses of a few nanometers. This
system also enables the preparation of samples with multiple stacked
bilayers of different heights.

To illustrate the capability of the bimodal AFM to recover the
Young’s modulus of ultrathin soft materials, experiments were per-
formed in lipid bilayers. DPPC lipid bilayers were prepared by fusion
of lipid vesicles using the protocol described in [193]. DPPC powder
(Avanti 850355P-200Mg 16:0 PC (DPPC)) was dissolved in a chlorofor-
m/ethanol 2/1 (v/v) mixture to a fnal concentration of 1 mM. The
suspension was placed on a crystal glass and carefully evaporated
under a nitrogen fow, and placed on a desiccator for 2 hours. In this
way, the lipids contained in the suspension are absorbed in the walls of
the glass and the chloroform and ethanol are extracted from the lipids.
The dried lipids on the glass were then resuspended in buffer (10 mM
Tris, 100 mM NaCl, 3 mM CaCl2, pH 7.4) to a lipid concentration of 1 
mM. The solution was sonicated 5 times at intervals of 2 minutes while
keeping the suspension on an ice bath. Small Unilamellar Vesicles
(SUV) were formed on the suspension. The suspension was stored
at 4C◦ . For AFM measurements 50 µl of the SUV suspension was
deposited in freshly cleaved mica and incubated for 60 minutes in a
closed container to avoid evaporation. This procedure generated a
supported lipid bilayer on the mica surface. To favor the formation of
stacked multilayers, during incubation 50 µl of the SUV solution was



52 nanomechanical mapping of ultrathin layers with bimodal afm 

Figure 3.8: (a) Maximum indentation applied in the bimodal AFM mea-
surements for single (h = 6 nm) and double bilayers (h = 12 nm) calculated
from fgure 3.7. Under the same measurement conditions, the maximum
indentation is larger in the double bilayer. (b) Maximum force applied
in the bimodal AFM measurements. The interaction with the substrate
increases the maximum force for the thinner layer. Adapted from [155].

added to the sample every 15 minutes [203]. The additional liposomes
formed bilayers on top of the previous ones, producing double bilay-
ers or multilayers. After incubation, the sample was rinsed with the
imaging buffer (10 mM Tris, 100 mM NaCl, pH 7.4) and placed inside
the AFM fuid chamber. Imaging started without further delays at a
constant temperature of 22◦ .

The bimodal AFM and force-spectroscopy measurements were per-
formed in a Cypher VRS AFM microscope. The experiments were
conducted in liquid with USC-F0.3-k0.3 cantilevers with f1 = 366 kHz,
k1 = 0.332 N/m, Q1 = 1.1, f2 = 1621 kHz, k2 = 6.52 N/m, and R =
8 nm. Bimodal AFM was performed in the AM-FM confguration
with A01= 2.0 nm, A1= 1.8 nm, A2= 0.1 nm, Fmax= 250 pN and Imax=
1.6 nm. Elasticity and indentation maps were calculated from the
bimodal AFM observables with equations 3.19 and 3.20. In fgure 3.7a
the topography of the DPPC bilayers is shown. The sample contains
a single lipid bilayer and a double lipid bilayer. Figure 3.7b shows
the Young’s modulus map when the semi-infnite model is used. The
Young’s modulus determined with the semi-infnite model depends on
the thickness of the layer, measuring 23.4 MPa for the double bilayer
and 41.1 MPa for the single layer. This is no longer the case when the
fnite thickness model is used. In fgure 3.7c the Young’s modulus is
calculated with the bottom effect correction, obtaining 12.6 MPa for
the single bilayer and 12.9 MPa for the double bilayer. This difference
is within a relative error of 5%. Thus the bimodal AFM theory for
fnite layers can recover the correct value of elasticity independently
of the thickness of the layer. The recovered values of maximum in-
dentation and force are depicted in fgure 3.8. It is shown that for the
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same measurement conditions as the sample thickness increases, the
indentation increases, while the maximum force decreases.

To determine the consistency of the results, force-distance curves
on the same lipid bilayer were obtained with the same cantilever
immediately after recording the bimodal image. Force-curves were
recorded at 2 Hz, with a maximum force of 240 pN. The force curves
were ftted with the bottom effect correction formula (eq. 1.11). The
dependence of the thickness of the sample to the slope of the force
is shown experimentally in fgure 3.9. Force curves obtained in the
single and double bilayers show the distinctive variation of the values
of elasticity when using the semi-infnite model.
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Figure 3.9: Force curves on the single (h = 6 nm) and double (h = 12 nm)
lipid bilayer regions. The measured Young’s modulus with the Hertz
model is 47 MPa and 22 MPa for the single and double layers respectively.
With the bottom effect correction the measured Young’s Modulus is 11 
MPa and 12 MPa for the single and double layers respectively.

A full map of the lipid surface was obtained using force-volume. In
this technique, 64 by 64 force-curves were performed on the surface
of the lipid. In fgure 3.10a the topography of the lipids is measured.
By ftting the force curves measured at each pixel with a semi-infnite
model and the fnite thickness model, the elasticity is calculated. The
elasticity map is shown in 3.10b. The Young’s modulus measured is
and 24.6 MPa for the single and 47.2 MPa for the double bilayer. The
values are affected by the interaction with the substrate. In 3.10c, the
bottom effect theory is applied. The resulting elasticity map shows a
value of 11.6 MPa for the single and 11.9 for the double bilayer. The
values were obtained within an error of 3% .

In addition, both methods, bimodal AFM and force-volume, pro-
vided similar values of the elasticity of the lipid bilayers independently
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Figure 3.11: Boxplot of the Young’s modulus measured before and after the
Bottom effect correction. The number of layers corresponds to the single
and double lipid bilayer domains. The elastic modulus was measured
with (a) Bimodal AFM and (b) Force volume. Adapted from [155].
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of the thickness of the bilayer. Boxplots of the Young’s modulus values
measured in the same region with both techniques are displayed in
fgure 3.11.

3.4 conclusions 

The measurement of nanomechanical properties of ultrathin materials
deposited on a rigid substrate is greatly infuenced by the interaction
with the rigid support. To determine the elasticity of such materials
requires applying the bottom-effect correction. A model was devel-
oped to account for the bottom-effect correction in the Bimodal AFM
measurements. Due to the non-linearity of the dynamic methods,
new equations were developed to include the effect of the support in
the calculation of the virials of the frst and second modes. The new
model enables the measurement of the elasticity of ultrathin materials
independently of the thickness or elasticity of the material by the
use of bimodal AFM. Theory and simulations show the capability to
accurately measure nanomechanical properties of ultrathin layers with
thicknesses between 1-15 nm and to a wide range of soft and hard
materials (1 MPa-100 GPa). Experimental validation of the theory
was performed by the measurement of the Young’s Modulus of single
and double lipid bilayers, with a thickness of 6 and 12 nm. Bimodal
AFM measured a Young’s modulus of 12.6 and 12.9 MPa for both
single and double layers. Measurements were contrasted against AFM
force-distance curves to characterize the interaction produced by the
bottom effect.



4
H I G H - S P E E D B I M O D A L A F M F O R T H E S T U D Y O F
C O L L A G E N S E L F - A S S E M B LY

The development of High-Speed AFM (HS-AFM) has made possible
the observation of dynamics and structure of proteins with sub-ms
and sub-nm resolution [217, 218]. HS-AFM has been used to measure
the dynamics of proteins [133, 219], membranes [126] or cells [132].
To extend the capabilities of the HS-AFM, hybrid confgurations are
under development. Examples are the Hybrid HS-AFM fuorescence
microscopy [220], combined high-speed AFM and optical microscopy
[221], ion conductance [222], nano-endoscopy with long-tips [223], or
phase imaging [224, 225]. The measurement of thermal fuctuations
has also been used to measure the mechanical properties of proteins
[226], DNA [130] and polymers [227, 228]. However, those methods
are unable to obtain dynamic information, as several images need
to be recorded to calculate the thermal fuctuations, from which the
nanomechanical properties are calculated.

Bimodal AFM is arguably one the fastest methods to measure
nanomechanical properties. The excitation of two eigenmodes of
the cantilever provides in situ information about the viscoelastic prop-
erties of the sample from a few oscillations per pixel. The method is
compatible with the operation of the high-speed AFM microscope, as
the excitation of the second mode does not interfere with the existing
setup. Bimodal AFM with ultrashort cantilevers with high resonant
frequencies speeds up the measurement of topography and nanome-
chanical properties. In this chapter the combination of high-speed
AFM and bimodal AFM is explored to develop a method to obtain
dynamic measurements of the nanomechanical properties with high
spatial and temporal resolution. As a proof of concept, high-speed
measurement in bimodal AFM are performed of polymers and colla-
gen molecules during self-assembly. The results of this chapter were
published in [101].

