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Résumé

Le travail de thèse qui est presenté dans ce manuscrit est entièrement dédié
au développement d’une nouvelle technique de Microscopie à Force Atomique
(AFM) qui s’appelle Force Feedback Microscopy (FFM). Le manuscrit est com-
posé de cinq chapitres.

Le premier chapitre est l’introduction. Celle-ci est dédiée à l’état de l’art des
techniques AFM et aux motivations qui ont conduit à la construction d’un nou-
veau microscope à force atomique et au développement d’une nouvelle technique
AFM.

Le deuxième chapitre est plus spécifique et examine les bases théoriques de
la nouvelle technique FFM et les détails du dispositif expérimental qui a été
construit. Celui-ci s’appelle ”Force Feedback Microscope”.

Le chapitre trois présente les résultats expérimentaux obtenus avec ce nou-
veau microscope. Les forces d’interface solide/liquide et solide/gaz ont fait
l’objet d’une étude qui s’est interessée aux échantillons constitués de matière
molle, en particulier les échantillons biologiques.

Le quatrième chapitre a comme objectif la présentation des limites expérimentales
de l’appareil de mesure, des possibles améliorations en termes de vitesse de
mesure et de l’exportation de la technique vers l’étude de différentes propriétés
des échantillons à la nano-échelle.

Le dernier chapitre est dedié aux conclusions et au résumé des précédents
chapitres du manuscrit.

Nous allons maintenant faire un résumé de chaque chapitre.

Introduction

La force d’interaction entre deux atomes en fonction de la distance entre eux
est très importante comme indiqué par Richard Feynman dans ses Lectures in
Physics. Beaucoup de dispositifs expérimentaux ont été construits pour mesurer
les forces d’interactions entre des surfaces à l’échelle atomique dans les dernières
décennies. Parmi eux, les AFMs sont des outils très performants pour l’étude
des interactions à la nano-échelle. Le fonctionnement d’un AFM repsoe sur
l’utilisitation d’un micro-levier avec une pointe très fine montée à l’extrémité
du levier. Celui-ci est en fait un nano-doigt qui permet de sonder la surface des
échantillons à la nano-échelle.

Un AFM peut marcher avec deux modes de fonctionnement: le mode sta-
tique et le mode dynamique. Historiquement, il existe deux modes d’opération
dynamiques, le mode en modulation d’amplitude et le mode en modulation de
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fréquence. D’autres modes de fonctionnement et variantes ont été introduits
pour l’observation et la mesure des propriétés des échantillons. De plus, dans
ces dernières années, les performances des AFMs en termes de sensbilité, vitesse
et stabilité ont été régulièrement améliorées.

Il reste cependant des limites dans les AFMs conventionnels qui font l’objet
d’études dans ce manuscrit. In primis, le saut en contact du mode statique qui
ne permet pas une mesure complète et directe de la force d’interaction entre la
pointe AFM et la surface. Après, il y a les limites des modes dynamiques qui
concernent la baisse des facteurs de qualité en milieu liquide et le fait que la
force est généralement obtenue à posteriori par une mesure du gradient de force
ou par une mesure des propriétés oscillatoires du levier AFM à des fréquences
qui sont intrinsèquement liées à la fréquence de résonance du levier.

La technique FFM a été développée pour résoudre ces problèmes. Elle per-
met une mesure simultanée de la force, de son gradient et de la force dissipative
aux fréquences qui ne sont pas liées à la résonance du levier. La technique FFM
utilse des leviers très souples mais elle évite aussi le saut en contact typique du
mode statique.

En fin de chapitre, une comparaison entre la technique FFM et les récentes
techniques AFM multifréquence est présentée.

Force Feedback Microscopy (FFM)

La technique FFM repose sur l’utilisation d’un élément piézoélectrique qui
déplace la base du levier pour pouvoir appliquer en temps réel une force de
rappel sur la pointe AFM lorsq’une interaction entre la pointe et la surface
est établie. Cette force de rappel évite le saut en contact. En conséquence,
la position de la pointe ne se déplace pas. La force de rappel est appliquée
par un régulateur proportionnel intégral dérivé qui garde constante la position
de la pointe par rapport à un point de référence dans l’espace. Ce point de
référence est une fibre optique qui est utilisée pour la mesure de la position de
la pointe avec un système à interféromètrie Fabry-Pérot. Ce mode opérationnel
permet de mesurer la force d’interaction complète en fonction de la distance
pointe-surface.

En plus, une petite oscillation est imposée à la pointe dans l’ordre de grandeur
de l’Ångström. Par la mesure de l’amplitude d’oscillation et de la phase de
l’oscillation de la pointe en fonction de la distance pointe-surface, on retrouve
le gradient de la force et le coefficient de dissipation.

Ce chapitre est donc divisé en deux parties. Dans la première partie on
modélise le levier AFM comme un oscillateur harmonique et ensuite on résout
l’équation du mouvement de la pointe en présence d’une interaction entre la
pointe et la surface. On discute les conditions de stabilité pour que le saut en
contact soit bien évité en fonction de la raideur du levier, sa masse et fréquence
de résonance, la raideur de l’interaction, l’environnement autour du levier et
les gains proportionnel, intégral et dérivé. Ensuite, on résout l’équation du
mouvement de la pointe lorsqu’une petite oscillation est imposée à la pointe. On
dérive donc mathématiquement les équations qui nous permettent de mesurer
le gradient de la force et la dissipation à partir de la mesure de l’amplitude et
de la phase des oscillations du levier en fonction de la distance pointe-surface.

La deuxième partie du chapitre est dediée aux détails techniques de l’appareil
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de mesure. Le microscope à force atomique qui a été construit au Surface
Science Lab. de l’ESRF est ici entièrement décrit à travers ses composants.
En fin de chapitre, trois différentes solutions techniques pour appliquer une
force sur la pointe sont présentées. Celles-ci sont un actionnement capacitif, un
actionnement magnétique et le déplacement de la base du levier dont on vient
de parler.

Résultats expérimentaux

Le chapitre est divisé encore une fois en deux parties. La première partie
présente des courbes de force aux interfaces solide/air et solide/liquide, alors
que la deuxième partie est entièrement dédiée aux nouveaux modes d’imagerie
que l’on a développé avec le Force Feedback Microscope.

L’interface solide/air est souvent caractérisée par la présence de couches
d’eau. Ces couches peuvent former un pont capillaire entre la pointe AFM et
la surface. La mesure de la force d’interaction entre la pointe et une surface
de silicium en approche-retrait a été caractérisée en mode FFM sans le saut en
contact. Ensuite, on a focalisé notre attention sur les interfaces solide/liquide.
L’interaction de type DLVO, présente entre une surface de mica et une pointe
en nitrure de silicium dans l’eau déminéralisée, a été l’objet d’un étude statique
et dynamique. Pour cette interaction, on a mesuré simultanément la force, son
gradient et la force dissipative. C’est à ce moment là qu’on s’est rendu compte
que la fréquence d’excitation de la pointe aurait pu être choisie aux fréquences
éloignées de la résonance du levier.

La deuxième partie du chapitre est consacrée aux nouveaux modes d’imagerie:
celui à force constante, celui à dissipation constante et celui à gradient de
force constant. Les échantillons étudiés sont des échantillons biologiques. Tout
d’abord, des biomolécules comme l’ADN, des couches lipidiques et des protéines
ont été caractérisées d’un point de vue élastique et dissipatif à la nano-échelle.
Le mode d’imagerie hors contact mécanique entre la pointe et la surface est
possible lorsque des force attractives à courte distance sont présentes. Ensuite,
l’étude s’est concentrée sur les propriétés mécaniques des cellules vivantes. On a
choisi des cellules PC-12 pour des raisons de simplicité, car déjà présentes sur le
site du campus EPN. Ici, on a étudié l’élasticité et la dissipation entre la pointe
et la membrane cellulaire en fonction de la force appliquée par la pointe et de
la fréquence d’excitation de la pointe. Il y a une augmentation de la rigidité
de la membrane cellulaire lorsque la fréquence d’excitation augmente, alors que
l’on observe une force dissipative presque constante avec la fréquence et, en
conséquence, une réduction du coefficient de dissipation avec la fréquence. Les
cellules ont été imagées à différentes fréquences d’excitation et donc l’étude a
concerné une caractérisation spatiale de leur élasticité et dissipation.

Analyses et perspectives

Ce chapitre montre une comparaison entre la technique FFM statique et dy-
namique et les techniques AFM standard en termes de performances. On trouve
que le FFM statique a la même sensibilité en force que les AFMs statiques, sauf
dans la partie attractive de l’interaction qui généralement n’est pas accessible à
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cause de la souplesse du levier.
La technique FFM a clairement des limites qui sont analysées dans ce chapitre.

Tout d’abord les limites qui concernent la sensibilité en force et gradient de force
en fonction de la raideur du levier utilisé et de l’interface étudiée. Ensuite, on
analyse les limites en bande passante qui dépendent du temps de relaxation du
levier et du gain intégral employé par l’utilisateur. Enfin, on analyse les limites
en détection de la position de la pointe par une mesure avec un interféromètre
de Fabry-Pérot.

En conclusion du chapitre, on propose trois différentes améliorations pour la
configuration actuelle du FFM. In primis, la possibilité d’utiliser un système de
détection basé sur l’optical beam deflection. Ensuite, on propose une configura-
tion opérationnelle pour la mesure des forces de friction avec un interféromètre
de Fabry-Pérot. Enfin, on discute de l’utilisation des nouveaux leviers AC10DS,
trés souples, avec une haute fréquence de résonance et un court temps de re-
laxation comme une possible amélioration pour augmenter la bande passante
d’une mesure FFM.

Conclusions et sommaire

Ce chapitre est un simple résumé de chaque chapitre et rappelle les points
importants du travail présenté dans ce manuscrit. Ce chapitre n’est pas donc
très différent de ce résumé en français.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Contents
1.1 State of the art: why a new AFM? . . . . . . . . . 3

1.1.1 Challenge: the tip-sample interaction . . . . . . . . . 5

1.1.2 Challenge: AFM performances . . . . . . . . . . . . 7

1.1.3 Present and future challenges . . . . . . . . . . . . . 10

1.2 FFM and Multifrequency AFM . . . . . . . . . . . 12

1.3 Focus of the thesis . . . . . . . . . . . . . . . . . . . 13

”...all things are made of atoms − little particles that move around in per-
petual motion, attracting each other when they are a little distance apart, but
repelling upon being squeezed into one another...”
Richard Feynman
Lectures in Physics

As stated by Feynman in his lectures, the force versus the distance between
two interacting atoms is extremely important in science. It is at the basis of
our understanding of interactions between two objects. Because of the Pauli
exclusion principle, a sharp repulsive regime is felt at very short distances. The
interaction may be extended for many tens or hundreds of nanometers in a
long (usually) attractive regime. In this regime, different sources (electrostatic,
magnetic, chemical, capillary, van der Waals) at different scales intervene. The
quantitative measurement of the interaction over the entire range is therefore
essential for the understanding of the underlying mechanisms. The present the-
sis focuses on the measurement of the interaction between an AFM tip and a
surface. A new AFM technique has been developed and applied to the study of
biological specimens.

The reader is assumed to be familiar with conventional Atomic Force Mi-
croscopy.

1.1 State of the art: why a new AFM?

Since its invention in 1986 (Binnig et al. [1]), the atomic force microscopes have
been powerful tools suitable for the characterization of materials and materials
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CHAPTER 1. INTRODUCTION 1.1. STATE OF THE ART: WHY A NEW AFM?

properties at the nanoscale. The AFM is useful for measuring the 3-dimensional
morphology of the specimens and they are convenient for measuring the inter-
action force between the sharp AFM probe and the sample. These devices are
constituted by a nanometric sharp tip mounted on a force transducer, usually
a microcantilever. While the sample is scanned by the tip, the tip-sample force
is recorded and converted in the sample topography (Figure 1.1).
The AFM is however not the only device to measure forces between solid sur-

Figure 1.1: Lateral sample scanning (x and y axis) with the AFM probe. The
sample morphology is reconstructed from the line by line scanning information.
Each measured force has a well defined x and y position. Courtesy of Michal
Hrouzek [2].

faces. In the last decades, huge efforts have been produced for the construction
of new experimental set-up for measuring interactions at the nanoscale. Among
the many, the most famous is the Surface Force Apparatus (SFA) (Israelachvili
and Tabor [3]). The SFA allows force measurements between two microscopic
surfaces in liquid and gas environments. The main difference between the AFM
and the SFA is the local character of the force measured by the AFM due to
the sharpness of the probe used. As a consequence, imaging modes have been
developed leading to the acquisition of the sample morphology at the nanoscale.
In the last 27 years, scientists constantly have improved the capabilities of the
AFMs to overcome new scientific challenges. The improvements concern both
the instrumental efficiency and the development of new experimental techniques.
Conventionally, the standard AFM imaging modes are the following:

• STATIC/CONTACT MODE [1].
In static mode, the cantilever deflection is measured and kept constant
while scanning the sample by a feedback loop. The deflection of the can-
tilever is proportional to the force when modeling the cantilever as a spring
with an effective mass (Hooke’s law), therefore images are acquired at

4



CHAPTER 1. INTRODUCTION 1.1. STATE OF THE ART: WHY A NEW AFM?

constant force. The static deflection of the cantilever is the measured
observable.

• AMPLITUDE MODULATION MODE (AM-AFM Martin et al. [4]; Gar-
cia [5]).
In AM-AFM the cantilever is driven by an external force at its resonance.
The amplitude of the tip oscillation is the feedback signal used to obtain
the sample morphology during the scan. The amplitude and the phase of
the tip oscillations are the measured observables.