4.1 high-speed bimodal afm on polymers 

High-speed bimodal AFM was used to measure the viscoelastic prop-
erties of the PMMS-b-PS block copolymer sample. The preparation
protocol was described in chapter 2. Measurements were performed
on a Cypher VRS, on a home-built confguration equipped with a
high-speed AFM stage and the bimodal module in the AM-FM confg-
uration. This confguration produced four different observables. The
AFM measured the amplitude and phase of the frst mode (A1, ϕ1)

57 
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Figure 4.1: (a) Picture showing the block-copolymer sample placed on the
high-speed bimodal AFM microscope for measurement of the nanome-
chanical properties. The polymer sample is glued to the pillar, positioned
on top of the scanner. (b) Scheme of the HS-AFM microscope.

and the frequency shift and dissipation of the second mode (∆ f2, D2).
The analytical expressions for the derivation of the Young’s modulus
and loss tangent were presented in chapter 1 and 2 (eq. 2.34, eq.
1.54). The AM feedback loop in the high-speed confguration acts
on the amplitude of the frst eigenmode to track the topography of
the sample. The FM feedback in the second mode keeps the phase
and amplitude of the second mode constant by changing the driving
frequency and force.

The polymer sample was cut to reduce the inertia of the scanner
to a square of 4x4 mm. The sample was glued on top of the scan-
ner, which is located below the sample. A picture of the HS-AFM
microscope with the block-copolymer sample is shown in fgure 4.1.
High-speed bimodal measurements of the block-copolymer nanome-
chanics where performed at 5 fps, or 200 ms per image. Measurements
were performed with a scansize of 500 nm, scan rate of 500 Hz and
96x256 pixels. The bimodal AFM parameters were A01 = 26 nm, A1

= 19 nm, A2 = 1.6 nm, which results in Fmax = 14 nN. A single frame
of the Young’s modulus and loss-tangent is shown in fgure 4.2a,b.
Continuous imaging of the polymer surface shows no changes in
the lamellar structure, showing the control of the low forces applied
to the polymer. On the previous results presented in chapter 2, the
velocity of the bimodal AFM measurement was 2.5 µm/s. With the
high-speed bimodal, the velocity reached 0.5 mm/s, an increase on
the nanomechanical measurement of about 2 orders of magnitude. A
custom built Python software was used to read the data, process the
bimodal observables, calculate the Young’s modulus and loss tangent,
and generate videos.

Further measurements of a wider area were performed using an
Arrow UFH cantilever (Nanoworld) characterized by f1 = 1150 kHz, k1

= 4.0 N/m, Q1 = 117, f2 = 3490 kHz, k2 = 21.2 N/m and R = 2 nm. The
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Figure 4.2: High-speed bimodal AM-FM maps at 5 fps of the block-
copolymer. (a) Young’s modulus map. (b) loss-tangent map. (c-f) HS-
bimodal block-copolymer maps with 2 µm scan size at 0.4 fps showing
the (c) topography, (d) phase of the frst mode (ϕ1) and (e) frequency shift
(∆ f2). (f) Map of the Young’s modulus. (g) Cross-section of the Young’s
modulus marked with a dashed line in the elasticity map. Experiments
were performed in air.
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bimodal AFM parameters are A1 = 6.5 nm, A01 = 12.2 nm, A2 = 0.5 
nm, scan size = 2 µm, scan rate = 200 Hz and 0.4 fps. The high-speed
feedback system measured the topography of the polymer, shown
in fgure 4.2c resolving the lamellar structure. The phase of the frst
mode is shown in 4.2d, related to the difference in the loss-tangent
and energy dissipation. When the second mode of the cantilever is
excited and the FM modulation feedback activated, the frequency shift
shown in fgure 4.2e displays the difference between the PS and the
PMMA regions of the lamellar structure. From the observables, the
Young’s modulus of the sample is calculated as displayed in fgure
4.2f. As shown in the cross section, the elasticity is resolved with a
resolution of 7 nm.

The simultaneous measurement of topography and elasticity shows
the absence of cross-talk between the bimodal and the high-speed
feedbacks, allowing the measurement of nanomechanical properties
at several frames per second. The application is also compatible
with imaging of large areas, providing high-resolution imaging of
mechanical properties [137].

The use of the bimodal AM-FM confguration is preferred for mea-
surements in air [97]. When using the AM-OL confguration in air on
polymers, from equation 2.31 it is seen that the virial of the second
mode only depends on the maximum indentation. The response of
the second mode, as seen in equation 2.10, depends on the quality
factor. For this experiment the quality factor of the second mode
was Q2 = 500, producing a high reduction of the amplitude from the
response of the interaction. In addition, in air, the use of high-speed
cantilevers with resonance frequencies in the MHz range further in-
creases the energy dissipation. This makes measurents diffcult as the
fnal amplitude of the second mode is very low. It has been proposed
the use of the third eigenmode with a higher spring constant, which
solves this problem at the cost of increasing the force applied to the
sample [189, 229]. In contrast, frequency modulation on the second
mode (AM-FM) ensures that the cantilever is always on resonance,
and with constant amplitude, which keeps the indentation constant
and reduces the noise of the nanomechanical measurement.

4.2 collagen structure and properties 

Collagen is the most abundant protein in animals. Its role is linked to
structural and morphogenetic function [231], giving structural stability
to tissues such as bones, eyes, or skin [232]. All collagen molecules are
composed of a triple helix formed by three super-coiled helical chains,
known as tropocollagens [232]. Each poly-peptide of the tropocolla-
gen chain is composed of a repeating Gly-X-Y pattern, with a glycine
amino acid every third residue position [233]. There are over 28 differ-
ent collagen confgurations in vertebrates [234], being collagen type
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Figure 4.3: (a) Scheme of the amino acid sequence of collagen, collagen
molecule (Protein Data Bank accession no. 1F6F), tropocollagen triple-helix,
microfbril, and microribbon. (b). Schematic of the collagen synthesis in
the Golgi apparatus of the cell. Adapted from [101, 230].

I the most abundant. Collagen type I produces fbrillar structures
that give mechanical stability to tissues. The triple helix has a length
of 300 nm and 1.5 nm in diameter [235] known as tropocollagen or
monomers. The structure of the collagen molecule is displayed in
fgure 4.3. Each of the chains that compose the triple helix has a
different amino-acid composition, bundled together mainly by hydro-
gen bonding [236]. The thermal stability, denaturation temperature
[237], melting temperature [238] and mechanical properties of the
tropocollagen molecule depend on the density of cross-links [239].
The tropocollagen molecules bind to form microfbrils. Microfbrils
are stacks of collagen molecules forming a periodic structure [233, 240].
The position of the molecules inside the microfbrils follows a periodic
pattern [241]. The spacing between molecules in the microfbril is
responsible for the formation of regular bands and overlaps known as
the D-band, with a periodicity of 67 nm [242] that play a signifcant
role in the mechanical properties of the fbrils [243, 244]. In cells the
formation of the collagen fbrils is performed in the Golgi apparatus
[230, 239, 245, 246] as shown in fgure 4.3b. Fibrillar collagens are
produced as soluble precursors known as the procollagen molecules,
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that contain propedtides terminals at each end of the triple helix to
prevent the early assembly [232]. The process follows several steps
from which the procollagen chains are assembled into microfbrils
after removing the N- and C-terminals[232, 239] and secreted to the
extracellular matrix, forming the collagen fbrils. Collagen fbrils have
a diameter between 100 nm to 5 µm [247], and a length of 1 µm to
several mm [248].

4.2.1 Measurement of Mechanical Properties of Collagen

The mechanical properties of the collagen structures are dependent
on age, species, and tissue. In addition, several diseases such as osteo-
genesis imperfecta or osteoporosis are directly linked to mutations on
the collagen helix that affect the mechanical properties of the fbrils
and tissue [249]. The mechanical properties of collagen fbrils have
been studied using optical tweezers [250], microelectromechanical
systems [251, 252], x-ray [253] and AFM [241, 254]. Within the AFM
measurements, different experimental confgurations have been ap-
plied to study the axial [255], bending [256] and longitudinal [257]
elasticity of collagen fbrils. These properties vary greatly with the
direction of the stresses, due to the anisotropic nature of the collagen
structure. The mechanical properties of collagen fbrils vary with the
water concentration [241], with a Young’s Modulus of 10 MPa in water
and 2 GPa in dry conditions. The addition of salts also affects the
elasticity of the fbrils [258] as the ionic strength of the solution around
the collagen increases the Young’s modulus of the fbrils. The Young’s
modulus of collagen increases from 2 MPa in potassium acetate buffer
at pH 7 to 4 MPa after the addition of 1M KCl , and from 3 MPa in
potassium acetate buffer at pH 5 to 22 MPa after the addition of 1M
KCl[258].

4.2.2 Dynamics of Collagen Self-Assembly

To study collagen self-assembly in vitro, tendons of rat tail or any other
tissue containing collagen are diluted in acetic acid, obtaining a telocol-
lagen solution [259] that keeps the triple helix intact. Another method
to extract collagen is based on the use of pepsin. The pepsin produces
the enzymatic cleavage of cross-links in the telopeptide, producing
atelocollagen [260]. Both acidic solutions (pH 2-4) can be stored at 4 
Cº. The solutions have a high concentration of procollagen monomers.
Upon increase of the pH and temperature in the solution, banded
collagen fbrils form in vitro [261]. The formation of fbrils follows
three steps: nucleation, growth by accretion of tropocollagens, and
interfbrillar fusion [232]. This process guides the ordered formation of
fbrils from molecules of 300 nm to fbrils of several mm in length with
great mechanical properties. The speed and effciency of the assembly
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depend on various conditions. If the solution is warmed and then neu-
tralized the collagen fbrils will grow faster than if the solution is frst
neutralized and then warmed [261, 262]. Assembly also depends on
the collagen concentration, as higher collagen concentration increases
the velocity of the assembly. In addition, a critical concentration is
required to trigger the assembly, otherwise, the formation of fbrils is
not observed [263]. While both the acid and pepsin extracted collagen
molecules are capable of forming banded collagen fbrils, the cleavage
of the telopeptide by pepsin extraction affects the self-assembly, as
the telopeptides help the nucleation and speed up the fbril formation
[232, 264, 265].