• FREQUENCY MODULATION MODE (FM-AFM, Albrecht et al. [6]).
In FM-AFM the cantilever is driven at its resonance frequency and an
additional feedback loop locks the phase of the tip oscillations (Phase-
Locked Loop, PLL). If the oscillation amplitude is kept small enough, in the
presence of a force gradient between the tip and the sample, the cantilever
resonance is shifted to lower frequencies in case of attractive interaction
and to higher frequencies in case of repulsive interaction and the resulting
frequency shift is a direct measurement of the interaction stiffness. The
PLL displaces the excitation frequency of the driving force in order to
follow the resonance of the oscillator. The frequency shift imposed by the
interaction is used as feedback signal for acquiring the topography of the
sample during a scan. The amplitude of the tip oscillations and the shifts
of the oscillator resonant frequency are the measured observables.

1.1.1 Challenge: the tip-sample interaction

The physical interpretation of the quantities measured in dynamic mode AFM
has led scientists to develop accurate formulas to obtain the tip-sample interac-
tion force.

The interaction force curve in frequency modulation mode - In a small
oscillation amplitude regime, the tip motion can be described with the equation
of a linear harmonic oscillator. In this case, the frequency shift of the cantilever
resonance in presence of a tip-sample interaction is directly proportional to the
tip-sample elastic force gradient. A PLL is generally used to obtain a direct in-
formation of the tip-sample force gradient. In alternative, the measured phase
shift at resonance can also be used for this purpose.
If the oscillation amplitude imposed to the tip is larger than the decay length of
the tip-sample interaction, the equation of the harmonic oscillator becomes non-
linear and the measured frequency shift is not anymore a direct measurement
of the force gradient. Conventionally, in this case two methods are employed to
convert the frequency shift measured in FM-AFM in the conservative interac-
tion force.
The first one has been proposed by Giessibl [7] and permits to relate the fre-
quency shift to the force gradient when the force gradient varies by orders of
magnitude during one oscillation cycle. In a first order perturbation theory the
frequency shift is a convolution of a semi-spherical weight function with the
tip-sample force gradient.
A second method has been proposed by Sader and Jarvis [8]. The authors relate
the force with the frequency shift and the oscillation amplitude of the tip (1.1)
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CHAPTER 1. INTRODUCTION 1.1. STATE OF THE ART: WHY A NEW AFM?

in the Laplace space through the use of the modified Bessel function of the first
order. The conversion of the frequency shift into the interaction force is carried
out using an approximated formula for the first-order modified Bessel function.
The method is valid irrespective of the oscillation amplitude imposed to the tip
and the nature of the interaction force.

Ftip−sample =
2k

FAD

∫ u=∞

u=d

[(
1 +

A1/2

8
√
π(u− dm)

)
Ω(u)− A3/2√

2(u− dm)

dΩ(u)

du

]
du

(1.1)
A is the amplitude of oscillation, Ω is the normalized frequency shift and dm

is the tip-sample distance.

The interaction force curve in amplitude modulation mode - A math-
ematical investigation of the amplitude and phase curves obtained while ap-
proaching the tip and the sample has been carried out to obtain a quantitative
information about the interaction force (Holscher [9]; Gotsmann et al. [10]; Hu
and Raman [11]).
Alternative AFM techniques have been developed in the last 2 decades to ac-
quire the tip-sample interaction force curve during an amplitude modulation
mode experiment. Among them, in the Scanning probe acceleration microscopy
(SPAM) the second derivative of the cantilever deflection is recorded while the
tip is oscillating and tapping on the sample to extract the tip acceleration tra-
jectory. For this purpose, the information contained in the higher harmonics is
extracted with frequency filters and the interaction curve recovered (Legleiter
et al. [12]).
Additional efforts have been carried out for the force reconstruction in liquids
(Xu et al. [13]).

The Phase signal in amplitude modulation mode - An additional sci-
entific challenge has been the interpretation of the phase shift while tracking
the sample topography in an amplitude modulation mode experiment. Consis-
tent efforts have been produced to extract quantitative information about the
sample properties from the phase image.
It is now commonly accepted that the phase shift depends generally both on
the conservative and dissipative interaction (Garcia [5]). However, when high
Q-factor oscillators are used, it can be demonstrated that the phase shift oc-
curs just in presence of a dissipative interaction implying therefore an energy
transfer from the cantilever to the sample (Tamayo and Garcia [14]). This
can be demonstrated neglecting the contribution of the higher harmonics and
eigenmodes to the cantilever motion, which is a common approximation at the
solid/air interface.
When the Q-factor of the cantilever is low, for example when measuring in liq-
uids, then the mathematical description of the motion of the cantilever has to
include the higher harmonics of the excitation frequency (Preiner et al. [15]),
leading to phase shifts that depend both on the conservative and dissipative
interaction.

Multifrequency AFM - Several methods have been introduced for measur-
ing the interaction force curve. The Multifrequency AFM techniques are based
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on the simultaneous detection of several harmonics or multiple eigenmodes of
the tip oscillation (Garcia and Herruzo [16]). They have been recently intro-
duced for recording the part of the tip-sample interaction that is transferred to
higher frequencies of the tip motion when the amplitude of tip oscillations is
higher than the typical lengths characterizing the interaction (Stark and Heckl
[17]). In other words, these techniques take into account the non linearity of
the AM-AFM.
In Bimodal AFM (Martinez-Martin et al. [18]) the first 2 eigenmodes of the
cantilever are simultaneously excited, while in the Multiharmonics AFM (Ra-
man et al. [19]) it is the nonlinearity in the interaction force to introduce higher
harmonics which are measured by the user.
Alternative operational schemes have been introduced exciting the cantilever ei-
ther with a discrete number of excitation frequencies around the first resonance
(Intermodulation AFM, Platz et al. [20]) or with a band of frequencies (Jesse
and Kalinin [21]; Kareem and Solares [22]).

1.1.2 Challenge: AFM performances

Scan speed - A permanent scientific challenge is still the scan speed. Fast
scanning capabilities are required to capture real time processes, particularly
challenging in the field of biology. The High speed AFM initially developed by
Ando et al. [23] is able nowadays to reach a frame-rate of 30 ms/frame (Ando
et al. [24]) and consistently below 1 frame/s (Casuso et al. [25]). The micro-
scope is composed of a fast scanner and a microcantilever with a high resonant
frequency and a low Q-factor, permitting fast scans in amplitude modulation
mode in liquid. Slow biological processes can therefore be captured using the
High-speed AFM.
The interest for a fast acquisition of the interaction force led Bruker to develop
the Peak force AFM (Adamcik et al. [26]; Heu et al. [27]; Rico et al. [28]). Here
the cantilever is driven below its resonance, typically in the kHz range. Each
oscillation period corresponds to a force curve from which sample elasticity and
adhesion forces can be extracted. The main problems are however related to
the choice of the cantilevers used and the amplitude of the oscillation imposed:
due to the acquisition speed of the force curve, the cantilever stiffness cannot
be too soft to avoid the overlap of the resonant frequency with the excitation
frequency, especially in liquid, and the oscillation imposed cannot be too high
for limiting the viscous forces proportional to the speed of the tip.

The jump to contact in static mode - If the cantilever stiffness is lower
than the stiffness of the attractive interaction, then the AFM tip suddenly jumps
in contact with the surface. Increasing the lever stiffness to avoid the jump to
contact usually leads to a loss in the force sensitivity. As a consequence, it is
extremely difficult to measure attractive forces in static mode. When attractive
forces have to be measured, it is preferred to measure the force gradient of the
interaction in a small oscillation regime with the Frequency Modulation AFM.
Alternatively, a force feedback operation scheme based on a magnetic actuation
on the tip has been proposed in 1996 by Jarvis et al. [29] to successfully overcome
the jump to contact. In the following years, a consistent number of experimental
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set-up has been suggested (for a complete review see [30]). As we will discuss
in details later (section 2.2.1), all the proposed set-up have important limits.

Non Contact AFM - Conventionally, it is often said that non contact
AFM can be performed only in FM-AFM. The technique requires oscillators
with high Q-factors to enhance the sensitivity of the measured frequency shift
and typically stiff cantilevers for avoiding the jump to contact and limit the
thermal noise. The oscillation amplitudes imposed to the tip are often too large
to extract easily the interaction force. Therefore, in 2005 Gannepalli et al. [31]
proposed an alternative technique that they called Thermally driven AFM.
The authors recorded the frequency shift of the thermally excited first cantilever
resonance. Conservative and dissipative interactions can be determined mea-
suring the change of the resonance peak while the tip-sample distance is varied.
Here the thermal oscillations are below 1 Å and therefore small enough com-
pared to the length characterizing the interaction. The instrument is therefore
the limiting case of small amplitude FM-AFM techniques.
Amplitude modulation can be used for non contact AFM in ambient conditions
by imposing a set-point on the oscillation amplitude such that the tip never
enters in mechanical contact with the sample (Santos and Thomson [32]; Santos
et al. [33]). In this case the interaction is dominated by the capillary forces and
generally by attractive interactions.

Measurement of the mechanical properties of the sample - When the
tip is in mechanical contact with the specimen, the AFMs can measure the force
acting between the probe and the sample as a function of the indentation. In
static mode one measures directly the force and deduces the sample stiffness a
posteriori. In FM-AFM, when small oscillations are used, one measures directly
the sample stiffness.
The stiffness is however an extrinsic property of the sample and therefore de-
pends on the geometry of the mechanical contact between the probe and the
sample. Commonly, the intrinsic property is usually extracted by fitting the
interaction curve with a so called contact model (Greenwood [34]).
Among the different models, the following ones are the most widely employed.
The Bradley model describes the contact between two rigid spheres. In absence
of adhesion the Hertz model is usually preferred and widely used for describing
the elastic contact between two surfaces. It is commonly used for measuring
cells Young modula (Touhami et al. [35]).
The DMT model is an extension of the Hertz model if short-range attractive
forces are present outside the tip-sample mechanical contact. The JKR model
is widely used in presence of adhesion between the probe and the sample when
adhesion is confined to the contact area (Maugis [36]).

Lateral resolution - The lateral resolution achievable by AFMs strongly
depends on the environmental experimental conditions and the specimens to be
measured.
In UHV conditions, the use of stiff and high Q factor (in the order of 100000) os-
cillators permits to produce routinely atomic resolution images (Giessibl et al.
[37]; Sugimoto et al. [38]). If the tip is functionalized with single molecules,
FM-AFM can be used to image single chemical bonds (Gross et al. [39]) and to
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follow chemical reactions (de Oteyza et al. [40]).
At the solid/air interface in ambient conditions atomic resolution is a challenge
since the lateral resolution is usually limited by the size of a capillary conden-
sate between the tip and the sample. However, the set-point on the amplitude
of oscillation of the tip can be tuned in order to minimize the effective area
of interaction between the tip and the sample. This occurs when the average
force acting on the tip switches from attractive to repulsive and the tip-sample
distance is minimal. Consequently, high resolution images can be acquired, for
instance on DNA molecules (Santos and Thomson [32]). More recently, the
Small Amplitude Small Set-point (SASS) technique has been introduced, allow-
ing high lateral resolution in ambient condition and resolving the right-handed
DNA double helix. Here the use of small amplitude of oscillation and sharp
Silicon probes is essential (Santos et al. [33]).
At the solid/liquid interface the atomic resolution is achievable on stiff surfaces,
i.e. on mica, in frequency modulation mode (Fukuma and Jarvis [41]; Fukuma
et al. [42]; Umeda et al. [43]). However, if the sample is soft, AFM perfor-
mances in liquids are worst. Certain proteins are particularly soft (in the order
of the MPa, Martinez-Martin et al. [18]) and are therefore extremely difficult
to image because a small tip-sample force (∼ 50 pN) is large enough to de-
form them. Moreover, these specimens cannot be considered as stable surfaces,
since the natural brownian motion of the molecules becomes larger with the
decrease of their stiffness. In these conditions the presence of the AFM tip is
invasive. In order to decrease the tip-sample interaction, the use of appropriate
buffers is essential for limiting the long range interaction force between tip and
sample, leading to a submolecular resolution (Scheuring et al. [44]). Recently,
frequency modulation AFM with small cantilevers resolved the DNA double he-
lix in solution (Leung et al. [45]; Ido et al. [46]). In the case of living cells the
experimental conditions are even worst: cells elasticity drops down in the kPa
range and the cell membrane is not a stable surface as an atomic 2-dimensional
lattice is. Consequently, the scanning speed becomes more important in order
to catch biological events on cells membranes. For these reasons, the molecular
resolution on the top of living cells is still a on-going challenge.

Height resolution - One of the paradigms of the atomic force microscopy
is the measurement of the interaction between a nanometric probe and the
specimen. From the interaction, the sample morphology is then reconstructed,
mainly scanning the tip over the sample. For this purpose, a property of the
interaction is kept constant over the scan area. It is of importance to enhance
that the AFMs cannot differentiate between differences in force resulting from
the chemical/mechanical properties of the specimens and differences in the to-
pography (Santos et al. [47]). Generally, this results in a measured height which
is lower than the real one even if the sample is not actually deformed by the in-
teraction. This may happen when studying DNA. the measured height of DNA
molecules, imaged in the attractive interaction at the solid/vacuum interface,
is found to be lower than the expected one, even if the DNA molecules are
supposed to be pulled towards the tip. This is likely due to the difference of
the Hamaker constant between the DNA and the tip and the Hamaker constant
between the tip and the substrate. The AFM is then not measuring the real
height due to a change in the chemical properties of the sample (Cerreta et al.
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[48]). This is clearly due to the fact that the feedback signal is here imposed in
the attractive part of the interaction where the Hamaker constant contribution
dominates over all the other interactions.

AFM coupled to complementary techniques - Since the chemical res-
olution coupled to the sample morphology is nowadays limited to few special
situations in UHV operational systems, a consistent number of new set-ups has
been proposed to couple the AFM topographical information to complementary
techniques. This permits a further characterization of the sample.
Recently, AFMs installed in synchrotron beam-lines have been coupled to X-
Rays techniques to obtain additional spectroscopic information of the elements
constituting the sample (at the ESRF, Rodrigues et al. [49]; Rodrigues [50], and
at the SLS, Pilet et al. [51]). In biology, AFM capabilities have been coupled
to confocal fluorescence (Kassies et al. [52]) and stimulated emission depletion
(STED) (Harke et al. [53]).

1.1.3 Present and future challenges

Some challenges still have to be addressed.

1. A consistent method to overcome the jump to contact is required to open
the path to static non contact AFM mode . This would lead to a di-
rect measurement of the complete interaction force without any
a posteriori data treatment from the measured observables in dynamic
mode. Interactions including time dependent forces as in the case of cap-
illary condensation at the solid/air interface are hardly measured precisely
in FM-AFM. Moreover, the integrated force gradient measured with dy-
namic AFM techniques is not the static force when the interaction has a
frequency dependence behavior as in the case of the mechanical response
of viscoelastic materials. Analogous problems in the force reconstruc-
tion could come from the different thermodynamic conditions between
the static and the dynamic measurements. These remarks emphasize that
it is of importance to have a direct and quantitative measurement of the
full force curve between two surfaces at nanoscale. We will come back on
this point in section 4.1.1.

2. Despite the huge instrumental improvements (Fukuma et al. [54]), the
large decrease of the oscillators Q-factor in liquids still limits the mea-
surements in FM-AFM. It is therefore extremely important to measure
elastic and dissipative interactions easily in liquid environment.

3. On one hand, dynamic modes give access to the conservative and non-
conservative parts of the interaction, but the mathematical conversion of
the measured observables into the interaction force is often complicated.
On the other hand, the static mode gives access directly to the force but
usually attractive forces cannot be recorded due to the jump to contact. In
addition, non viscous and non conservative interactions (such as adhesion)
is usually measured with static mode approach-retract force curves rather
than with dynamic modes. It would be therefore extremely important
to be able to measure simultaneously the interaction force, the
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conservative force gradient and the dissipative interaction with a
technique that could couple the static and dynamic advantages.

4. Mechanical properties of the samples are usually obtained in quasi-static
conditions or at frequencies linked to the cantilever eigenmodes when mea-
suring in dynamic AFM and Multifrequency AFM. However, in biology and
more generally in soft condensed matter, the mechanical properties of ma-
terials could vary of many orders of magnitude with frequency. Existing
techniques such as Force Modulation mode (Radmacher et al. [55]) usu-
ally modulate the tip-sample force at frequencies lower than the cantilever
resonant frequency and can extract mechanical properties of specimens at
several frequencies. These frequencies are however usually low frequen-
cies (Alcaraz et al. [56]). As a consequence, the possibility to measure
nano-mechanical properties in a large frequency bandwidth is
still challenging to fully characterize specimens at the nanoscale.

5. Additional improvements in the scan speed are required for measuring
faster dynamic events. For this purpose, smaller cantilevers and faster
piezoelectric scanners have to be designed and produced.

6. When measuring soft samples, it is of great importance to reduce as much
as possible the interaction with the tip in order to avoid any damage. In
dynamic mode it is therefore essential to minimize the excitation imposed
to the tip and the limit case for FM-AFM has already been discussed in
case of thermal excitation (Gannepalli et al. [31]). Therefore, in dynamic
mode an additional improvement would simply be a better detection of
the cantilever deflection.

7. Historically, AFMs have been successfully employed at the solid/gas, solid/liquid
and solid/vacuum interfaces. The liquid/liquid and liquid/gas inter-
faces have not been enough investigated but they would be interesting
from a biological point of view. In fact, the elasticity of biomolecules such
as lipids would be much more realistic than the one measured when these
molecules lay on a solid substrate.
Further instrumental developments are needed to study these interfaces.
Cantilevers faster than the time necessary to the capillary forces to act on
the tip (few ns) would be useful for this purpose.

The atomic force microscope, developed in the frame of this thesis work and
described in the following, addresses the first 4 points. We call it Force Feed-
back Microscope (FFM).
The capabilities of the FFM can be now summarized:

• The observables are the static force, the elastic force gradient and the
damping coefficient.

• Sample mechanical properties are accessible in a large bandwidth.

• The working point can be chosen in the attractive or in the repulsive
interaction.

• It can work at the solid/gas, solid/liquid and solid/vacuum interface. The
measurements acquired at the solid/vacuum interface, performed at the
Néel Institute, CNRS, are not going to be presented in the manuscript.
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1.2 FFM and Multifrequency AFM

Several experimental operational schemes have been recently proposed to im-
prove the AM-AFM. Among them, the multifrequency approach has recently
produced impressive results for acquiring sample mechanical properties simul-
taneously to the morphology (Garcia and Herruzo [16]).
These techniques allow precise measurements of soft sample elasticity from the
nanoscale in case of single proteins (Martinez-Martin et al. [18]) to the mi-
croscale in case of living cells (Raman et al. [19]). Moreover, the acquisition
is relatively fast compared to the conventional Force-volume method where the
sample elasticity is measured from a large number of static approach/retract
force curves. Additionally, a multifrequency set-up allows the measurement of
the sample viscosity that is not accessible from a static curve.
However, these emerging techniques have some limitations:

• The force gradient is always acquired at frequencies linked to the can-
tilever eigenmodes or the higher harmonics of the first oscillation mode.
As a consequence, the young modulus extracted from a multifrequency
measurement could be much different compared to the one measured with
a static force curve, when viscoelasticity plays a role. Notice that the same
argument could be easily extended to the Peak-force AFM.

• A posteriori analysis is required to extract mechanical sample properties.
Consequently, imaging modes implying the acquisition of the sample mor-
phology at constant elasticity or constant viscosity are not available.

• The feedback signal which is kept constant to obtain the sample morphol-
ogy is the amplitude. The image is then acquired partially at constant
dissipation and partially at constant elasticity, commonly at the solid liq-
uid interface. The measured contrast in the elasticity image could then be
partially different from the real one especially if the elastic and dissipative
interactions largely change depending on the specimens interacting with
tip.

• A paradigm of the multifrequency operational schemes is the use of large
oscillation amplitudes as in amplitude modulation mode. This implies that
constant force images cannot be acquired since what can be set constant
is just an average force.

• No clear evidence of the non contact imaging capabilities has been shown
yet.

The FFM has been designed in order to partially overcome these limits.
The central principle of the force feedback microscope is that the average to-
tal force acting on the tip is equal to zero. It means that, in presence of a
tip-sample interaction, a counteracting force has to be applied to the tip by
a feedback loop. The knowledge of the counteracting force is consequently a
measurement of the tip-sample force. The counteracting force is here applied to
the tip by displacing the cantilever base with a small piezoelectric element. The
feedback loop avoids mechanical instabilities such as jump to contact allowing
the complete measurement of the interaction force.
As we will see in the following sections, if we impose small oscillation amplitudes

12



CHAPTER 1. INTRODUCTION 1.3. FOCUS OF THE THESIS

on the tip, simple equations can be used to convert the simultaneous measure-
ments of the phase and amplitudes of the oscillation of the AFM tip into conser-
vative force gradient and damping coefficient of the interaction. Moreover, there
is the possibility to excite the AFM tip at any frequency, not necessarily at the
cantilever eigenmodes. The mechanical properties of the sample can therefore
be acquired at the desired frequency.
In addition, new AFM imaging modes are made available to the FFM users.
Experiments at constant elasticity and constant damping coefficient can be now
performed as well as the conventional imaging mode at constant force.

1.3 Focus of the thesis

In this work, the theory of the conventional Atomic Force Microscopy opera-
tional schemes is not presented in detail as well as many of the components of
commercial AFMs. The reader is assumed to be familiar with standard Atomic
Force Microscopy. Although most of the work presented in this manuscript
follows from the expertise acquired using commercial AFMs, the thesis work
concentrates solely on the development of a new AFM, called the Force Feed-
back Microscope (FFM) and the new AFM operational modes made available.
The second chapter focuses on the FFM theory and on the construction and
design of the instrument.
The third chapter presents the capabilities of the FFM for measuring tip-sample
interaction forces at the nanoscale and the new imaging modes available with
new operation schemes.
The fourth chapter overviews the limits of the instrument, and future improve-
ments are presented.
Finally, the fifth chapter presents some conclusions on the performed work.

13



CHAPTER 2. FORCE FEEDBACK MICROSCOPY

Chapter 2

Force Feedback Microscopy
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The Force Feedback Microscope is a custom - made AFM.
In the FFM, a fiber optic based interferometer (figure 2.1) is used to measure

the tip position which is kept constant by the piezo of a static feedback loop.
A second piezo may be used to drive a dynamic feedback loop which imposes
a constant sub-nanometric oscillation on the tip. From the measurement of
the phase of the tip oscillations and the normalized excitation amplitude as
a function of the tip-sample distance, the conservative force gradient and the
damping coefficient can be measured.
The static and dynamic feedback loop may be driven by the same piezoelectric
element. A schematic block diagram describing the instrument in detail will be
shown in section 2.1.5.
The static loop ensures that at any time the total force acting on the tip is
equal to zero and consequently the tip position is stable. For this purpose,
a small piezoelectric element displaces the cantilever base in order to apply a
counteracting force, Ffeedback, on the tip such that:

2∑
i=1

Fi = Fsample/tip + Ffeedback = 0 (2.1)

Ffeedback is equal to the cantilever stiffness k times the displacement ∆z imposed
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Figure 2.1: The Force Feedback Microscope. A fiber optic based interferometer
measures the tip position. A small piezoelectric element displaces the cantilever
base to keep constant the tip position ensuring the stability of the static loop.
The force gradient and the damping coefficient are measured employing a second
dynamic loop imposing a sub-nanometric oscillation amplitude to the tip.

to the cantilever base by the piezoelectric element.

Ffeedback = k∆z (2.2)

In figure 2.2, the operational scheme is presented pictorially. In brown, the
cantilever base is displaced by ∆z1 in presence of an attractive Fsample/tip such
that k∆z1 = Fsample/tip. When the surface is further approached to the tip, the
interaction Fsample/tip gets repulsive and the cantilever base is shifted down by
∆z2 to compensate the repulsion. The tip position, in figure 2.2 represented by

Figure 2.2: Static operational scheme. In presence of the attraction between
the tip and the sample, the piezoelectric element displaces the cantilever base
up in order to compensate the force acting on the tip. The tip position is
therefore kept stable. When the tip-surface force is repulsive, the cantilever
base is displaced down.

the red sphere, is constant over the entire approach curve. The counteracting
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force Ffeedback is therefore a direct measurement of the tip-sample interaction
both in the attractive and repulsive regimes.
Next section presents in details the theory and the limits of the force feedback
microscopy.

2.1 Theory

This section presents the theory of the force feedback microscopy. To start, the
AFM cantilever is modeled as a simple mechanically driven damped harmonic
oscillator. In a second step, the FFM paradigm is mathematically justified
(section 2.1.2) and the equations leading to the tip-sample interaction properties
are derived. This allows to design simulations concerning the stability of the
AFM tip. Finally, in section 2.1.5 a schematic block diagram describes the
instrument and how the observables are measured and converted in the tip-
sample interaction properties derived in section 2.1.2.

2.1.1 The harmonic oscillator

The AFM cantilever dynamic can be described as a mechanical driven damped
harmonic oscillator. It is a simplified description since a complete one should
involve a multi-mode model but it is however very useful describing the can-
tilever dynamic around the first resonance, as it is in this work. The limit of
this approximation will be outlined in the following sections.
The cantilever is externally driven by a periodic force force Fext. The motion is
then described by:

mẍtip + γẋtip + kxtip = Fext (2.3)

where m is the effective mass of the cantilever, γ is the damping coefficient and
k the cantilever spring constant. The periodic external force can be written

Fext(t) = F0e
iωt (2.4)

where ω is the excitation frequency. The second order differential equation has
a solution x(t) such that

x(t) = x̂eiωt (2.5)

Inserting the equation (2.5) inside the (2.3),

[(iω)2x̂+ iω
γ

m
x̂+ ω2

0 x̂] =
F0

m
(2.6)

where ω2
0 = k

m is the the resonance frequency of the cantilever. Equation (2.6)
leads to

x̂ =
F0

m(ω2
0 − ω2) + iγω

= χ(ω)F0 (2.7)

The movement of the cantilever is therefore a direct function of the driving
force. If the external force has the form

Fext(t) = Fextcos(ωt) (2.8)

the movement of the cantilever is

x(t) = A0cos(ωt+ φ) (2.9)
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where A0 is the vibration amplitude and φ is the phase shift to the driving
signal. The vibration amplitude, from (2.7) is

A0 =
F0√

m2(ω2
0 − ω2)2 + γ2ω2

(2.10)

and the phase, from (2.7)

φ = arctan

(
γω

m(ω2
0 − ω2)

)
(2.11)

It is often useful to introduce the Q-factor of the oscillator as

Q =
ω0

∆ω
(2.12)

where ∆ω is defined by the FWHM, of the squared Lorentzian fit of the reso-
nance peak in the frequency domain. The cantilever oscillates with a frequency

ω′0 = ω0

√
1− 1

2Q2
(2.13)

For a small damping coefficient such that γ
m << ω0, this leads to the natural

resonant frequency ω0 of the cantilever.

2.1.2 The force feedback harmonic oscillator

In the force feedback configuration, the sum of the average force acting on the
AFM tip is equal to zero [57].

<
∑
i

Fi >= 0 (2.14)

Therefore, in presence of a tip-sample interaction Ftip−sample, an additional
counteracting force Fcontrol (Ffeedback in equation (2.1)) has to be applied on
the tip.

mẍ+ γẋ+ kx = Fcontrol + Ftip−sample (2.15)

We will now explore theoretical aspects of the associated real time control,
Fcontrol, of the tip position. We take into account parameters such as the lever
characteristics in its environment (spring constant, mass, dissipation coefficient)
and the operating condition (lever displacement, used frequency). We can then
show how the PID parameters are determined so that the FFM functions at its
best under these conditions.
Since the observable is the tip position, Fcontrol is here a function of the tip
position controlled with a Proportional - Integral - Derivative loop.