Previous studies have shown how collagen can self-assemble on
inorganic substrates, such as mica [235]. On these surfaces collagen
self-assembles in banded microribbons [266]. The D-band structure
is similar to that observed in the collagen fbrils [267, 268]. These
scaffolds have a wide variety of applications in tissue regeneration
[269], cellular processes [270–272], bio-compatible coatings [273] and
the fabrication of novel biofunctionalization of materials [274]. In a
previous work, Leow et al [275] demonstrated that during deposition,
the formation of fbrils is infuenced by the physico-chemical char-
acteristics of the substrate, as the ordered assembly of the collagen
molecules and direction of the D-Band is guided by the mica lattice.
In addition, the critical concentration to trigger the self-assembly of
the collagen microribbons is lower on mica than in bulk solution, as
surface nucleation is helped by the ions on the substrate [276]. Simu-
lations showed the substrate absorbing the tropocollagen molecules
from the bulk, helping nucleation and fbrillation [277]. Collagen
fbrogenesis and formation of microribbons in mica is infuenced by
pH value, salinity [276, 278–280], temperature [281, 282], collagen con-
centration [283, 284] and extraction method [285, 286]. The pathways
of the collagen self-assembly remain under study.

Previous works with time lapse and high-speed AFM characterized
the dynamics of the self–assembly of collagen scaffolds on mica [266,
287, 288] and the formation of the microribbons. The formation of
the microribbons was found to follow a similar process of nucleation,
aggregation and fusion of fbrils. However, the nucleation and ag-
gregation of individual tropocollagen molecules was not reported.
The characterization of the full path of collagen self-assembly and
the relationship between structure and nanomechanical properties
at the tropocollagen level is still poorly understood [254, 289]. In
addition, the changes in the nanomechanical properties of collagen
during aggregation could not be directly measured with high-speed.
The changes in the nanomechanical properties can be used to identify
the evolution of the cross-linking density during collagen formation.
In this section, the newly developed high-speed bimodal AFM was
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used to characterize the changes in the nanomechanical properties
during collagen self-assembly.

4.3 high-speed bimodal imaging of collagen self-assembly 

High-speed bimodal AFM experiments of collagen self-assembly were
performed as follows. A home built AM-OL confguration was imple-
mented on the Cypher-VRS. In this confguration four observables are
recorded, being the amplitude and phase of the frst mode (A1, ϕ1),
and the amplitude and phase of the second mode (A2, ϕ2). The high-
speed AM feedback on the frst mode tracks the topography, while a
constant driving force was applied to the second mode, without the
need of additional feedbacks. The bandwidth of the HS-bimodal z-
feedback is 100 kHz, with an optical detector bandwidth of 7 MH. The
sampling rate of the lock-in was 500 kHz. The excitation of the eigen-
modes was done with photothermal excitation. High-speed cantilevers
(USC-F0.3-k0.3, NanoandMore, Germany) were used to perform the
measurements. Typical values of the cantilevers parameters in liquid
are: f1 = 120 kHz, k1 = 0.3 N/m, Q1 = 1.5, f2 = 1 MHz, k2 = 15 N/m
and Q2 = 5.1. The force constant of the second eigenmode was cali-
brated with the method described in [70]. A custom Python software
was used to extract the data, calculate the viscoelastic parameters and
produce the image sequence. All channels were corrected for thermal
drift, and the average of the trace and retrace was calculated for the
images.

Videos were assembled using ffmpeg. Due to the low thickness of
the collagen fbrils, the bottom effect was included, as previously
described in chapter 3. The values of the Young’s modulus were
obtained with equations 3.20 and 3.19. The loss tangent was calculated
using equation 1.54. Due to the hydrodynamical interaction between
the tip and the sample, the values of Q and f are affected by the
proximity to the sample [290], and were measured during the approach
before contact with the surface.

4.3.1 Collagen preparation

To measure the collagen self-assembly, the AFM chamber frst was
flled with imaging buffer consisting of phosphate-buffered saline
(Sigma-Aldrich) with 300 mM KCl (Sigma-Aldrich), and pH 7.4. The
AFM chamber contains a pillar used for high-speed measurements. On
top of the pillar a disk of muscovite mica (Grade V-1, Alpha Biotech
Ltd.) is glued with epoxy to the base. The mica is freshly cleaved
before experiments. The fuid chamber is connected to a perfusion
system that allows exchange of buffer during the experiment. After
approach the feedback parameters were optimized for the imaging
of the mica surface, adjusting the feedback gains, amplitudes and
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Figure 4.4: (a) HS-bimodal sequence of height, elasticity and loss tangent
during the microribbon formation. The frames show the formation of the
D-band and the growth of the fbrils from the aggregation of monomers.
During growth neighboring fbrils can fuse to increase the size of the fbril.
The frame number is displayed in parenthesis along with the time. (b)
Cross section of the lines marked at 512 s. The viscoelasticity and height
oscillate with the D-band. The cross sections are shown averaged with
a width of 10 pixels. The collagen used was pepsin-extracted collagen
(Purecol). The images were recorded at 0.2 fps, 512 × 512 pixels, a scan rate
of 100 Hz, A01 = 10 nm, A02 = 1.5 nm, A1 = 9 nm and Fmax = 1.2 nN (18 nN
on mica). Cantilever parameters: f1 = 132 kHz, k1 = 0.18 N/m, Q1 = 1.7; f2
= 1.1 MHz, k2 = 12 N/m and Q2 = 5.3. Adapted from [101]
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Figure 4.5: (a). Sequence of frames showing the height, elasticity and loss
tangent of a single growing microfbril. The images are displayed every 10 
seconds. The frames show the accretion of the collagen monomers from
the solution to the microfbril. After the assembly of fve tropocollagen
molecules, the D-band is formed. (b) Cross section along the dashed line.
At t = 0 s, the mica is observed. At t = 150 s, the collagen precursors
begin assembling. At t = 225 s, the height reaches 1.5 nm showing the
stable formation of the microfbril and the growth stops. The maps were
obtained using acid-extracted collagen (Advanced Biomatrix). The imaging
parameters were: imaging rate of 1.12 fps, 256 × 256 pixels, scanline of 300 
Hz, A01 = 7.1 nm, A02 = 0.2 nm, and A1 = 6.3 nm and Fmax = 1.2 nN on the
collagen (18 nN on mica). Cantilever parameters: f1 = 158 kHz, k1 = 0.35 
N/m, Q1 = 1.5, f2 = 1.2 MHz, k2 = 21 N/m, Q2 = 5.1. Adapted from [101].

scan angle, to reduce the imaging error. Then monomeric pepsin-
extracted collagen bovine collagen of type I (PureCol, CellSystems
GmbH) or acid-extracted bovine calfskin type I collagen (50106, Max-
trix BioScience GmbH) was diluted in chilled (4 Cº) imaging buffer
to a fnal concentration of 3.0 µg/mL and rapidly injected inside the
fuid chamber.

4.3.2 Results

High-speed bimodal measurement started without further delays, as
the increase of temperature after injection starts the collagen self-
assembly on the mica surface. The sequence of topography, Young’s
modulus and loss tangent measured for 5 minutes at 1.1 fps is shown
in fgure 4.4. The collagen microribbons present the formation of the
D-band structure alternating overlap and gap regions. The D-band
is also recognized in the elastic and loss tangent maps, due to the
different nanomechanical properties of the band and overlap regions
[254]. At the start of the measurement, the collagen microribbons and
microfbrils cover approximately 10% of the mica surface. At t = 512 
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Figure 4.6: Nanomechanical properties in the stages of collagen self-
assembly. First adsorption, nucleation and aggregation of precursors forms
the tropocollagen. Then the microfbrils are formed showing the D-band.
In the last stage the formation and merging of multiple microfbrils forms
a microribbon. The height, elasticity and viscosity of the collagen change
at each stage of the collagen formation. Adapted from [101].

s, 80% of the mica is covered by microribbons with widths ranging
between 300 to 500 nm. The growth direction is determined by the
underlying mica surface due to the interaction between the aminoacid
chains and the orientation of the OH groups on the mica [275, 291].
However, some thin microfbrils are observed to grow at an angle of
58o with respect to the predominant direction. This angle is very close
to the expect 60o angle of the mica lattice. This behavior is expected
due to the high concentration of K+ ions on the buffer that promote
parallel growth [275].

Due to the fnite thickness of the collagen microribbon, the effect of
the substrate greatly infuenced the measured Young’s modulus. Dur-
ing the bimodal AFM measurements the indentation was on the 1-2 
nm range on the collagen fbrils, producing an overestimation of the
Young’s modulus, measured as 100 MPa with the semi-infnite model,
far from the reported value of the collagen microribbons and microfb-
rils [254, 292–294]. The maps of indentation and apparent Young’s
modulus are displayed in fgure 4.7. By applying the fnite-thickness
correction, presented in chapter 3 (eq. 3.19, 3.20), the calculated
Young’s modulus of the fbrils is 8 MPa, as shown in fgure 4.4. In
addition, the areas of the mica appear much stiffer than the collagen
in the apparent Young’s modulus maps. However, in the corrected
maps, the Young’s modulus of the mica is zero, due to the absence of
collagen in these regions. The elasticity map is meant to represent the
elasticity of the collagen structures.
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Figure 4.7: (a) Indentation map measured by the bimodal AFM, showing
the frame from fgure 4.4 at 512 s. The maximum indentation detected is
1.2 nm for the collagen fbrils with a thickness of 4.3 nm (b) Apparent
Young’s modulus obtained with the same bimodal observables as fgure 4.4 
at 512 s. The Young’s modulus of the collagen fbrils is overestimated by a
factor of 10x due to the interaction with the substrate. (c) Simulations of
the Virial of the frst mode as a function of indentation for a semi-infnite
sample and a 10 nm thick layer, both with 10 MPa. (d) Virial of the second
mode as a function of indentation. (e) Young’s modulus for a semi-infnite
sample, a 10 nm thick sample with no correction, and a 10 nm thick sample
with the bottom-effect correction. Simulation parameters are the same as
in the bimodal collagen maps. Adapted from [101].



69 4.3 high-speed bimodal imaging of collagen self-assembly 

Phase 2nd Mode (º)Topography (nm)

200 nm

85

78

18

0

a b

Figure 4.8: HS-bimodal AFM imaging of collagen fbrils at 5 fps of (a)
topography and (b) phase of the second mode. Adapted from [101].

The cross section in 4.4b shows the relation between the height,
Young’s modulus and loss tangent over the D-band. The periodicity
of the structure (67 nm) agrees with the reported value of the D-band.
The changes in height between the gap (3.9 nm) and overlap (4.4 nm)
are observed to affect the viscoelastic properties. The elasticity of the
gap and overlap regions is 7.2 and 8.5 MPa respectively. The loss
tangent is measured to be 0.82 in the gap and 0.60 in the overlap
region, as the overlap is less viscous than the gap region [242, 295]. In
summary, the overlap region is thicker, stiffer and less viscous than
the gap region.

Additionally, the collagen microfbril assembly was studied at the
molecular level. Figure 4.5 shows the evolution of the topography,
Young’s modulus and loss tangent maps of a single growing collagen
microfbril. The steps during the formation of the microfbril are char-
acterized by changes in height and viscoelasticity. The aggregation of
tropocollagen monomers to the existing tip is characterized by an in-
crease of height from 0 nm (mica) to 1.6 nm (collagen microfbril). This
height corresponds to the expected diameter of a single tropocollagen
molecule [296]. During the assembly, the Young’s modulus increases
to ~1.6 MPa, while the loss-tangent decreases from 1 (mica) to 0.79 
(collagen). The loss tangent of the mica is 1.0, which is an artifact due
to the energy transfer between eigenmodes produced by stiff samples
on water [50, 91, 297] and thus are not related to the viscoelastic prop-
erties of mica. After the assembly of the tropocollagen is fnished, the
height of the tip continues increasing up to 3 nm forming a microfbril.
It is at this stage that the formation of the D-band is observed, as seen
in the height, elastic and loss tangent maps. It has been suggested that
fve collagen molecules form one microfbril [298–301] with a size of
3x5 nm2, which are the building blocks of the collagen microribbons.
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Figure 4.9: Elastic modulus and loss tangent maps of collagen were
recorded at different scanrates from 1 to 300 Hz. The measurements
were consecutively performed on the same collagen sample. Adapted from
[101].

The sequence of images presented in fgure 4.4 and 4.5 enables the
full characterization of the viscoelastic properties of collagen during
self-assembly. Four main stages were identifed. 1) The collagen
precursor is deposited on the mica surface. 2) After 5 precursors
merged a microfbril was formed. 3) The collagen microfbril grows
by the addition of more precursors 4) The neighboring microfbrils
merge forming a microribbon with a D-band. The structural and
nanomechanical properties changed at each stage of growth. The
stages of the microfbril formation were step-like, while the formation
of the microribbon shows a continuous height increase from 1.5 nm
to 4.1 nm. The Young’s modulus from microfbril to microribbon
increased from 1.5 to 7.5 MPa while the loss tangent decreased from
0.81 to 0.71. These changes are produced by the lateral packing
of the molecules inside the microribbon, which increases elasticity
while reducing the viscosity. A full description of the nanomechanical
properties at each stage of collagen self-assembly is presented in fgure
4.6.

Bimodal-HS map at 5 fps in liquid of collagen fbrils are displayed
in fgure 4.8 to demonstrate the capabilities of the technique to provide
quantitative imaging of mechanicals properties at higher speeds. The
measurements were performed with a USC-F1.2-k0.15 microcantilever,
characterized by f1 = 647 kHz, k1 = 0.08 N/m, Q1 = 1.5, f2 = 

https://USC-F1.2-k0.15
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5.6 MHz, k2 = 8 N/m. The images were acquired a 5 fps, 96x368 
pixels, scanline rate 543 Hz, A01 = 11 nm, A1 = 8.5 nm,A02 = 1.0 nm,
Fmax = 1 nN in liquid. The topography and the phase of the 2ndmode
show the D-band structure of the fbril, from which the elasticity maps
are calculated.

Considering the high scanning speeds compared to previous Bi-
modal AFM works [69], the effect of the scan-rate on the measured
viscoelastic properties was inspected [98]. Measurements in liquid
on collagen fbrils were performed at frequencies ranging from 1 Hz
to 300 Hz. The HS-bimodal AFM data was used to calculate the
Young’s modulus and loss tangent of the same sample at different
scanning frequencies. The images were recorded with a USC-F0.3-
k0.3 microcantilever. The cantilever parameters were: f1 = 137 kHz,
k1 = 0.33 N/m, Q1 = 2.1, f2 = 1.1 MHz,k2 = 20 N/m, Q2 = 5.6.
The measurement parameters were: scan-rate 1-300 Hz, scan-size of
1 µm,512x512 pixels, A01 = 5.7 nm, A1 = 4.4 nm,A2 = 0.3 nm,
Fmax = 2 nN. The results are displayed in fgure 4.9, showing stable
values for the Young’s modulus and loss tangent calculated for the
different speeds. As the scan rate increases, the error of the phase
of the frst mode increases as the amount of oscillations per pixel
decreases. This produces a higher error in the measurement of the
loss tangent at higher scan rates.
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4.4 pathways of collagen self-assembly 

Figure 4.10: Topography sequence during the frst stages of nucleation of
the collagen fbril. The deposition of a single collagen molecule at t = 5 s
and formation of the nucleation site is marked by an arrow.

The fbrillation of collagen on mica is frst determined by the formation
of a nucleation site on the surface of the mica. In fgure 4.10, at t = 5 s,
a single tropocollagen molecule precursor is observed on the surface of
the mica. This molecule serves as a nucleation site for other molecules
to aggregate, slowly increasing the length of the microfbril between t
= 15 s and t = 66 s. After 100 s the width and height of the microfbril
rapidly increase with the aggregation of more tropocollagen molecules,
forming several collagen microfbrils. The experiments were recorded
by using a FastScan-D AFM microcantilever, characterized by f1 = 108
kHz, k1 = 0.25 N/m, Q1 = 2.0. HS-AFM video was recorded with a
scan-rate of 100 Hz, 3 µm of scan-size, 512x512 pixels, A01 = 5 nm,
A1 = 4.5 nm. Collagen (PureCol-Bovine Type I, pepsine extracted)
was mixed in PBS buffer with a concentration of 300 mM KCl to a
fnal concentration of 1.5µg/ml.

Several growth dynamic pathways of the collagen microribbons
were observed in detail in fgure 4.11 every 5 s. The sequence starts at
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Figure 4.11: Detailed sequence of HS topography images showing the
pathways of the collagen growth, marked as 1, 2, and 3 at t = 0. Data
extracted from the sequence depicted in fgure 4.4. (1) The tip grows,
forming a bridge ( t =31 s) with a large microribbon. Initially, the bridge
consists of a single tropocollagen molecule. Afterwards, other molecules
assemble increasing the height and width of the bridge, until the two
fbrils are fully merged (t = 97 s). (2) After a fast assembly and growth of a
microfbril consisting of a few collagen molecules, the fbril breaks down (t
=31) and disappears (t = 51 s), showing that the process is reversible. (3) A
single fbril moves over the mica, showing the role of thermal fuctuations
on the growth of the single fbril. Adapted from [101].

t = 0, and three structures are marked to follow their evolution: the tip
of a microfbril (1), a collagen molecule coming from a microribbon (2),
and the tip of a growing collagen microfbril (3). The tip marked as (1)
forms a contact point with a close microribbon by means of a single
tropocollagen molecule at t = 31 s, which then grows to form a union
with another microribbon. The tropocollagen structure marked as (2)
initially grows very fast, and at 10 s the formed fbril connects two
microribbons. From t = 10-41 s, the growth stops, entering a still phase.
At t = 46 s degradation is observed and the fbril disappears. The
components of the fbrils might have been reabsorbed by the solution
or another fbrils. The collagen microfbril labeled as (3) grows into a
microribbon at t = 77s. The tips trajectory steered from left to right
due to the thermal fuctuation during growth, while trying to fnd
an anchor point with another fbril to form a union. Fibril fusion is
a major component of collagen growth. Close fbrils try to fuse to
increase fbril size without affecting the integrity of the structure.