Fcontrol = −gPx+−gDẋ− gI
∫ t

0

x dt (2.16)

The tip-sample force, Ftip−sample = Fts can be expressed as the sum of a com-
ponent independent on the tip position, Fts,0, an elastic term proportional to
the tip position and a term proportional to the cantilever speed:

Fts = Fts,0 − ktsx− γtsẋ (2.17)
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In the Laplace formalism Newton’s law can be written

mXs2 + γtXs+ ktX + gPX + gDXs+
gI
s
X =  L(Fts,0) (2.18)

Where kt = k + kts and γt = γ + γts. This leads to

X =
 L(Fts,0)s

ms3 + (γt + gD)s2 + (kt + gP )s+ gI
(2.19)

This solution is the one of a harmonic oscillator when the integral gain gI = 0.
In the following text, we are going to evaluate the expression (2.19) when the
system is submitted to an impulse to check its stability and how it responds to
harmonic stimuli.

2.1.3 Tip stability - static FFM

Let’s consider now a tip-sample force which is zero, Fts,0 = 0, at t = 0 and
suddenly becomes Fts = F0 at t = t0. Since it can be considered as a step
function, L(Fts,0) = F0/s.

-A- Under-damped case The under-damped case is usual for measurements
at the solid/gas interface where the cantilever Q-factors are quite large.
The inverse Laplace transform of equation (2.19), is

x(t) =
F0

k

ω2
0e
−λ0t + αω2

0e
−λctcos(ωct)

ω2
c + (λ0 − λc)2

(2.20)

where ω0 =
√
k/m, λ0 is the real root of the denominator in equation (2.19),

whereas λc and ωc are respectively the real and imaginary part of the complex
root. Now, the denominator of equation (2.19) can be written as(

s+
gI

kt + gP

)
(ms2 + as+ b) + c (2.21)

where a = γt+gD− mgI
kt+gP

, b = kt+gP −a gI
kt+gP

and c = gI

(
1− b

kt+gP

)
. If the

cantilever is under-damped, then a is small. Replacing a = 0 in the expression
of b leads to c = 0. As a consequence,

λ0 =
gI

kt + gP
(2.22)

λc =
ω2
0(γt + gD)

2k
− gI

2(kt + gP )
(2.23)

ωc = ω0

√
kt + gP

k
−
(

(γt + gD)ω0

2k
− gI/ω0

2(kt + gP )

)
(2.24)

From equation (2.20), if λ0 or λc are negative, then x(t) diverges. Therefore,
two stability criteria can be derived from equations (2.22) and (2.23).

kt + gP > 0 (2.25)
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Figure 2.3: Tip motion after a step function: (a) without integral gain gI (b)
integral gain equal to 1/2 of the ideal integral gain, (c) ideal integral gain (6667
N/ms) and (d) integral gain 4 times the ideal integral gain. Cantilever param-
eters are k = 1 N/m, f0 = 70 kHz and γ = 0.1µKg/s

and

gI < ω2
0(γt + gD)

kt + gP
k

(2.26)

Equation (2.25) explains the so called Jump to contact occurring when the
stiffness of the interaction is equal to the cantilever stiffness, kt = 0. If the
proportional gain gP is turned on, the FFM can avoid the jump to contact.
Equation (2.26) imposes a limit to the integral gain gI . If the second criterion
is not satisfied, the system becomes unstable and starts to oscillate. The ideal
integral gain which maximize λ0 and λc ensuring the system to be stable is
gI = ω2

0(γt + gD)kt+gP3k .
It is clear that the proportional gain increases the maximum integral gain before
the system becomes unstable. When gI > 0, the equilibrium position of the tip
changes in time with the decay length 1/λ0. Figure 2.3 reports the numerical
calculation of x(t) for different integral gains.

-B- Over-damped case The over-damped case may be usual for measure-
ments at the solid/liquid interface where the cantilever Q-factor decreases sig-
nificantly since the cantilever oscillates inside a viscous fluid.
In this case, the roots of the denominator in equation (2.19) are all real if the
PID gains are moderate.
Unlike in the under-damped case, the frequency of oscillation is not around the
natural frequency of the oscillator and it is driven by the controller gains rather
than by the dynamics of the cantilever. For moderate gains, in the over-damped
case, we can neglect the term in s3 in equation (2.19) and the roots are easier

19



CHAPTER 2. FORCE FEEDBACK MICROSCOPY 2.1. THEORY

to be calculated. The response of the system becomes:

x(t) =
F0

(
e−(λ1−λ2)t − e−(λ1+λ2)t

)
2γtλ2

(2.27)

where

λ1 =
kt + gP

2(γt + gD)
(2.28)

and

λ2 =
√
λ21 − gI/(γt + gD) (2.29)

Clearly, from equations (2.28) and (2.29), in order to avoid the system to oscil-
late,

(kt + gP )2 > 4(γt + gD)gI (2.30)

and λ1 must be positive. Note that if λ1 was negative, then the system would
be stable for a negative λ2. However is physically impossible (from equation
(2.29)). λ1 is positive for the stability condition already found in the under-
damped case (2.25).
A useful stability criterion from (2.30) is

gI ≤
(kt + gP )2

(γt + gD)
(2.31)

The ideal integral gain which restores the tip position to zero in the minimum
amount of time is represented by the equality above.
Figure 2.4 shows the behavior of the system for four different integral gains.
When the integral gain is zero, the system resembles a strongly damped oscil-
lator. When gI > 0 and below the critical value given by (2.31), the position of
equilibrium of the system can be seen as changing in time with a decay length
1/λ0 = (kt + gP )/gI . However, if gI is larger then the critical value given by
(2.31), the system starts to exhibit oscillations and for larger gI gains the system
becomes unstable.

-C- General criteria Here we introduce the Q-factor of the system, in
analogy with 2.12, as

Q =
k

(γ + gD)ω0
(2.32)

If the differential gain gD and the damping are small, this leads to a calculation
of the maximum integral gains. The criteria for the stability are then:

gP > −kt (2.33)

gI,a =
ω0

3Q
(kt + gP ) under − damped (2.34)

gI,b = Qω0
(kt + gP )2

k
over − damped (2.35)

We can include the effect of the differential gain by replacing the Q-factor by
an effective Q-factor. One of the consequences of the result above is that if
the tip-sample force gradient equals the cantilever stiffness, than the jump to
contact can still be avoided providing the proportional gain is large enough.
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Figure 2.4: Tip motion after a step function: (a) without integral gain gI (b)
integral gain corresponding to the ideal integral gain (2500 N/ms), (c) integral
gain 4 times the ideal integral gain and (d) integral gain 8 times the ideal integral
gain. Cantilever parameters are k = 1 N/m, f0 = 70 kHz and γ = 0.1µKg/s

It can also be seen that for an under-damped oscillator we want to decrease
Q whereas for an over-damped oscillator we want to increase Q. Indeed, for a
given cantilever frequency and stiffness the best situation for the FFM operation
is when the cantilever motion is close to the critical-damped oscillator. In the
under-damped case we see that the equilibrium position decays to zero with a
time constant of τ = (kt + gP )/gI = 1/λ0. This is also approximately true in
the over-damped case. We can use this limit to estimate the bandwidth of the
FFM, which is defined as 1/τ for the under-damped and over-damped cases:

ωa =
ω0

3Q
under − damped (2.36)

ωb = Qω0
kt + gP

k
over − damped (2.37)

The ideal cantilever is the one with a high resonance frequency and close to
the critical damping. In liquid solution, the ideal cantilever would then be
the AC10DS produced by Olympus. These cantilever are widely used at the
solid/liquid interface with the High-Speed Atomic Force Microscopes [58; 59].

Vertical speed of the tip-sample approach Let’s imagine now to approach
the tip to a surface during an approach curve experiment. In such an experiment
we control the tip-sample distance ∆z which is going to influence the tip position
x. Each step in ∆z is going to influence the tip position through a step force
∆F . The maximum value of tip displacement x if a step force ∆F is applied to
the tip is given by

∆xMAX <
2∆F

kt + gP
(2.38)
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where the factor 2 is for a weakly damped system, whereas for a more damped
system the factor is lower than one. In case we want a displacement of the tip
lower than than ∆x, the system needs to relax with a time τ before another
step in force ∆F (1− 1/e) ≈ 0.63∆F is applied, with

∆F < 0.63
kt + gP

2
∆xMAX (2.39)

Supposing ∆F to be dependent of a parameter we can control, for instance the
tip-sample distance ∆z, such that ∆F = ∆zkts, we have

∆zkts < 0.63
kt + gP

2
∆xMAX (2.40)

Dividing by the relaxation time τ , we get

v < 0.63
kt + gP
2ktsτ

∆xMAX (2.41)

Equation (2.41) gives us the fastest speed of the approach between the tip and
the sample which doesn’t produce a change the tip position higher than xMAX .
Remembering τ = 1/λ0 = (kt + gP )/gI ,

v < 0.63
gI∆xMAX

2kts
(2.42)

As a consequence, the maximum speed seems to depend just on the integral gain,
which is however depending on all the other constants defining the system.

v < 0.63ωa
(kt + gP )∆xMAX

2kts
under − damped (2.43)

v < 0.63ωb
(kt + gP )2∆xMAX

2kkts
over − damped (2.44)

Again, the proportional gain plays a crucial role. In general, experimental set-
up that cannot provide an instantaneous force proportional to the position of
the tip will not be able to properly overcome the jump to contact.
An example is the following: consider kts = - 1 N/m, k = 1 N/m and gP = 1
N/m. In this case we have, using equation (2.43), for ωa and ωb in the order of
the kHz and ∆xMAX = 0.1 nm, we get a maximum speed of

v ≈ 105nm/s (2.45)

A speed of 1 nm/s is approximately the speed of most of the measurements
presented in this thesis, both at the solid/gas and solid/liquid interfaces.

The jump to contact

We already discussed about the Jump to contact occurring when approaching
statically an AFM tip to a surface [60]. When the stiffness of the interaction is
larger than the stiffness of the cantilever, then the tip suddenly jumps in contact
with the surface. This is a well known mechanism occurring also when using
a Surface Force Apparatus and any other instruments involving the use of a
spring as force transducer (Overbeek and Sparnaay [61]; Tabor and Winterton
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[62]; Greenwood [34]). Let’s now introduce an interaction composed by a long-
range attractive part, Van der Waals interaction (see section 3.1), and by a
shorter-range repulsive force.

Fts = Fattractive + Frepulsive =
HR

6z2
+
A

z3
(2.46)

where H, the Hamaker constant, is always negative. The tip equilibrium is

(a) Graphic solution. In blue the interaction,
in purple the stiffness of the cantilever.

(b) The measured force approaching the AFM
tip to the sample

Figure 2.5: The jump to contact mechanism: here we see that just a part of
the interaction is accessible during an approach force curve when using a soft
cantilever.

given when the sum of the force acting on the tip is equal to zero. This happens
when

kz =
HR

6z2
+
A

z3
(2.47)

During an approach curve this equation can be solved graphically (Fig. 2.5) and
leads to a jump to contact when the tip is in a position of unstable equilibrium,
therefore when the cantilever stiffness is

k = kts (2.48)

where kts is the stiffness of the interaction, kts = ∂Fts
∂z = ∂

∂z (HR6z2 ) in case of Van
der Waals attraction. From the (2.48) one may think to increase the stiffness
of the cantilever to avoid the jump to contact mechanism. However, such a
decision implies a decrease of the force sensitivity of the instrument since the
experimental observable is the deflection of the cantilever.
In figure 2.6 the tip position as a function of the tip-sample distance is shown.
The curve has been acquired at the solid/air interface performing a conventional
AFM static approach between the tip and the sample. In this configuration the
jump to contact doesn’t occur since the stiffness of the cantilever k is larger
than kts.

A conventional static approach between the AFM tip and the sample has
been numerically simulated. The cantilever stiffness is 1 N/m, the damping
10−7 Kg/s, resonance at 70 kHz. The simulated interaction force as a function
of time during an approach curve (fig. 2.7) may be given by:

Fts(t) =
HR

6(Zstart − vt)2
+

A

(Zstart − vt)3
(2.49)
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Figure 2.6: Tip position as a function of the sample position in an approach
curve. Here the stiffness of the cantilever is higher than the attractive force
gradient, therefore the tip doesn’t jump in the repulsive part of the interaction.

Figure 2.7: Simulated interaction force between an AFM tip and a surface.
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The motion of the tip is described by

mẍtip(t) + γẋtip(t) + kxtip(t) =
HR

6(Zstart − vt+ x(t))2
+

A

(Zstart − vt+ x(t))3

(2.50)
and the evolution of tip position x is reported in figure 2.8. When using the

Figure 2.8: Simulated tip position jumping into contact during an approach
curve.

FFM, the additional counteracting force is acting on the tip (2.16), which has
to be add to the (2.50). Let’s consider kts = - 1 N/m, k = 1 N/m, gP = 1 N/m
and v = 105 nm/s as discussed in the previous section. The approach of the tip
has been numerically simulated. The counteracting force and the tip position
during the approach between the tip and the sample are shown in figure 2.9.

Figure 2.9: Simulated approach of the tip towards the surface. In black the tip
position and in red the force. a) No PID and jump to contact of the tip as in
figure 2.8. b) No proportional gain, just the integral gain. Despite a small error
on the tip position, the force is measured. c) Proportional gain equal to the
cantilever stiffness, approach speed equal to 105 nm/s. d) Proportional gain
equal to the cantilever stiffness as in c), the approach speed is 52 nm/s.
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The jump to contact mechanism is therefore avoided by the presence of the
counteracting force (Figure 2.9 b,c,d), keeping the average total force acting on
the tip close to zero. This leads mainly to two FFM paradigms:

• in the FFM, the measurement of the counteracting force corresponds to
the tip-sample force.

• in the FFM, since the position of the tip is constant, the displacement
of the piezoelectric element, approaching and retracting the tip to and
fro the sample, corresponds directly to the tip-sample distance and no a
posteriori data treatment is needed to obtain the force curve as a function
of the tip-sample distance. The situation is actually different from the one
of a conventional static curve where the displacement of the piezoelectric
element must be corrected with the change of tip position to obtain the
right tip-sample distance. In the FFM, the tip position is indeed constant.

2.1.4 Dynamic FFM

Coming back to equation (2.18), if we excite the system with a Dirac function,
then the motion (2.19) becomes

X =
Fω

ms2 + (γt + gD)s+ kt + gP + gI
s

(2.51)

The vibration amplitude in response to a harmonic excitation is now

A =
Fω√

[(kt + gP )−mω2]2 + [(γt + gD)ω − gI
ω ]2

(2.52)

and the phase shift

φ = arctan

[
(γt + gD)ω − gI

ω

(kt + gP )−mω2

]
(2.53)

A and φ are the observables of the FFM measurements.
Now the sum of the forces acting on the cantilever is given by the excitation Fω
plus the PID response (2.16).

Fsum = Fω + Fcontrol = Fω − (gP + sgD + gI/s)X (2.54)

where X is given by equation (2.51).
It follows that

Fsum = Fω −
Fω(gP + sgD + gI/s)

ms2 + (γt + gD)s+ kt + gP + gI
s

(2.55)

The ratio Fsum/X, given by equations (2.51) and (2.55), is equal to

Fsum/X = kt + γts+ms2 (2.56)

which naturally doesn’t depend on the PID gains.
Notice however that the measurement of this ratio implies the measurement of
the total excitation force and not just the harmonic supplied stimulus. The
absolute value of Fsum/X is

Fr =
√

(kt −mω2)2 + γ2t ω
2 (2.57)
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whereas the phase is

φ = arctan

(
γtω

kt −mω2

)
(2.58)

The real part is given by Frcos(φ) = kt −mω2.
The imaginary part is given by Frsin(φ) = γtω.
In the absence of the tip-sample force, kts and γts are equal to zero, and therefore
the last two equations become:

F 0
r cos(φ0) = k −mω2 (2.59)

F 0
r sin(φ0) = γω (2.60)

Combining the the last four equations, in presence and in absence of the tip-
sample force, we obtain

kts = F 0
r [ncos(φ)− cos(φ0)] (2.61)

and

γts =
F 0
r

ω
[nsin(φ)− sin(φ0)] (2.62)

with n = Fr/F
0
r the normalized force/response ratio and F 0

r the force/response
ratio of the unperturbed oscillator. Equations (2.61) and (2.62) are the master
equations of the Force Feedback Microscope (Rodrigues et al. [57]).
In a measurement, n and φ can be easily measured. When using dynamic FFM
one question that may arise is about the sensitivity: is the sensitivity given
by the cantilever properties or by the effective cantilever properties that are
changed by the PID?
The answer is that it depends on how the excitation is taken into account. Notice
that the PID contributes to excite the cantilever (2.54) and that contribution
contains information about the tip-sample interaction. If the total excitation is
measured, then the sensitivity is intrinsically given by the cantilever properties,
whereas if only the harmonic stimulus Fω is measured then the sensitivity is
given by the effective cantilever parameters. If the PID gains are moderate,
then the dynamic response of the cantilever is not too much affected, in which
case to compute the interaction as a function of Fsum or Fω yields the same
result.
As a conclusion to this section, the sensitivity in dynamic mode depends on
the spring constant of the cantilever in the same way as in conventional AFM,
but the spring constants required to avoid the jump to contact in FFM are
substantially lower than those required for conventional AFM.
We will see the experimental limits of the custom - made FFM in avoiding the
jump to contact in the chapter 3.

2.1.5 Block description

In the section 2.1.2 the tip position, the amplitude and the phase of the tip os-
cillations have been introduced for the force feedback harmonic oscillator. These
are the three experimental observables that fully characterize a complete mea-
surement with the FFM. The tip position is measured directly with a fiber optic
based interferometer as it will be discussed in the next section.
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Static loop

The static loop drives the counteracting force Fcontrol that keeps constant the
average position of the tip by displacing the cantilever base xps.

Fcontrol = k(xtip − xps) (2.63)

As a consequence, in the FFM static loop the measured experimental value is
the tip position. The position of the tip is the input of a Proportional - Integral
- Derivative loop (2.16) that displaces the cantilever base position xps driving a
small piezoelectric element.
The static loop, represented in figure 2.10 in red, prevents the jump to contact
in the FFM.

Dynamic loop

An excitation at a selected frequency ω is controlled by a second feedback loop in
order to keep the oscillation amplitude A = ∆Xtip constant in all the interaction
range. An additional Proportional - Integral - Derivative loop is used for this
purpose.
The oscillation amplitude A = ∆Xtip is kept reasonably large but below values
characterizing features of the force curves, as it will be discussed in the section
2.2.4.
In the FFM dynamic loop, the measured experimental values are the voltage
amplitude vp(z) (which is equal to vp,0 if the tip is far from the sample) that
keeps constant the oscillation amplitude and the phase φ(z) (which is equal
to φ0 if the tip is far from the sample) between the lever oscillation and the
excitation. A Lock-In amplifier is used for measuring A(z) = ∆Xtip(z) and
φ(z).
The force gradient (2.61) and the damping coefficient (2.62) are derived directly
from vp(z), vp,0, φ(z) and φ0, using the the normalized lever voltage excitation
n = vp(z)/vp,0.
Parameters F 0

r and φ0 are linked to the physical cantilever employed, to the
FFM set-up, and to the experimental environment (liquid, vacuum, gas). They
are determined by the dynamic response function of the instrument, therefore
they have to be calibrated to obtain ∇F (z) and γ(z). In figure 2.10 the dynamic
loop is drawn in blue.
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Figure 2.10: Block diagram of the FFM operation. Static mode (red loop):
xps via the lever stiffness k gives directly the static force acting on the tip.
Dynamic mode (blue loop): the tip oscillation A = ∆Xtip is kept constant. The
voltage vp(z) and the phase φ(z) applied to the piezoelement are the measured
quantities.
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2.2 Description of the instrument

This section is devoted to the description of the instrument. First, the mechan-
ical costituents of the microscope are presented. Then, we discuss the three
different solutions that we tested in order to counteract the force acting on the
AFM tip. Finally, we argue in favor of the solution described in the section 2.1
that has been chosen over the other ones.

2.2.1 The microscope

The force feedback microscope is composed by two separated parts: a micro-
scope head and a microscope base. Both are made in aluminum.

• In the microscope head, the AFM cantilever is installed inside a cantilever
holder. An optical fiber can be displaced in X/Y/Z over the top of the
cantilevers using a stage composed of 3 inertial motors. The microscope
head approaches the microscope base with 3 long-range step-motors. The
fine approach is then completed using 2 piezoelectric elements working in
parallel inside a flex hinge structure. These 2 piezoelements are the Z-
scanner of the FFM: they deflect the bottom part of the microscope head
approaching the AFM tip to the sample (figure 2.13).

• The microscope base is fixed on the top of a table. Inside, a X/Y/Z scan-
ner is installed. Samples are usually fixed either directly on the top of
the scanner, either inside a sample holder in case of measurements at the
solid/liquid interface.

The microscope is protected from the oscillations of the floor by an active vi-
bration isolation system and from the external acoustic environment with an
home-made box.

Isolation

Among the many external noise sources that can affect an AFM measurements,
here we focus on the mechanical oscillations of the floor, the acoustic noise of
the environment and the presence of the air-conditioning system in the Surface
Science Lab.
The use of an active vibration isolation table drastically reduces the mechanical
noise coming from the floor especially at low frequencies (below 5 Hz) where
the passive vibration isolation tables are less efficient. We used a Halcyonics
table (Figure 2.11b). This active system is equipped with vibration sensitive
detectors. The outcoming signals are analyzed by an electronic circuit that
drives electrodynamic actuators. The actuators compensate in real time the
vibrations of the floor. Since it’s not a resonance-based system, as in the case
of the passive tables, no frequency is here amplified. However, the efficiency of
the system mounted below the FFM decreases significantly by a factor 10 for
frequencies higher than 5 Hz.
A home made box (Figure 2.11a,b) has been designed to protect the microscope
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from the acoustic noise and the noise coming from the air-conditioning system.
For this purpose the internal part of the box has been covered with Aluminium
foils for the thermal insulation and with an egg box profiled face acoustic panel
for the acoustic noise. The isolation is efficient acoustically and mechanically.

Figure 2.11: a) On the left, the drawing of the box designed to protect the FFM.
b) In the right panel picture the box directly mounted on the active table.

The thermal isolation can be discussed more in details. In figure 2.12 we present
a measurement of the evolution of the temperature of the microscope when the
box is open (Figure 2.12(a)) and when it is closed (Figure 2.12(b)). When the
box is open the temperature shows cycles of one entire day with an amplitude
of less than one degree. However, on shorter periods, the temperature changes
of less than 0.1◦C during cycles of about 20 minutes. When the box is closed
the high frequency noise disappears: the box acts basically as a thermal low
pass filter. The important change of temperature that follows the closure of the
box is essentially related to the presence of an incandescent light bulb inside the
box. When the light is turned off, then the internal temperature is less than
1◦C higher than outside the box.

(a) Box open (b) Box closed

Figure 2.12: Measurement of the temperature of the microscope acquired close
to the cantilever holder in case of (a) box open and (b) box closed. At the
beginning of the measurement in (b) the box was still open as we can appreciate
from the initial noise.
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Structure of the microscope

The structure of the microscope is shown in figure 2.13. The mechanical parts
are entirely built in aluminum. The cantilever holder is mechanically fixed to
the microscope head with a screw.

(a) Front view and top view of the microscope. (b) Side view of the microscope.

Figure 2.13: Structure of the microscope.

The two piezoelectric elements inserted in the microscope head are pre-
loaded. When elongated, they deflect the four flexors (Figure 2.14(b)) present
in the microscope head approaching the optical fiber and the AFM cantilever
block towards the sample. This movement is used in the FFM as a scanner in
the direction normal to the surface and therefore it is used for acquiring images
and tip-sample force vs distance curves.

(a) Flexors. (b) Deflection imposed to the
flexing part of the microscope
head by the elongation of the
piezoelectric elements.

Figure 2.14: The flexors in the FFM.

The long-range approach of the entire head towards the sample is carried
out by 3 step motors (Figure 2.13 in brown) that are fixed to the microscope
head.
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The fiber holder is magnetically fixed to a stage composed by three inertial
motors. The stage is screwed to the center part of the microscope head, as
shown in figure 2.13.

Cantilever holder

The cantilever holder can be easily inserted and taken out from the microscope
when the AFM cantilever has to be changed.
The first version of the cantilever holder was designed in aluminum, but after
the first measurements in liquids we decided to change the material to avoid any
chemical contamination of the mechanical piece with the liquid. Therefore, the
second version has been designed in PEEK (Figure 2.15) for being chemical in-
ert. The same change has been applied to the fiber holder (next paragraph). The

(a) cantilever holder (b) cantilever holder

Figure 2.15: The cantilever holder. The piezoelement that displaces the base of
the cantilever is inserted in the thin slot.

cantilever is clamped by a mechanical piece in stainless steel (Figure 2.16). The

Figure 2.16: The cantilever is clamped by a stainless steel mechanical piece. All
dimension are in millimeters.

small piezoelectric element that displaces the base of the cantilever is inserted
in the thin slot of the piece in PEEK. When elongated, the small piezoelement
deflects the lateral flexors of the cantilever holder, imposing a displacement of
the AFM chip, consequently to the cantilever too. The displacement is normal
to the sample.
The piezoelectric element used for this purpose is the PL033.30 produced by
PI. The resonant frequency is close to 600 kHz. However, when inserted inside
the cantilever holder, the resonance of the entire cantilever holder along the
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direction normal to the sample drops down to roughly 10 kHz.
The movement of the cantilever base as a function of the voltage applied to the
small piezoelectric element has been calibrated by applying a small triangular
wave signal to the piezo and by measuring with the optical fiber the tip position
in absence of external forces acting on the tip. For most of the measurements
presented in the manuscript, we have measured that the base of cantilever is
displaced by 5.2 nm for each Volt applied to the piezo.
The piezoelectric element has always been supplied with a voltage between -10
and 10 Volt. Since it could be driven up to 100 V, in the FFM it has always
been used in a linear regime where the piezoelectric hysteresis effects are small.

Fiber holder

A first version of the fiber holder in aluminum was screwed to a stage of three
MS15 inertial motors produced by Mechonics (Figure 2.17(a)). The stage itself
was screwed on the microscope as shown in figure 2.13.

(a) The first version of the fiber holder and the inertial motors. All dimensions are in mm.

(b) The Mechonics inertial mo-
tors have resonances in the 3 axes
below 1 kHz. These movements
affect the position of the optical
fiber.

(c) A picture of the entire piece.

Figure 2.17: The inertial motors with the first version of the fiber holder in
aluminum.
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Depending on the mounting configuration of the three motors, the position
of the optical fiber was differently affected by the motors movements at their
resonance frequencies: a graphical example is shown in figure 2.17(b) and a
measured spectrum in figure 2.19a. Since the first configuration was extremely
noisy, we decided to choose a second one, illustrated in the figure 2.18.

Figure 2.18: The second configuration of the fiber holder and the inertial motors.
Here the piece in stainless steel labeled by (3) is the support to fix the inertial
motors the the head of the microscope.

A comparison between the noise spectra produced by the old and the new
configuration is presented in figure 2.19. The measurements have been acquired
by keeping constant the position between the tip and the optical fiber with a
Proportional - Integral loop driving the inertial motor in the normal direction
to the cantilever backside. The proportional and integral gains have been set
small enough in order to avoid the excitation of the resonance frequency of the
Z-inertial motor. Clearly, the amplitude of the movement of the optical fiber is
reduced in the second configuration.

(a) Old configuration: spectrum of the tip-
fiber distance variation. The 3 highest peaks
correspond to the 3 resonances of the inertial
motors.