Detailed observation of the trajectory of the collagen tip labeled
as (1) shows individual fbril growth and fusion. In fgure 4.12 iso-
time maps of the fbril (1) and extended growth are shown. The
iso-time maps (fg. 4.12a) extracted from the topography (fg.4.12b)
show the evolution of the contour line of two microribbons and the
tip’s trajectory as a function of time. The direction of growth of the
fbril by the accretion of precursors and orientation of the D-band
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Figure 4.12: (a) Iso-time map of the contour of a collagen microribbon as
a function of time. Each color line represents the contour of the collagen
fbril at a different time over 512 s. The trajectory of the tip is marked with
a dashed line. Due to thermal fuctuations the position of the tip oscillates
until the fbril merges with a neighbor fbril. (b) High-speed topography
data used to generate the iso-time maps. (c) Width and (d) length of a
collagen microribbon as a function of time. The contour was extracted
from a collagen microribbon from fgure 4.4. Adapted from [101].
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is determined by the mica substrate[275]. However, the tip of the
microfbril is able to steer with the thermal fuctuations has the tip is
more fexible than the fully formed fbril. These movement facilitates
the alignment and the merging between two microribbons after a
bridge is formed. The measurement of the width (fg.4.12c) and length
(fg.4.12a) show a dominance of the axial growth over the lateral by a
factor of 10x. However, this relation depends on the concentration of
collagen precursors, pH and salts concentration [266, 276, 277]. The
thermal fuctuations of the tip’s trajectory reveal the infuence of the
elastic modulus on the dynamic growth of the collagen fbrils. The
stiffness k f for a rectangular fbril is determined by

Eb3h
k f = (4.1)

4L3

which for a fbril with a Young’s modulus E = 3.5 MPa, width
b = 10 nm, thickness h = 3.2 nm and length L = 100 nm gives k f = 3
µN/m. For this structure the amplitude of thermal fuctuation (s) is
calculated by the equipartition theorem ass 

kBT
s = (4.2)

k f

where T is the temperature and kB is the Boltzmann constant. The
amplitude of the fuctuations is calculated as s ≈ 40 nm, which is
similar to the range of movement observed by the collagen tip in
fgure 4.4a. The thermal fuctuation enables a growing collagen tip to
explore surrounding regions on the mica surface to search for another
microribbon to facilitate the merging into a bigger fbril.

4.5 conclusions 

In this chapter, it was demonstrated that high-speed bimodal AFM
provides quantitative mechanical mapping in liquid and air at high
speeds (5 fps), high spatial resolution ( sub 10 nm), and high elastic
sensitivity (0.1 MPa). The use of the technique allows measuring the
mechanical changes of the different stages of collagen self-assembly
on the mica surface. The stages of collagen formation include nucle-
ation, growth of collagen microfbrils from the aggregation of collagen
precursors, the formation of microribbons and the D-band, and the
fnal assembly of the collagen structure. The mechanical properties
and dimensions of each stage were characterized with the high-speed
bimodal AFM. It has been demonstrated that collagen elasticity plays
a role in the formation of the fnal structures as the gradual stiffening
allows thermal motion of the microfbrils to increase microribbon
fusion by alignment of the D-band, and formation of unions points.
High-speed AFM enables the imaging of biomolecular processes at
the ms resolution. By combining HS and bimodal AFM morphological
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and mechanical changes can be measured in real-time in physiological
conditions.



5
M A G N E T I C B I M O D A L A F M

Magnetic Force Microscopy (MFM) is an AFM technique used to im-
age the magnetic feld produced by a magnetic sample. The MFM
measures the stray feld by using a magnetically coated AFM tip. Dur-
ing measurements, the tip scans at a constant height from the surface,
detecting variations in the magnetic gradient. The technique has sig-
nifcantly evolved since it was frst introduced [302, 303]. Recently,
state-of-the-art MFM measured local magnetic properties in magnetic
nanostructures with high spatial resolution (~10-50 nm) [304] and
force sensitivity (~10 pN) [19]. Some of these applications include
measurement of magnetic recording on thin media [305–307], subsur-
face imaging [308], local material properties under magnetic felds
[309], superparamagnetic nanoparticles [65, 310, 311], domain walls
[312] or 3D maps of stray felds [313]. It has been even demonstrated
the capability of MFM to operate in liquid [314], being compatible
with measurements of biological systems. The challenge in the mea-
surement of magnetic properties is to distinguish between long-range
magnetic forces, and van der Waals and other short-range forces [315].
The most used implementation of MFM is the lift mode [308]. In this
AFM confguration, a two-pass technique is used. In the frst pass,
the topography of the surface of the sample is recorded in AM mode.
Then the tip is lifted and a second scan is performed at a constant
distance from the sample, which was recorded in the frst scan. In this
way, the magnetic contrast is measured. The scheme of the lift mode
confguration is presented in fgure 5.1a. Despite the developments
in MFM, most measurements provide qualitative information and are
prone to suffer cross-talk between the electrostatic and magnetic forces
[19, 313]. The quantitative measurement of the magnetic felds and
material properties remains challenging [316, 317], while the effort to
develop new methods for accurate measurement of material properties
is still under development [318–324].

Multifrequency AFM has also been used to characterize the mag-
netic properties of materials. The bimodal AFM is capable of identify-
ing the magnetic contrast of samples from the response of the second
mode. In the Bimodal AFM confguration, the dual excitation of the
frst and second modes with different amplitudes can differentiate
between the short (van der Waals) and long (magnetic) forces of mag-
netic samples [325–329]. The scheme of the bimodal confguration
in MFM is shown in fgure 5.1. The most advanced Bimodal AFM
confguration combines Kelvin Probe Microscopy and Bimodal AFM
to measure the magnetic feld in a single-pass, where an AC voltage
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Figure 5.1: (a) Scheme of the lift mode confguration. On the frst pass,
the topography of the sample is measured. The second pass follows the
topography of the sample at a fxed distance and the response of the
cantilever is recorded. The bimodal observables are linked to the magnetic
forces. The process is repeated in each scan line. (b) Scheme of the tip
oscillation in the Bimodal AFM confguration. The amplitude of the second
mode is smaller than the one of the frst mode to change the sensitivity to
short and long-range forces. (c) Topography map in amplitude modulation
of the FePd flm. No magnetic features are observed. When the tip is lifted
in the second pass, the magnetic signal is recorded. In the offset image,
a detailed map of the topography is shown together with the frequency
shift of the second mode (∆ f2) measured during the lift mode showing
the magnetic contrast. Image parameters are described in fgure 5.5. (d)
Topography image of the HDD. The inset shows the topography detail
and the phase shift of the second mode (ϕ2) showing the individual bits.
Image parameters are described in fgure 5.4. Adapted from [150].
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is applied between the tip and the sample to excite the second mode,
and used to control the tip-sample distance [315, 328]. Other multi-
frequency methods such as Intermodulation AFM [144], where the
amplitude of the oscillation is continuously modulated, is capable to
obtain quantitative information of the magnetic feld by measuring the
short-range forces when the amplitude is maximal and the magnetic
forces when the amplitude decreases, as the tip-sample distance is
also maintained constant [330]. Despite these efforts, the quantita-
tive measurement of the magnetic properties of materials remains
challenging. Previous works in Bimodal AFM could not provide a
theoretical relation between the magnetic forces and the observables
obtained with bimodal AFM and could suffer from cross-talk between
the electrostatic and magnetic forces.

In this chapter, the development of a bimodal MFM theoretical
framework is presented for the analysis of long-range magnetic forces
and magnetic properties. The scheme of the lift-mode bimodal confg-
uration is presented in fgure 5.1a and b. Two systems are considered,
the exponential decaying force and the quadratic force. The theory
is then applied to the measurement of the magnetic moment of a
Hard Disk Drive (HDD) and a FePd flm. After that, a self-evaluation
criterion is used to ensure the accuracy of the model. The long-range
bimodal theory presented in the chapter was developed in the PhD
thesis of Carlos Amo [331], which was adapted for the magnetic mea-
surement. The magnetic samples were provided by Agustina Asenjo
and Miriam Jafaar from the Instituto de Ciencia de Materiales de Madrid
(CSIC). The results of this chapter were published in [150].