(b) New configuration: spectrum of the tip-
fiber distance variation.

Figure 2.19: Low frequency spectrum of the tip-fiber distance variation.

In this second version, the fiber holder has been designed in PEEK (Figure
2.20) to avoid any chemical reaction between the mechanical piece and the liquid
when using the FFM for studying biological samples. Moreover, to facilitate the
user when changing the optical fiber, here the cantilever holder can be easily
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removed from the three inertial motors stage thanks to a magnetic fixation: no
screw is involved then. We will see why it is so often necessary to change the
optical fiber used for measurements in biological media in the following sections.

(a) Drawings of second version of the fiber holder. The
piece labeled by (1) is fixed to the inertial motors; the
piece labeled by (2) is magnetically fixed to the (1). The
magnets are inserted in all the 4 round-shape holes. All
dimensions are in mm.

(b) The fiber holder and an op-
tical fiber.

Figure 2.20: The fiber holder is in PEEK. The optical fiber is mechanically
pressed and fixed within the two parts of the fiber holder.

Nanopositioning elements and scanners

Z scanner: the two piezoelectric actuators, working as Z-scanner, have al-
ready been introduced. They are two P-010.20P produced by PI. They are
supplied by an high voltage amplifier (E-508.00 ) that is driven by the SPM
control system. The effective displacement of the AFM probe as a function of
the voltage applied to the piezoelectric actuators has been calibrated using a
calibration grating. The full range displacement is 27.804 µm.

X/Y scanner: the scanner is a 102.SG tritor produced by Piezojena (Figure
2.21).

Figure 2.21: Piezojena 102.SG X/Y/Z scanner.
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The scanner is supplied by a voltage amplifier that is driven by the SPM
control system. The full range displacement in the three directions is 103.1 µm
in X, 102.8 µm in Y and 101.8 µm in Z, all measured with a calibration grating
as sample in an AFM experiment. The scanner can be easily switched to closed
loop operation: three strain gauge piezoelectric elements acquire the effective
displacement of each axes and change the driving voltage applied to the scanner
correcting the piezoelectric hysteresis effect.
Since the full range displacement in Z of the Piezojena scanner is roughly three
times larger than the displacement of the PI scanner, the use of the PI has
been preferred to the Piezojena when measuring samples with small topogra-
phies. In addition, since the PI scanner is supplied with a much wider voltage
range compared to the Piezojena, for the same voltage noise at the input of the
piezoelectric actuator, the PI produces less noise in the displacement.

Step Motors: In the figure 2.13 three step motors are shown in brown: they
permit the long-range approach of the AFM head towards the AFM base where
sample and X/Y scanner are located. These motors are three 8CMA06-25/15
produced by Standa. The full range displacement for each one of them is 25 mm.
They are driven through an USB interface by the controller 8SMC1-USBhF that
can be easily controlled with a Labview home-made program. Once the surface
is reached by the tip, the motors are switched off to reduce the noise of the
measurements.

Fiber optics based interferometer

The tip position is measured using a fibered optical interferometer. The ca-
pabilities of this device have been demonstrated firstly by D. Rugar [63; 64]
and immediately it has been adopted as detection system in many home-made
AFMs [65] thanks to the improved stability of the force signal at low frequencies.
Although in the atomic force microscopy community the optical beam deflec-
tion (Meyer and Amer [66, 67]; Fukuma and Jarvis [41]; Yokoyama et al. [68])
systems have been often preferred to the interferometer based systems, many
efforts have been produced to improve the resolution of this detection technique
(Rasool et al. [69]; Braginsky and Vyatchanin [70]; Azak et al. [71]; Stark et al.
[72]; Canuto [73]) and to solve the problem of the tip-fiber alignment [74; 75].
Furthermore, the fiber optics based interferometers have been introduced in ex-
perimental set-up for measuring tip-sample interactions in vacuum [76; 77] and
for transforming the dynamical behavior of an AFM microlever acting on the
damping coefficient [78; 79; 80; 81]. The device is schematically represented in
figure 2.22.

The laser source produces a beam that is injected in a silica optical fiber.
The laser beam gets out from a coupler with an intensity split in two different
optical fibers. Half of the laser beam gets to the extremity of the optical fiber
positioned above the AFM tip. A part of the light is reflected, whereas a part
reaches the backside of the cantilever and is reflected back inside the optical
fiber. The two laser beams together pass again through the coupler and finally
get to the photodiode. The intensity detected by the photodiode is modulated
by the difference of the optical path between the two beams. Since the reflection
coefficient of the interface silicon oxide-air is roughly 4%, we can consider that
the photodiode detects a two waves interference pattern:
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Figure 2.22: Scheme of the fiber optics based interferometer. (Courtesy of
Guillaume Jourdan [82])

I(d) = I0 + ∆I0sin

(
4π

λ
d+ φ

)
(2.64)

Where d is the distance between the fiber and the lever and λ = 633nm is the
wavelength of the laser beam. (Figure 2.23) We have the best sensitivity when a
small change in the tip position δd produces the highest change in the intensity
of the light detected by the photodiode δI. This happens at the distances d0
such that I(d0) = I0 corresponding to the inflection points of the sinusoidal
pattern. A first order development of (2.64) around d0 gives

δd =
λ

4πI0
δI (2.65)

Notice that when using the fiber optics based interferometer in a liquid
medium, the wavelength of the light has to be corrected by λ′ = λ

n , with n the
refraction index of the medium. Therefore, for the measurements in deionized
water a wavelength equal λ′ = 476 nm has been used to measure the AFM
tip position. For each biological buffer present in the manuscript, λ′ has been
calibrated each time assuming that the movement of the inertial motors, varying
the tip-fiber distance in an interference pattern measurement (Figure 2.23), was
not dependent on the media.

The laser source is the 51nanoFI and the coupler is the FBS-660-X, both
provided by Shafter + Kirchhoff . It is a thermal stabilized source and is
equipped with a Faraday isolator.

It is now reasonable to ask what is the tip-fiber distance to get the best
sensitivity. It has already been measured that this happens when the optical
fiber is close enough to the cantilever but at a distance larger than the coherent
length of the laser beam (unpublished data [82]). However, it has been recently
shown that the presence of a large surface close to a mechanical oscillator can
induce a viscous damping of its oscillations (Siria et al. [78]; Drezet et al. [83]).
The effect is basically due to a change of the damping factor of the confined
fluid between the two surfaces in the direction perpendicular to the two surfaces.
As a consequence, at short tip-fiber distances the resonance frequency of the
cantilever is shifted to lower frequencies, as it follows from (2.13) and from
(2.12).
Since in a dynamic FFM measurement, the signal to noise ratio of the amplitude
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Figure 2.23: Amplified output of the photodiode as a function of the tip-fiber
distance as driven by the inertial motors. Approach is in blue and retract in red.
The difference between the approach and the retract is due to the hysteresis
of the piezoelectric element inside the inertial motor. The calibration of the
movement of the inertial motors is 30 nm/V.

and phase of the tip oscillating few angstrom is related to the background noise
of the tip position at the excitation frequency, then it is important to verify
how much the presence of the optical fiber close to the cantilever affects the
Brownian motion of the lever itself. Indeed, the thermal motion of the tip is a
source of noise. A measurement has been performed with the cantilever in air
(Figure 2.24(a)) and in deionized water (Figure 2.24(b)).

(a) Brownian motion of the cantilever as a
function of the tip-fiber distance in air envi-
ronment.

(b) Brownian motion of the cantilever as a
function of the tip-fiber distance in liquid en-
vironment

Figure 2.24: Brownian motion of the cantilever as a function of the tip-fiber
distance in air (a) and liquid environments (b). Fiber-tip gap: blue 1 µm, red
2 µm, green 5 µm, yellow 8 µm, brown 11 µm, orange 14 µm, pink 18 µm

The cantilever is a V-shaped cantilever with a spring constant equal to 0.015
N
m . We can conclude that at fiber-tip distances shorter than 20 µm in liquid the
cantilever is essentially overdamped.
As discussed in the section 2.1.3, the decrease of the Q-factor is essential in the
FFM theory because it influences the working bandwidth of the technique.
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Calibrations of the tip position When using the optical beam deflection
technique, the AFM user has to calibrate the deflection of the cantilever record-
ing a force-distance curve in the repulsive part of the interaction on a stiff
sample. With the fiber optic based interferometer, only the knowledge of the
laser beam wavelength is needed (2.65).

Calibrations of the cantilever stiffness Many methods have been pro-
posed [84]. Among the geometric method [85], the so called Sader method
[86][87], we decided to calibrate the cantilevers with the Thermal method ini-
tially proposed by Hutter and Bechhoefer [88][89].

Modeling the cantilever as an harmonic oscillator, the mean square deflection
< z2(ω) > due to thermal fluctuations is given by the Energy equipartition
theorem (2.66).

1

2
KBT =

1

2
k < z2(ω) > (2.66)

Since the temperature is known, one has to measure only the mean square
tip position < z2(ω) >. Since the cantilever has multiple eigenmodes and the
thermal noise acts at all the frequencies, the tip is thermally excited at the dif-
ferent frequencies corresponding to its eigenmodes. However, the first oscillation
mode is the one that involves the largest part of the thermal energy (Butt and
Jaschke [90]). Around the first resonance of a cantilever, < z2(ω) > is measured
and shown in figure 2.25.
< z2(ω) > is given by [89]

< z2(ω) >=

∫ ∞
0

S(ω)dω =
πA2ω0

2Q
(2.67)

where S(ω) is the power spectral density of the tip displacement, A is the am-
plitude at the resonance and ω0 the resonant frequency of the cantilever.

Figure 2.25: Cantilever Brownian motion, in blue, fitted with a Lorentzian, in
red. The stiffness is measured indirectly with the energy equipartition theorem.
The measured stiffness here is 0.032 N/m
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Electronics and related softwares

I - SPM control system: the FFM is controlled by the electronics developed
by Specs Nanonis. It is mainly composed by three modules:

• A module labeled RCS constituted by a real time operative system and an
FPGA card National Instruments. The RCS is connected to the PC where
the Specs Nanonis software is installed and to the two other modules.

• A module labeled SC4 for the acquisition and the generation of analog
signals. Inside this module there is an ADC that converts the signals in
input to the RCS and a DAC that converts to analogical outputs all the
signals coming from the RCS. Accessible inputs and outputs are limited
to the number of 8 each.

• A module called Oscillation Control (OC4) that can work as a Lock-In
amplifier, as a Phase Locked Loop and as a Spectrum Analyzer. Mechan-
ical oscillators can be controlled by this module up to 5 MHz. The high
pass filter cut-off frequency for each input is fixed to 100 Hz.

The Specs Nanonis software offers a wide variety of programs for driving
standard measurements and protocols used in the AFM research. Among many
of them we cite the most important: force-distance curves, images acquisition,
Force-Volume experiments, PI controllers, Fast Fourier Transforms and Spec-
trum analyzers.
The software is entirely programmed in Labview (National Instruments) and
can be integrated by home-made programs that can be designed with the Specs
Nanonis sub-VIs.

Figure 2.26: Nanonis electronics

II - FPGA: the static loop of the tip position in the FFM (Figure 2.10, in red)
is driven by a Proportional - Integral - Derivative loop installed in an additional
FPGA: Xilinx Virtex-5 LX50 FPGA. The FPGA is controlled by a National
Instruments PXI-7852R. In this configuration the bandwidth of the control is
significantly increased since the limit in frequency is given by the analog/digital
converters just before the FPGA. Here 8 analog inputs and 8 analog outputs
are accessible and limited to 500 kHz bandwidth. The internal clock is set to
40 MHz.
The FPGA has been programmed to drive the dynamic loop of the FFM (Figure
2.10, in blue). It has been used for this purpose in many of the experiments
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presented in this work, since the Specs Nanonis OC4 has not been available all
the time.
Furthermore, a part of the FPGA has been dedicated to the conversion of phase
and oscillation amplitude of the AFM tip into Force gradient (2.61) and Damp-
ing (2.62).
The FPGA has been programmed with a home-made software written in Lab-
view FPGA (National Instruments). Labview FPGA automatically converts the
Labview graphic code in the FPGA standard VHDL programming language.

III - An additional Lock-In Amplifier: in absence of the Specs Nanonis
OC4, another Lock-In amplifier has been used for measuring amplitude and
phase of the cantilevers. A Stanford Research Systems SR850 has been used for
this purpose. In comparison to the Specs Nanonis OC4, with this Lock-In it is
possible to choose the Dynamic Reserve, therefore the user has more freedom
in the choice of the Lock-In parameters and eventually is able to the get better
signal to noise ratios. The SR850 can drive oscillators up to 100 kHz, a limit
that has never been reached in the experiments presented in the thesis. When
using this Lock-In, an additional Stanford Research Systems SIM900/SIM965
high-pass filter has been used to filter out the DC component of the signal com-
ing from the optical fiber. The cut-off frequency has been always set depending
on the specific Lock-In reference frequency. In the end, the OC4 has been often
preferred because is more user-friendly, easier to use and, coupled with the other
Specs Nanonis modules, the full electronics is much more compact.

IV - Labview NI PXI-1033 + Acquisition Card BNC-2110 : a Na-
tional Instruments acquisition card has been used to manipulate additional sig-
nals that could not be acquired/controlled by the Specs Nanonis control system.
The temperature control of the FFM sample holder for measurements in liquid
has been realized with this acquisition card and a home-made software in Lab-
view.
In absence of the Specs Nanonis OC4, an additional program has been built in
order to have a Spectrum Analyzer. When measuring the thermal motion of
the cantilevers, the saved power spectra density (PSD) have then been used for
a thermal calibration of the cantilever stiffness.
The National Instruments PXI-1033 has been also used to control the move-
ments of the three Standa step motors used to approach the microscope head
to the sample. An additional home-made software in Labview has been created
using the subVIs provided by the step-motors manufacturer Standa. With this
program the FFM user can choose the position of the motors as well as the
speed of the approach. Moreover, it is possible to shut down the step motors
when the tip is close to the sample, reducing significantly the noise of the FFM
measurements.
Integrating in this program few subVIs provided by Specs Nanonis, a program
for the complete automatic tip-sample approach has been created. The program
follows the strategy developed by the AFM commercial companies:

1. The PI loop which drives the scanner in the Z direction is used to approach
the tip to the sample. Here a set-point has to be used: either the cantilever
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deflection for static mode, or the oscillation amplitude for dynamic modes.