5.1 theory of long-range bimodal afm 

The observables obtained during the lift mode in the bimodal AM-FM
confguration are the amplitude and phase of the frst mode (A1, ϕ1)
and the frequency shift of the second mode (∆ f2). The bimodal AFM
measurements were performed during the second pass of the lift mode.
To obtain quantitative information from the bimodal measurements, a
model of the tip-sample interaction is required. Then the theoretical
expressions for the virial of these forces are calculated to convert
the experimental observables into samples properties. The virials
are calculated following the two models of the magnetic interaction
described as a decaying magnetic force described in equation 1.18 and
the dipole-dipole magnetic force in equation 1.19. For this approach,
the tip is modeled as a magnetic dipole [332]. The force of the magnetic
dipole-dipole interaction for two parallel magnets in the same axis is
approximated as [333]

∂Bz 3µ0 mtipms(x, y, z)
Fz(x, y, z) = mtip = (5.1)

∂z 2π z4
c
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where Bz is the magnetic feld, mtip the magnetic moment of the
tip, and ms is the local magnetic moment of the sample, zc is the tip-
sample distance, and µ0 is the vacuum permittivity. The generalized
force for this interaction is expressed as

α
Fts = (5.2)

z4

For this system the value of tip sample distance from the bimodal
observables is [331]q p√ 

3 + 12χ + 120χ2 + 80χ + 252
zc = A1 √ (5.3)

4 1 − χ 

with the auxiliary function χ defned as

V1 A2
χ = 2 (5.4)

V2 A2
1

where A1,A2,V1,V2 are the amplitude and virial of the frst and
second modes. The magnitude of the magnetic force is

2 − 1)7/2V1A3
1(a zc

α = , a = (5.5)
4a2 + 1 A1

that adapted for the magnetic interaction from equation 5.1 gives
the value of the magnetic dipole-dipole force

2
1)

7/22π V1 (zc − A2
ms = (5.6)

A23mtipµ0 4z2
c + A2

1 1

from which the magnetic dipole of the sample is obtained. This con-
fguration is valid for the measurement of magnetic nanoparticles with
dipole-like tips. For other long-range confgurations, the equations
depend on the order of decay of the force. For reference, the different
equations for the long-range generalized force α/zn are displayed in
fgure 5.2.

However, most magnetic materials are modeled by the tip-transfer
function model due to the interaction being defned by the combi-
nation of infnite magnetic dipoles. The complex phenomena was
described by the use of Fourier transform into a force that decays
exponentially with the distance as [64]

Z 
(1 − e−κh)−κzFz(x, y, z) = m · ∇B = −µ0mtip κe M(k)dk (5.7)

k 2
−κz≈ −mtipκB0e (5.8)

= F0e−κz (5.9)

it is assumed here that the thickness of the sample is infnite (h ∼ ∞),
and the main term of the Fourier transform is dominant over the other
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Figure 5.2: Table of the virial of the frst and second modes for different
long-range forces located at an average distance zc with χ = V1 A2

2/V2 A2
1.

components, being the module of the dominant eigenvector κ defned
as q 

|k| = κ= k2 + k2 (5.10)x y

with kx and ky being the eigenvectors of the Fourier transform. If
the periodicity of the magnetic domains is λx and λy the value of κ iss� �2 � �22π 2π

κ = + (5.11)
λx λy

For the exponentially decaying force of the form F0e−κz, the calculation
of the virial of the frst is done asZ Z2π 2π1 −κ(zc+A1cos(θ1)+A2cos(θ2)) A1cos(θ1)dθ1dθ2V1 = F0e

4π2 0 0

F0e−κzc Z 2π Z 2π 
−κA1cos(θ1) A1cos(θ1)dθ1

−κA2cos(θ2)dθ2= 
4π2 0

e
0

e

= −F0e−κ A1 I1(κA1)I0(κA2) (5.12)

where I0 and I1 are the modifed Bessel functions of the frst kind.
Similarly, the virial of the second mode is obtained as

V2 = −F0e−κ A2 I1(κA2)I0(κA1) (5.13)

Both equations are analytical solutions of the exponential decaying
force. For the bimodal AFM confguration to obtain meaningful
information it is required that A1 >> A2. Then the equations 5.12 
and 5.13 are approximated and the wave number iss 

√ A2
1V2 − A2

2V1
κ = 2 2 (5.14)

A4
1V2 − 2A1

2 A2
2V1 + 2A1

2A2
2V1 − A4

2V1

Once the magnetization number κ is calculated, the equation of
the magnetic feld from equations 5.2 and 5.8 is used to calculate the
magnetic feld at the measurement height zc away from the sample

1 V1(zc)B(z = zc) = (5.15)
κmtip A1 I1(κA1)I0(κA2) 



82 magnetic bimodal afm 

ba

S N S N S N
N S N S N S

S N S N S N
N S N S N S

Figure 5.3: (a) Scheme of a ferromagnetic FePd thin flm. The system
shows periodically arranged perpendicular up and down magnetic do-
mains. (b) Scheme of the high-density hard drive with the magnetic
domains. Adapted from [334].

which on the surface of the sample gives
κzce V1(zc)B(z = 0) = (5.16)

κmtip A1 I1(κA1)I0(κA2) 

For the lift mode measurement, the position of the sample is mea-
sured at an amplitude A1, A2, and a lift height hli f t. Thus the approxi-
mated value of the height from the sample during the second pass is

zc = hli f t + A1 + A2 (5.17)

5.2 materials and methods 

Measurements were performed in the Cypher S AFM. The AFM
is operated in the lift mode confguration and simultaneously, the
cantilever is excited in the frst and second mode. Magnetized SSS-
MFMR cantilevers with f1= 75 kHz, k1= 2.8 N/m, Q1= 160, f2= 400 
kHz, k2= 90 N/m and Q2= 400 were used to map the magnetic samples.
The SSS-MFMR tips are high-resolution MFM tips characterized by a
tip radius of <15 nm covered by a hard magnetic coating. The tips were
magnetized with a strong permanent magnet before measurements.
The tip magnetization is expected to be mtip ≈ 2.5 × 10−14 emu and a
coercivity of ~125 Oe, as indicated by the manufacturer. The spring
constant of the frst two eigenmodes was calibrated using the thermal
spectrum of the cantilever and the reference method [23, 70, 75, 335].

Two different magnetic samples were used for this work. The frst
sample was a FePd thin flm (40 nm) grown by sputtering on a MgO
substrate at room temperature. The FePd sample which presented
a stripe domain confguration [336] with alternating domains was
demagnetized before the experiments. The stripes presented a mag-
netic moment perpendicular to the surface of the sample. The second
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sample was a commercial high-density disk from Toshiba, that was
pre-patterned with 50 nm bits. A scheme of the samples with the
magnetic domain orientation is shown in fgure 5.3.

The bimodal confguration and lift height was adjusted accordingly
to the resolution and force of the magnetic domains. An amplitude
range between 7-42 nm was used for A1, and 1-10 nm for A2. For
the bimodal AFM measurements, both the AM-FM and the AM-OL
were used. During the measurement, the non-magnetic interactions
were not completely suppressed by the lift of the cantilever, and
the signal produced by the magnetic interactions was comparable
to that produced by the attractive forces. To separate the magnetic
interactions a method based on the addition of the virials produced
by the different forces was developed. Assuming the force between
the tip and the sample has two main components, the magnetic (Fm)
and the non-magnetic (Fnm), the virial measured during the bimodal
measurement is equal to

+ VnmVi = ⟨(Fnm + Fm) · zi⟩t = ⟨Fm · zi⟩t + ⟨Fnm · zi⟩t = Vm (5.18)i i

This additive property of virial is useful to separate the response
to the different interactions. The measured FePd samples had a de-
magnetized state, meaning that the total magnetic feld of the sample
is equal to zero. Similarly, for the HDD an equal number of up and
down domains are measured, which again cancels the total magnetic
feld. In this case, the average value of the virial produced by the
magnetic interactions averaged over the surface is

Σm,nVi
m(xm, ym)⟨Vm⟩ = = 0 (5.19)i x,y M + N

and thus, the average value of the virial measured is

Σm,nVnm(xm, ym)Σm,nVi(xm, ym) i⟨Vi⟩x,y = = (5.20)
M + N M + N

For a large scanned region of the HDD or the FePd sample the
average of the virial is equal to the average of the non-magnetic
interactions. This offset produced by the non-magnetic interactions is
then removed to obtain the map of the local magnetic virial

Vi
∗ (x, y) = Vi(x, y) − ⟨Vi(x, y)⟩ (5.21)

these virials are then introduced into equations 5.14, 5.15 and 5.16 
for the calculation of the maps.

5.3 results and discussion 

To test the capabilities and spatial resolution of the magnetic bimodal
AFM, two magnetic samples were tested: an HDD with 50 nm domains
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Figure 5.4: Bimodal AM-OL mapping in lift mode of the HDD. (a) Ampli-
tude of the frst mode during the lift mode. The bottom graph represents
the variation across the dashed line. (b) Phase shift of the frst mode. (c)
Phase shift of the second mode. (d) Virial of the frst mode after subtrac-
tion of the non-magnetic forces. (e) Magnetic feld map measured at 45 nm
from the surface. The cross-section shows the changes in the magnetic feld
across the surface. (f) Histogram of the decay constant for the magnetic
force κ. Lift mode parameters: hli f t = 8 nm, zc ≈ Asp + A2 + hli f t. Bi-
modal AFM parameters: A01 = 41 nm, A02 = 10 nm, Asp = 40 nm. Cantilever
parameters f1 = 79 kHz, f2 = 493 kHz, k1 = 3.4 N/m , k2 = 172 N/m , Q1 =
160, Q2 = 502. Scan parameters: scan line rate = 1 Hz, 512 × 512 pixels, scan
size = 1 µm. Adapted from [150]
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and a FePd flm with stripes of 40 nm in width. As shown in fgure
5.4a, during the frst pass the topography shows no indication of the
magnetic domains. Only during the second pass are the magnetic
domains visible in the maps of the amplitude, phase or frequency shift.
When scanning the HDD sample, changes in the observables of the
frst and second modes were recorded. The maps of A1, ϕ1 and ϕ2 are
shown in fgure 5.4. From these, the maps of V1 and V2 are calculated.
The response of the frst and second modes reveals the same domain
structure. From the virials, the magnetic feld Bz(zc) at a height of
zc = 45 nm is measured, along with the decay constant κ of the
magnetic force, as shown in fgure 5.4e and f. The measured magnetic
feld ranged between −3.7 and 3.8 mT. With the measured magnetic
and equation 5.16, the value of the magnetic feld on the surface of
the HDD is calculated from -20 mT to 20 mT. The value of the decay
constant measured is κ = 0.05nm−1. Considering the square magnetic
domains have a periodicity of λx = λy = 100 nm, the expected value
for the decay constant using equation 5.11 is κ = 0.08nm−1, which is
close to the measured value. The signal to noise ratio was calculated
for each signal as

1 max(signal) − min(signal)
SNR = (5.22)

2 noise

The signal to noise ratio for A1, ϕ1, ϕ2 and V1 was 1.8, 4.3, 1.3 and 4.5,
respectively.

The experiment was then repeated in the FePd flm. The experi-
ment was performed in the AM-FM confguration. In fgure 5.5 the
maps of A1, ϕ1, ∆ f2 and V1 are measured at zc = 42 nm. The stripe
structure of the magnetic domains is observed in all channels. From
the observables, the values of B(z = zc) and κ are calculated. The
magnetic feld at the measurement height shown in fgure 5.5e ranged
between -3 mT and 3 mT. At the surface of the sample the range of
the magnetic domain is between -44 mT and 44 mT. The measured
decay constant was κ = 0.06 nm−1. From the measured periodicity
of the domains striped domains (λx = 162 nm, λy ≈ ∞) the expected
value is κ = 0.06 nm−1. The signal to noise ratio for A1, ϕ1, ∆ f2 and
V1 was 2.8, 11.1, 3.4 and 10.0, respectively.

The self-consistency of the theory was tested to verify the quanti-
tative data measured by bimodal AFM of the magnetic properties of
the sample. The accuracy of the equations was tested by using two
different methods. In the HDD sample, a line of bites was scanned
with the y-axis piezo disabled at different lift heights. The measured
maps of V1 and V2 at different heights are depicted in fgure 5.6a
and b. Then the non-magnetic forces were removed after subtracting
the non-magnetic interactions, as explained in equation 5.21. The
modifed virial maps are displayed in fgures 5.6c and d. The con-
trast in the magnetic interaction increases when the tip is closer to
the surface. The variation of the contrast was ftted to equation 5.8 
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Figure 5.5: Bimodal AM-FM mapping in lift mode of the FePd flm. (a)
Amplitude of the frst mode during the lift mode. The bottom graph
represents the variation across the dashed line. (b) Phase shift of the
frst mode. (c) Frequency shift of the second mode. (d) Virial of the
frst mode after subtraction of the non-magnetic forces (e) Magnetic feld
map measured at 45 nm from the surface. The cross-section shows the
changes in the magnetic feld across the surface. (f) Histogram of the decay
constant for the magnetic force κ. Lift mode parameters: hli f t = 20 nm,
zc ≈ Asp + A2 + hli f t . Bimodal AFM parameters: A01 = 23.4 nm, A02 = 5.0 
nm, Asp = 22.9 nm. Cantilever parameters f1 = 65 kHz, f2 = 412 kHz, k1 =
2.0 N/m , k2 = 102 N/m , Q1 = 152, Q2 = 396. Scan parameters: scan line
rate = 2 Hz, 256 × 256 pixels, scan size = 5 µm. Adapted from [150]
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Figure 5.6: (a) Cross-section of V1 measured on the HDD at different
heights. Each line scans the same area at different lift heights, as marked
on the left of the image. (b) V2 at different heights. (c) V1 and (d) V2 after
removing the non-magnetic forces. (e) Heatmap of V1vs V2 measured from
the c and d. The white line represents the theoretical value. (f) Contrast of
V1 vs V2 from a and b, at distances from 10 nm to 150 nm. Adapted from
[150]
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Figure 5.7: (a) Topography, phase, amplitude, and frequency shift of the
magnetic areas of the FePd. (b) Relation between V1 and V2 at different
distances. The agreement between the theory and the experiments shows
the accuracy of the results for the bimodal AFM measurements from 20 
nm to 200 nm. (c) Virial of the frst mode versus distance at the two
points marked in the map in subfgure (a), corresponding to up and down
domains. (d) Virial of the second mode versus distance. (e) Virial of the
frst mode produced by the magnetic interaction. The values are calculated
as the difference between the two domains. The results are ftted to
the exponential decay equation in 5.15. (f) Virial of the second mode
corresponding to the magnetic forces ftted to 5.13. Adapted from [150].
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to obtain a decay value κ = 0.036 nm−1, similar to that measured
by bimodal AFM. Another restriction observed from the theory was
the relation between V1 and V2 as presented in equations 5.12 and
5.13. The heatmap of V1 vs V2 measured in fgure 5.6e shows a linear
relation, as expected from the equations. The relation between the
values of V1 and V2 at different heights is shown in fgure 5.6, which
is in excellent agreement with the theory.

The self-consistency test was repeated on the FePd flm by compar-
ing force curves extracted in the different domains. The evolution of
the Virials with the distance in both domains is shown in fgure 5.7b,c.
The difference in the virials is produced by the magnetic interactions.
As observed the non-magnetic interactions are comparable to those
produced by the magnetic forces, and the strength of the magnetic
signal is maximal at 15 nm from the sample before the van der Waals
force appears. The difference between the up and down curves is
shown in fgure 5.7b,c, corresponding to the magnetic interactions.
The values of V1 and V2 are ftted to the theoretical values produced
by the magnetic force. The values of V1vs V2 at different distances are
displayed in fgure 5.7f . The values follow a straight line as expected
from the theory. From these experiments, it is concluded that the
experimental values are in excellent agreement with the theory.

5.4 conclusions 

The use of bimodal MFM provides a quantitative mapping of the
magnetic properties and the magnetic feld produced by a magnetized
sample with high resolution and accuracy. The development of the
bimodal theory presented in this chapter allows transforming the
observables into measurements of the magnetic feld and the decay
length of the magnetic force, by the use of the tip transfer function
model. The theory allows the mapping of the magnetic properties
of different samples independently of the distance. The accuracy
and spatial resolution of the theory were tested by measuring an
HDD and a FePd flm. The bimodal AFM measurements were able to
identify the different structures of these samples. A self-consistency
test was developed to check the accuracy of the theoretical expressions
at different distances from the sample and found excellent agreement
between the measured and theoretical values.



A
A P P E N D I X : L O N G - R A N G E B I M O D A L A F M W I T H
VA N D E R WA A L S F O R C E S

The long-range bimodal magnetic theory presented in chapter 5 for
the analysis of magnetic forces could also be applied to the analysis of
other long-range forces, such as the van der Waals interaction. The van
der Waals force is a non-contact force that decays with distance[29],
and is responsible for the adhesion observed in most AFM experiments.
The force produced by the van der Waals interactions in AFM is
described as [31]

HR
FvdW = − (A.1)

6z2

where H is the Hamaker constant [29], R is the radius of the tip,
and z is the tip-sample distance. This force decays with the square
of the distance. The AFM can directly measure the magnitude of the
Hamaker constant by measurement of the adhesion force or the use of
force-distance curves [337, 338]. The use of bimodal AFM is also able
to recover these quantities from the bimodal measurement [100, 339,
340] by analyzing the response of the second mode while scanning in
non-contact. However, this method requires the use of iterative and
numerical methods to obtain the properties of the sample, which are
time-consuming and require post-processing to obtain the chemical
maps. To overcome this limitation, with the formulas presented in
chapter 5, a new theory for the measurement of the van der Waals
force is presented. The movement of the tip in non-contact with
bimodal AFM in the AM-OL confguration follows a double oscillation
composed of the frst and second modes

z(t) = zc + A1cos(ω1t + ϕ1) + A2cos(ω2t + ϕ2) (A.2)

For a force of the form α/z2 the magnitude of the interaction is
recovered from the observables by using the equations presented in
table 5.2. The tip-sample distance iss 

A1 2 + χ 
zc = √ (A.3)

2 1 − χ 

where χ is an auxiliary function defned as

V1A2
χ = 2 (A.4)

V2A2
1
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and with the minimum tip-sample distance is defned as

dmin = zc − A1 − A2 (A.5)

once the average and minimum tip samples distance is known, the
value of the Hamaker constant is calculated as