2. If the contact is not reached, the long-range step-motors approach the tip
to the sample by 70-80 % of the same quantity provided previously by the
Z-Scanner.

3. Back to point 1) until the mechanical contact between tip and sample is
established.

However, this program has never been useful when using the FFM in liquids
since the stability of the signal coming from the optical fiber was greatly affected
by the long displacements produced by the step-motors. A readjustment of the
Fabry-Perot cavity after every point 2) was needed and could not be easily per-
formed automatically. In these cases the automatic approach was actually not
automatic anymore.

V - Voltage amplifier for the inertial motors: the Mechonics inertial
motors that control the displacement of the optical fiber are usually driven
”step by step” with a controller provided by the manufacturer. In order to be
used as a simple piezoelement (Figure 2.23), a voltage amplifier has been built.
The output covers a range from 0 V to 40 V which is the acceptable driving
voltage of the piezoelement inside the inertial motor.

VI - i/V converter, DPLCA-200 Femto amplifier: the current photo-
generated by the photodetector of the optical fiber based interferometer is am-
plified and converted in a voltage signal sent to the Nanonis electronics. The

Figure 2.27: DPLCA-200 Femto amplifier.

gains used are 106 VA and 107 VA with a corresponding frequency bandwidth of
200 kHz and 50 kHz.

Labview programs: the programs compiled for running the FFM are sum-
marized in table 2.1.

2.2.2 Capacitive actuation

In section 2.1, the FFM equation has been introduced (2.15). There are how-
ever other possibilities for applying a counteracting force, Fcontrol, on the AFM
tip that do not necessitate the displacement of the base of the cantilever as
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Purpose of the program Associated device(s)
Spectrum Analyzer

Temperature control of the sample holder Asylum Research liquid cell
Fast PID control loops FPGA

Tip-sample manual/automatic approach Standa step motors and Specs
Nanonis SPM controller

Table 2.1: A list of the Labview programs realized for running the FFM.

described in (2.16). One is to apply an electrostatic force on the tip.
The electrostatic/capacitive actuation has been used to excite AFM cantilevers
in non-polar, non-dissociating liquid [91] to avoid the spurious peaks appearing
when using a piezoelectric actuation. Recently, it lead to obtain the atomic
resolution on mica [43]. Furthermore, it has been used as a cantilever Q-factor
controller in air environment [92]. Moreover, a capacitive force-feedback actu-
ation has been introduced by the inventors of the Interfacial Force Microscope
(IFM) in 1991, Joyce and Houston [93]: the authors showed that the jump
to contact mechanism is avoided when applying a counteracting force on the
probe. The IFM, however, doesn’t have the lateral resolution available to AFM
and therefore is not as popular as the AFMs are.
A force-feedback scheme with a capacitive actuation has been suggested by
Hrouzek [2] and Costa [94] from 2007 (unpublished data). The idea is to apply
a static and time harmonic point-like force on the AFM tip. For this purpose,
30 nm of gold have been deposited on the top of the optical fiber by Sputter de-
position, and an electrode has been inserted in the fiber holder (Figure 2.17(a)).
At short fiber-cantilever distances, a voltage is applied between the cantilever
and the gold layer on the bottom of the optical fiber, resulting in a capacitive
actuation on the AFM tip. The force is given by

~Fcontrol = −~∇E (2.68)

where E is the electrostatic energy of the 2-plates capacitor

E =
1

2
C∆V 2 (2.69)

and the capacitance C is

C = ε0
S

d
(2.70)

with d the distance between the fiber and the tip, S the surface area of the two
capacitor plates and ε0 the dielectric constant of the air. The force acting on
the tip is

|~Fcontrol| = | − ~∇E| = 1

2
ε0S

V 2

d2
(2.71)

that replaces the (2.15). Clearly, the force acting on the tip is not really a
point-like force since the surface of the optical fiber on the top of the cantilever
is in the order of 10−9m2. However, for soft and long cantilevers with a total
area of 10−8m2, this approximation may be valid.

In order to apply properly the capacitive force on the tip, it is necessary
to vary either the voltage applied between tip and cantilever, or the reciprocal
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distance. Moreover, the force doesn’t depend linearly on both the variables.
This issue will be discussed later on.
Finally, a solution has to be find to be ably to apply both attractive and repulsive
forces on the tip, since ~Fcontrol is only attractive. For this purpose one way is
to pre-deflect the cantilever applying a voltage Voffset between the tip and the
fiber:

V = Voffset + V (t) (2.72)

As a consequence, the distance between the capacitor plates is given by

d = d0 + z(t) (2.73)

where z(t) is the tip displacement due to V(t). Finally, equation 2.71 can be
written

|~Fcontrol| =
1

2
ε0S

(Voffset + V (t))2

(d0 + z(t))2
(2.74)

Assuming V (t) << Voffset and z(t) << d0, this leads in a first order approxi-
mation to a linear dependence of the force on the voltage applied V(t).

|~Fcontrol| ' ε0S
V 2
offset + 2VoffsetV (t)

2d20
(2.75)

Usually, Voffset has been imposed equal to 5 V. Fcontrol has been calibrated
applying a small triangular wave as a voltage between the optical fiber and the
tip, while measuring with the fiber optic based interferometer the tip position
in absence of tip-sample interactions.

(a) Large hysteresis approach-retract
curve at the solid/air interface. The
nominal stiffness of the cantilever is 0.15
N
m

.

(b) Short hysteresis approach-retract
curve at the solid/air interface. The
nominal stiffness of the cantilever is 0.15
N
m

.

Figure 2.28: Approach (Blue) - retract (Red) force curve between a Silicon tip
and a hydrophilic silicon native oxide surface.

Since Fcontrol is highly dependent on the fiber-tip distance, the calibration
has to be repeated each time a new measurement starts. Typical values of the
force calibration are around 50 nN

V at plates distances shorter than 3 µm.
Figure 2.28(a) presents an approach retract force curve between a Silicon tip
and a hydrophilic silicon native oxide surface showing the presence of a large
hysteresis. Since the rupture event in the retract part of the curve occurs at
200 nm of distance between the tip and the sample, we think that the hysteresis
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may not be due to the formation and the rupture of a capillary bridge [95; 96],
but rather to a contamination of the tip. Figure 2.28(b) shows instead a shorter
hysteresis which may be due to a capillary interaction.
As explained before, here the force is essentially the tension V(z) applied be-
tween the tip and the optical fiber as a function of the tip-sample distance z,
corrected by a calibration factor. Notice that the jump to contact of the AFM
tip is here avoided by the counteracting loop. In addition, the set-up is suitable
to overcome the jump from contact. In figure 2.29 a conventional approach (or-
ange) - retract (green) measurement without the counteracting capacitive force
is reported in comparison to the approach (blue) - retract (red) measured with
the counteracting force. The retract part of the interaction is clearly absent (in
green) in conventional AFM, whereas it is measured (in red) with the use of the
capacitive actuation.
The ability to keep the AFM tip stable in the attractive part of the interaction

Figure 2.29: A conventional approach (orange) - retract (green) measurement
with the feedback loop OFF and the approach (blue) - retract (red) measured
with the feedback loop ON. The lever used has a nominal spring constant of
0.15 N

m .

Figure 2.30: Force curve between a Silicon tip and DSPE lipids on mica. The
lever used has a nominal spring constant of 0.15 N

m .
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curve leads us to the the possibility of performing Static non contact AFM, a
technique that is hardly available to AFM users when cantilevers are too stiff,
because of the loss in force sensitivity, and when the cantilevers are too soft
because of the jump to contact.
In order to test the imaging capabilities of the microscope, a sample with DSPE
lipids layers on mica has been prepared by vesicle fusion. Figure 2.30 shows the
presence of short-range attractive forces without the presence of capillarity.
The set-point for imaging has been imposed on the force signal in the attractive
regime of the interaction and the sample morphology has been acquired (Fig-
ure 2.31(b)). As a consequence, the force image is the error (Figure 2.31(a)).
These are the backward scans, therefore the force and topography have been
recorded while the tip was displaced from the right to the left. If we compare

(a) Force (b) Topography

Figure 2.31: Static non-contact images of DSPE lipids on mica in ambient
conditions.

now the force signal and the topography signal over a section of the sample (Fig-
ure 2.32), in presence of a reduction of the tip-sample distance, the attractive
force between the tip and the sample increases. As a consequence, the feedback
loop on the tip position increases the capacitive force between the tip and the
fiber. Therefore, here a positive force in the profile represents a larger capacitive
force between the tip and the fiber, that is an increase of the attractive force
between the tip and the sample. This actually proves the attractive nature of
the interaction chosen as feedback signal.

Notice that in case of static contact images, with a set-point in the repulsive
regime of the interaction, the error on the force would have had an opposite
sign. In conclusion, the capacitive actuation can be used easily at solid/air
interfaces as a tool to counteract mechanical instabilities of the tip position in
the attractive regime of the interaction. Force vs distance curves and images
have shown the capabilities of such as technique.
The main inconvenience of the new imaging mode is the drift in the readout of
the tip position that is straightforwardly translated into a drift in the measured
force. The measured force is indeed given by

Ftot = Fcontrol + Finteraction + Fdrift (2.76)

where Fdrift is however not controlled during the measurement. Consistent
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(a) Force profile (b) Topography profile

Figure 2.32: Force (a) profile and a topography (b) profile extracted from the
static non-contact image of DSPE on mica. These are the profiles from the
backward images.

drifts between the optical fiber and the AFM tip during the image acquisi-
tion can therefore induce the inexistence of the initial force set-point where
Fdrift = 0. As a consequence possible instabilities of the feedback loop control-
ling the force are observed.

Damping of the thermal noise

Let’s consider now a Fcontrol simply proportional to the speed of the tip.

Fcontrol = gDẋtip (2.77)

The (2.52) can be written now:

A(ω) =
Fext√

[k −mω2]2 + [(γ + gD)ω]2
= χ(ω, gD)Fext (2.78)

The spectral density of the cantilever position has then the form:

SAA(ω) = SFF |χ(ω, gD)|2 (2.79)

Where SFF is the power spectral density of the external force. In presence of
an external thermal force, in the frequency domain SFF = 4KBTγ from the
fluctuation-dissipation theorem, equation (2.79) can therefore be written as

SAA(ω) =
4KBTγ

[k −mω2]2 + [(γ + gD)ω]2
(2.80)

In proximity of the first resonance of the cantilever, ω = ω0 =
√

k
m , the power

spectral density of the cantilever is

SAA(ω0) =
4KBTγ

[(γ + gD)ω0]2
=

4KBTmγ

k(γ + gD)2
(2.81)

It follows that the power spectral density of the cantilever close to the first
resonance frequency is directly related the the differential gain of the feed-
back loop that drives Fcontrol. It is useful to define an effective temperature
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Teffective = T
γ+gD

and an effective damping γeffective = γ(γ + gD) of the oscil-
lator in presence of the counteracting loop: depending on the sign of the gain
gD, the cantilever is artificially excited or cooled. These definitions are easily
verified with the help of the Langevin force exciting the cantilever:

SFF (ω0) = 4KBTeffectiveγeffective = 4KB
T

γ + gD
γ(γ + gD) = 4KBTγ (2.82)

This confirms that the system is in thermal equilibrium with an energy equal
to KBT

2 .
In the graph 2.33 a measurement of the damping efficiency of the capacitive

feedback loop is presented. The distance between the optical fiber and the tip
is here 25 µm, hence the cantilever Q-factor is still high enough to appreciate
the damping due to the solely derivative part of the capacitive actuation.

(a) Electrostatic damping of the thermal mo-
tion of the first resonance.

(b) The voltage applied between the optical
fiber and the tip as a function of the frequency.

Figure 2.33: (a) electrostatic damping of the thermal motion of the first reso-
nance of the cantilever. The nominal stiffness of the cantilever is 0.15 N

m . In
blue the thermal noise with the feedback loop OFF, in red the thermal noise is
extracted while the feedback loop is ON. (b) The voltage applied between the
optical fiber and the tip as a function of the frequency.

Disadvantages

With the actual set-up, it is not possible to run similar measurements at the
solid/liquid interface. Firstly, Voffset has to be chosen to be small enough in
order to avoid electrolysis effects. In addition equation (2.71) has to be replaced
by

|~Fcontrol| = | − ~∇E| = 1

2
ε0εRS

V 2

d2
(2.83)

with εR the dielectric constant of the liquid.
A test of the microscope in deionized water showed a frequency dependence of
εR leading to the impossibility to apply static capacitive forces on the tip, as
shown in figure 2.34: in the low-frequency range the effect of the actuation is
too small to counteract external forces acting on the AFM tip. The amplitude
has been measured with the sweep function of a Lock-in amplifier and therefore
doesn’t include frequencies lower than 1 kHz: at these frequencies the cantilever,
that is supposed to be electrostatically excited, is not moving enough for FFM
measurements. The range of the actuation is too small.
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Figure 2.34: Displacement of the AFM tip in deionized water due to a capacitive
actuation as a function of the frequency. Blue) measured data, red) unmeasured
trend. The nominal stiffness of the cantilever is 0.01 N

m .