6V1 � 2 − A2� 3/2H = z (A.6)cRA2
1

1

from which the Hamaker constant is obtained. To test the capabili-
ties of the new bimodal AFM method measurements of the Hamaker
constant of MoS2 deposited on silica were performed. The MoS2 fakes
were (SPI supplies, USA) mechanically exfoliated with adhesive tape
and deposited onto the Si/SiO2 substrate [34]. The layers obtained
with this method had between 5 and 50 monolayers in thickness. The
fresh sample was then introduced into the Cypher-S microscope. The
chamber was flled with nitrogen to remove the humidity from the
sample. The microcantilever used for this experiment was a PPP-
NCHAuD, characterized by f1= 300 kHz, k1= 41 N/m, Q1 = 454, f2=
1900 kHz, k2= 2205 N/m, Q2 = 1670. The bimodal AFM measurements
were performed in the AM-OL confguration. The measurement con-
ditions where: A01= 12.0 m, A1= 10.6 m and A2= 0.6 nm. A MoS2

fake with a thickness of 10 nm was used for the non-contact bimodal
AFM measurement. The results of the measurement are displayed in
fgure A.1. The maps of the topography show two different regions
corresponding to the substrate and the fakes. From the response of
the frst and the second modes the maps of the virial are calculated,
showing a clear contrast between the two materials. From the virial
maps the tip-sample distance is calculated as displayed in fgure A.1d.
The minimum distance between the tip and the sample is the Å range
as the van der Waals interaction has a very limited range of interaction.
The map of the Hamaker is then directly calculated as displayed in
fgure A.1e, along with the histogram in fgure A.1f. The measured
values show the different chemical compositions of the two materials.
The results are in agreement with the previously reported values of
HSiO2−SiO2= 0.4 eV [31] and HSiO2−MoS2= 0.8 eV [341].
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Figure A.1: Non-contact bimodal AFM measurement of a MoS2 thin fake
deposited on SiO2. (a) Map of the topography. (b) Virial of the frst mode.
(c) Virial of the second mode. (d) Minimum tip-sample distance. (e) Map
of the Hamaker constant. (f) Histogram of the Hamaker constant calculated
from the map in (e).



G E N E R A L C O N C L U S I O N S

• The bimodal AFM technique was applied for the high-resolution
measurement of topography, elastic modulus, indentation, and
true topography maps of polymers (PS-b-PMMA thin flms),
and single proteins (20-S Human Proteasome). Nanomechan-
ical measurements of the PS-b-PMMA block copolymer with
5 nm resolution were obtained, along with the high-resolution
measurement of the true topography. Bimodal AFM mapping
of the nanomechanical properties of single proteins in physi-
ological conditions was demonstrated, with the measurement
of the elastic and true topography maps of the 20S Human
proteasome. The elastic maps obtained had a resolution of 2 
nm in the measurement of the elasticity and true topography,
allowing measuring the different elasticities of the α and β sub-
units. This shows the capability of the bimodal AFM technique
to measure high-resolution maps of the nanomechanical prop-
erties of biological and polymeric materials over a range of 3 
orders of magnitude (10 MPa-10 GPa) in different measurement
conditions.

• The capabilities of subsurface imaging of Bimodal AFM were
used to detect the presence and location of nanoparticles buried
in magnetoliposomes. The characterization shows the uneven
distribution of the nanoparticles over the surface of the liposome
and the presence of nanoparticles inside the lipids.

• A new theoretical approach was developed for the measurement
of the nanomechanical properties of thin-flms with bimodal
AFM. To determine the mechanical properties of materials with
a thickness comparable to the applied indentation requires the
inclusion of the bottom effect correction. The calculation of the
virials of the frst and second modes including the bottom ef-
fect correction allows developing expressions to measure the
nanomechanical properties of thin-flms. Theory and simula-
tions show the capabilities of the technique to measure the true
elasticity of ultrathin layers (1-15 mn) regardless of the thick-
ness, indentation, or elasticity (1 MPa-100 GPa). Experimental
validation of the new method was demonstrated with the mea-
surement of the Young’s modulus of single and double lipid
bilayers with a thickness of 6 and 12 nm, obtaining a Young’s
modulus of 12.6 and 12.9 MPa for both systems. Complementary
measurements with AFM force-distance curves were performed
and compared with the bimodal AFM measurements, showing
comparable results.
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• High-speed bimodal AFM was developed for the quantitative
measurement of nanomechanical properties at high speeds with
high espatial resolutions. The technique was demonstrated with
the measurement of the Young’s modulus of the polymers PS-
b-PMM block copolymer at 5 fps, and the measurement of the
mechanical changes during collagen self-assembly at 1 fps. Four
stages of the collagen self-assembly were identifed: nucleation,
formation of microfbrils, formation of microribbons, and the
fnal assembly of the collagen structure. The measurement of the
viscoelastic properties at each stage shows the gradual stiffening
and changes in the viscosity of the collagen structures.

• A new method for the measurement of long-range forces with
bimodal AFM was presented. A new theoretical framework for
the measurement of decaying interactions was developed and
applied to the measurement of magnetic and van der Waals
interactions. The magnetic properties and magnetic feld of
HDD and a FePd flm were measured with high-resolution and
accuracy. A self-consistency test was developed to check the
accuracy of the measurements, showing excellent agreement
between the measurement and theory. In additon, the long-
range bimodal AFM was applied to the measurement of the
Hamaker constant of MoS2 fakes deposited on a SiO2 surface.



C O N C L U S I O N E S G E N E R A L E S

• La técnica de microscopia de fuerzas atómicas bimodal fue apli-
cada para la medición de alta resolución de la topografía, módulo
elástico, indentación, y topografía real de polímeros (laminas
delgadas de PS-b-PMMA), y proteínas individuales (20-S Proteo-
soma Humano). Medidas nanomecánicas del PS-b-PMMA block
copolymer con 5 nm de resolución fueron obtenidos, además de
la medida de alta resolución de la topografía real. Se demostró la
capacidad del AFM bimodal para medir las propiedades nano-
mecánicas de proteínas individuales en condiciones fsiológicas,
con la medida de los mapas de elasticidad y topografía del Pro-
teosoma 20S Humano. Los mapas elásticos obtenidos presentan
una resolución de 2 nm en la medida de la elasticidad y la topo-
grafía real, permitiendo distinguir las propiedades elásticas de
las subunidades α y β. Esto demuestra la capacidad de la técnica
de AFM bimodal para medir mapas de alta resolución de las
propiedades nanomecánicas de muestras biológicas y poliméri-
cas en un rango de 3 órdenes de magnitud (10 MPa-10 GPA) en
diferentes condiciones de medida.

• La capacidad de medida de la sub-superfcie del bimodal AFM
fueron utilizadas para detectar la presencia y posición de nano-
partículas enterradas en magnetoliposomas. La caracterización
mostro la presencia desigual de las nanopartículas sobre la su-
perfcie del liposoma y la presencia de nanopartículas dentro de
los lípidos.

• Un nuevo desarrollo teórico fue desarrollado para la medición
de las propiedades mecánicas de láminas delgadas con bimodal
AFM. Para determinar las propiedades mecánicas de materiales
con un espesor comparable a la indentación aplicada requie-
re la inclusión de la corrección de efecto suelo. El cálculo de
los virales del primer y segundo modo incluye la corrección
de efecto suelo permitiendo el desarrollo de expresiones para
medir las propiedades mecánicas de láminas delgadas. Teoría y
simulaciones demuestran la capacidad de la técnica para medir
la elasticidad real del laminas ultrafnas (1-15 nm) independien-
temente de su espesor, indentación o elasticidad (1 MPa- 100 
GPa). El nuevo método fue demostrado experimentalmente con
la medida del módulo de Young de una única y doble bicapa de
lípidos con un espesor de 6 y 12 nm, obteniendo un módulo de
Young de 12.6 y 12.9 MPa en ambos sistemas. Además, con la
técnica de curvas de fuerza de AFM se midieron las propiedades
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nanomecánicas de las mismas bicapas de lípidos, mostrando
resultados comparables con los obtenidos en bimodal AFM.

• El bimodal AFM de alta velocidad fue desarrollado para la
medición cuantitativa de propiedades nanomecánicas a altas ve-
locidades con alta resolución. La técnica fue demostrada con la
medida del módulo de Young de un polímero PS-b-PMM block
copolymer a 5 imágenes por segundo, y la medida de las propie-
dades nanomecánicas durante el auto-ensamblado del colágeno
a 1 imagen por segundo. Cuatro etapas fueron identifcadas du-
rante el auto-ensamblado del colágeno: nucleación, formación de
las microfbras, formación de las microbandas, y el ensamblado
fnal de la estructura de colágeno. La medida de las propiedades
viscoelasticas en cada etapa mostro el endurecimiento gradual
de las estructuras de colágeno y los cambios de la viscosidad.

• Un nuevo método para la medida de fuerzas de largo alcance
con el bimodal AFM fue presentado. Un nuevo marco teórico
para la medida de fuerzas de largo alcance fue desarrollado y
aplicado a la medida de fuerzas magnéticas e interacciones de
van der Waals. Las propiedades magnéticas y el campo magné-
tico de un disco duro de alta densidad y una película de FePd
fueron medidas con alta resolucion y precision. Un test de auto-
consitencia fue desarrollado para comprobar la precision de las
medidas, mostrando un excelenta acuerdo entre las medidas y
la teoria. Ademas, la tecnica de largo alcance de bimodal AFM
fue desarrollada para la medida de la constante de Hamaker de
copos de MoS2 depositados en una superfcie de SiO2.
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