2.2.3 Magnetic actuation

A second operational scheme for applying a static and time harmonic point-like
force on the AFM tip is to use a magnetic actuation. It is an excellent solution
for dynamic mode AFM in liquid media to avoid the spurious peaks appearing
in the cantilever spectra when using a piezoelectric actuation [97]. Previously, a
magnetic force-feedback set-up had been installed on a Surface Force Apparatus
by Stewart and Parker [98]. A magnetic force-feedback AFM has been firstly
proposed in 1995 by Jarvis et al. [29] who succeeded in measuring tip-sample
force curves avoiding the jump to contact of the AFM tip. Subsequently, other
groups followed the same strategy (ichi Yamamoto et al. [99]; Ashby et al. [100]).
The solution implies the use of a magnetic particle deposited on the back-side of
the cantilever. As for the capacitive actuation (section 2.2.2), Fcontrol is given
by:

~Fcontrol = −~∇E = −~∇(~m · ~B) (2.84)

where here E is the magnetic energy that is proportional to the magnetic mo-
mentum ~m of the magnetic particle on the backside of the cantilever. A magnetic
field can be easily provided with a coil positioned below or above the cantilever:
the magnetic field is proportional to the current flow in the coil. The magnetic
momentum ~m is an extensive property of the magnetic particle, therefore it
depends on the material and on the size of the particle. The size of the particle
has of course consequences on the stiffness of the cantilever, limiting the AFM
sensitivity, and on the model of the cantilever itself since the Euler-Bernoulli
model [101; 90] has to be solved differently. This leads to eigen-modes solutions
that are different from the ones of a simple rectangular cantilever, notably for
what concerns the position of the nodes and the anti-nodes along the lever.
Moreover, the presence of the big particle affects the detection of the cantilever
deflection: in our case it was not possible to detect a 2-waves Fabry-Perot in-
terferometric pattern between the optical fiber and the magnetic particle. As a
consequence, some test with MFM cantilevers have been performed. In the test
presented in figure 2.35, a MFM cantilever with a magnetic momentum equal
to 10−16m2A has been excited magnetically driving the current flow in a coil
in the FFM set-up. The oscillation amplitude as a function of the frequency
has been acquired with a Lock-In amplifier. The resonance of the cantilever is
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Figure 2.35: Resonance of a MFM cantilever magnetically excited. The nominal
stiffness of the MFM cantilever is 2Nm .

clearly excited and it has the classic Lorentzian shape.

Damping of the thermal noise

The magnetic Fcontrol has been used to extract the thermal noise from the first
resonance of an MFM cantilever following the same approach presented in the
section concerning the capacitive actuation (equations (2.77) and (2.81)). The
differential gain of the counteracting loop has been used for this purpose: the
result is presented in figure 2.36.

Figure 2.36: Magnetic damping of the thermal motion of the first resonance of
the MFM cantilever. The nominal stiffness of the MFM cantilever is 2 N

m . In
blue the thermal noise with the feedback loop OFF, in red the thermal noise is
extracted while the feedback loop is ON.

Disadvantages

The magnetic actuation has several problems for our purposes:
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• The MFM cantilevers available on the market are generally too stiff to
have an acceptable force sensitivity at the solid/liquid interface and more
generally for biological experiments.

• In our set-up we found out that in order to get an acceptable magnetic
force on the AFM tip, as in the case of the capacitive actuation (section
2.2.2), a considerably large magnetic particle has to be attached on the
backside of the tip. We didn’t find an equivalent MFM cantilever with the
same amount of magnetic material. Consequently, a solution to increase
the static force and the force at low frequencies could be to get an higher
∂B
∂z at the tip position. However, the measurement in figure 2.35 has been
performed with the highest acceptable current in the coil, 2 Ampere, and
the coil cannot get much closer to the MFM cantilever.

• The inertial motors mounted on the FFM are magnetic, therefore they
move in presence of a magnetic field, displacing as consequence the end of
the optical fiber.

• As already pointed out, the Fabry-Perot cavity between the optical fiber
and the magnetic particle didn’t work out.

2.2.4 Cantilever base displacement

In the section 2.1 we have introduced the theory that describes the motion of
the AFM tip in presence of a Proportional - Integral - Derivative loop acting on
the position of the cantilever base.
For this purpose a cantilever holder (Figure 2.15) has been designed and pre-
sented in the section 2.2.1.

Comparison between all the different actuations

Compared to the capacitive (2.2.2) and magnetic (2.2.3) actuation, this solution
offers many advantages:

• It can be easily used with any kind of cantilevers, therefore it is suitable
for any kind of Force Microscopy technique (AFM, EFM, MFM). Indeed,
it is a flexible technique.

• It works both at the solid/air and the solid/liquid interfaces.

• A complicated set-up is not needed: no deposition of gold on the optical
fiber and no magnetic spheres attachment on the backside of the cantilever.

Summarizing, a comparison of the three different set-ups is presented in the
Table 2.2.

The tip position

When the feedback loop is turned on, the position of the tip is stable compared
to the reference position of the optical fiber. This doesn’t necessarily mean the
tip doesn’t move at all as it is going to be explained in this paragraph.
In figure 2.37 we can appreciate the difference in the displacement of the tip
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Actuation
Force sensi-
tivity

Solid/air
interface

Solid/liquid
interface

Capacitive

Magnetic

Cantilever
base dis-
placement

Table 2.2: Comparison between the 3 different FFM set-up.

position in the frequency domain (Figure 2.37(a)) and in the time domain (Fig-
ure 2.37(b)) between the configurations with the feedback ON (blue) and OFF
(red).

(a) Tip position spectrum with and without
the feedback loop.

(b) Tip position in the time domain with and
without the feedback loop.

Figure 2.37: Displacement of the tip position with feedback on (red) and with
feedback off (blue) in the frequency domain (a) and in the time domain (b).

Notice that the presence of peaks at frequencies lower than 1 kHz had al-
ready been discussed in the section referring to the inertial motors and the fiber
holder (Figure 2.19). The peaks are due to a movement of the optical fiber,
rather than the tip, but the feedback loop will nevertheless move the lever base
to compensate this movement. Consequently, this is a source of noise that is
reintroduced in the tip movement and is an additional force acting on the sam-
ple.
It is useful to point out that the knowledge of the tip position and of the can-
tilever base position fully characterizes the force acting on the tip. Indeed, when
exciting the cantilever piezoelectrically in liquids, additional terms to equation
(2.3) related to the position and the speed of the cantilever base are not negli-
gible anymore and need to be taken in account (Kiracofe and Raman [102]).

Actuation bandwidth

The bandwidth of the signal applied to the piezoelectric element that displaces
the cantilever base is generally limited by the integral gain of the static feedback
loop (Figure 2.10). Since the PID operations are run at the clock of the FPGA,
the maximum accessible bandwidth is given by the FPGA output: 500 kHz.
However, a time delay exists due to the impedance of the output (50 Ω) and
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the capacitance of the piezoelectric element. The equivalent RC circuit has
therefore a frequency bandwidth limited roughly to 100 kHz, which represents
the fastest actuation in our FFM set-up.

Thermal noise of the first resonance

The extraction of the thermal noise from the first resonance of the cantilever has
been discussed and presented in the case of the capacitive (section 2.2.2) and
magnetic (section 2.2.3) actuation. In the section 2.1.2 it has been pointed out
that a force proportional to the speed of the tip would have had a consequence
on the oscillator Q-factor. This is actually a central point in the FFM theory.
Similarly to the magnetic and electrostatic actuation, a force proportional to
the speed of the tip has been applied at the base of the cantilever. The results
are presented in figure 2.38.

(a) Thermal motion of the first resonance of
the cantilever. In blue without force and in
red with force.

(b) The voltage applied on the piezoelectric el-
ement that displaces the base of the cantilever.

Figure 2.38: (a) Thermal motion of the first resonance of the cantilever. The
nominal stiffness of the cantilever is 0.15 N

m . In blue the thermal noise with
the feedback loop OFF, in the damping of the thermal noise when the feedback
loop is ON. (b) The voltage applied on the piezoelectric element that displaces
the base of the cantilever.

The proportional gain

The proportional gain gP , introduced in equation (2.16), is essential to overcome
the jump to contact as we can notice from equation (2.25). We can now express
gP as

gP =
Pe
β

(2.85)

where Pe is the electronic proportional gain inserted in the PID control and

β =
α

χ
(2.86)

α is the sensitivity of the interferometric measurement of the tip position, ex-
pressed in nm/V, usually between 20 nm/V and 200 nm/V.
χ is the movement imposed to the cantilever base which depends on the piezo-
electric element employed and the structure of the cantilever holder. It is usually
close to 5 nm/V.
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One question may now arise concerning the maximum proportional gain gP
which is supported by the instrument. This proportional gain represents as well
the largest attractive force gradient that can be overcome for a given cantilever.
Figure 2.39 presents the transfer function of a cantilever with a nominal stiff-
ness of 0.01 N/m as a function of the chosen proportional gain. The red curve is
without proportional gain and the green curve is the one of a cantilever with an
effective stiffness close to 0.02 N/m. This represents a proportional gain close
to the stiffness of the cantilever.

ωeffective =

√
k + gP
m

(2.87)

keffective = k + gP (2.88)

In general, the maximum proportional gain has been always found dependent on

Figure 2.39: Transfer function of the cantilever as a function of the proportional
gain of the PID controller. Red: gP = 0. Green: max gP .

the mechanical transfer function of the piezoelectric actuation. In other words,
χ is usually frequency dependent (χ(ω)) because of spurious peaks, especially
in liquid environment. As a consequence, the maximum static gP may be much
smaller than the stiffness of the cantilever, whereas gP may be much larger at
the frequencies corresponding to the spurious peaks.

Calibration of the Force Feedback Microscope

Equations (2.61) and the (2.62) separate the elastic and dissipative interaction.
For this purpose, φ0 and F 0

r must be calibrated or measured. A set of approach
curves must be performed at the beginning of each measurement. In this work,
φ0 and F 0

r have always been calibrated by fitting the measured static force
curve with the integral of the force gradient given by (2.61). For this purpose,
the calibration of the FFM has to be performed in presence of a conservative
interaction force. In section 3.2.2 the calibration of the FFM will be discussed
in further details.
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The choice of the oscillation amplitude in the FFM

The Force Feedback Microscope is a linear AFM because the measurement of the
stiffness of the interaction (2.61) and the damping rate (2.62) is possible because
the amplitude of oscillation of the AFM tip can be chosen small enough to avoid
averaging effects over the force curve. However, the oscillation amplitude has
to be chosen high enough to increase the signal to noise ratio. This approach is
equivalent to the one followed by the Frequency Modulation AFM users.
In the FFM the choice of the oscillation amplitude has to be made after the
acquisition of a normal force vs distance curve. Figure 2.40 shows two force
curves for a silicon nitride tip and on a mica surface in deionized water. As will
be discussed in the section 3.2, the interaction curve here is well described by
a DLVO model. The red curve has been recorded with an imposed oscillation
amplitude on the tip equal to 0.1 nm and the blue one to 0.4 nm. The short range
attractive forces are averaged in the case of the larger oscillation amplitude.

Figure 2.40: DLVO force curves with an oscillation amplitude of (red) 0.1 nm
and (blue) 0.4 nm.

The choice of the excitation frequency in the FFM

In section 2.2.1 related to the fiber optic based interferometer, the evolution of
the thermal motion as a function of the tip-fiber distance has been presented
(Figure 2.24). The choice of the excitation frequency should take into account
the absence of the thermal noise to increase the signal to noise ratio at a given
amplitude. Meantime, an excitation frequency too high limits the resolution in
force because at frequencies higher than the resonant frequency the cantilever
is stiffer.
Moreover, the phase change of the tip oscillation as a function of the tip-sample
distance is going to be smaller for overdamped cantilevers than less damped
cantilevers if the same interaction is measured. As a consequence, referring to
equations (2.61) and (2.62), a shorter fiber-tip distance will give a better mea-
surement of n(z) and a worst φ(z), where z is the tip-sample distance.
Obviously, at higher excitation frequencies, the user may perform measurements
faster keeping the same signal to noise ratio. This is actually an intrinsic AFM
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paradigm related to the way amplitude and phase are measured. The Lock-In
amplifier measures amplitude and phase averaging a chosen number of oscilla-
tion cycles of the cantilever: at high excitation frequencies, the experimental
time needed to measures an acceptable amplitude and phase is shorter than at
low excitation frequencies.
When soft and fragile samples have to be measured, a special attention should
be reserved to the total force acting on the sample, hence to the dissipative
component of the force too. This force is proportional to the speed of the os-
cillator and consequently to its oscillation frequency. It follows that it could be
important to decrease the excitation frequency to limit the sample damage.

Since the excitation frequency can be arbitrarily chosen, it is of importance
to emphasize that new AFM operational modes can be introduced. We may
call them spectroscopic AFM techniques.

-1- Spectroscopic approach - retract curves:
At first, the AFM user may now measure static force curves imposing a small
oscillation amplitude at different excitation frequencies. Differences in the elas-
ticity and damping factor can be part of a spectroscopy investigation of the
sample properties, previously not possible with conventional AFMs. A protocol
for such an experiment could be the following:

• Choice of the reference sample. This is extremely important. Ideally, the
user should choose a surface that doesn’t show any change in the force
gradient as a function of the frequency. Glass, Mica and hard surfaces
may be good substrates for this purpose.

• Calibration of the Force Feedback Microscope with a set of approach
curves at different frequencies. The user should then obtain a set of pa-
rameters (F 0

r )i and φ0i for any excitation frequency ωi. Moreover the user
should check that the force gradients ∇Fi are equal for each excitation
frequency.

• A set of approach-retract curves at the previous excitation frequencies on
the interested sample can now be performed, which represents a spectro-
scopic investigation. The measured normalized excitation amplitude and
phase can now be converted in interaction force gradients and damping
coefficients employing the calibration parameters (F 0

r )i and φ0i obtained
on the reference sample.

-2- Spectroscopic imaging mode:
In addition, the AFM user may obtain an image of the sample at a certain
excitation frequency and consequently obtain an additional image at a different
excitation frequency. Again, differences in the elasticity and damping factor
images may give important information about the viscoelasticity of the sample.
A possible protocol may be the following:

• Choice of the reference sample. As discussed in the section devoted to
the calibration of the FFM, the user should choose a surface that doesn’t
show any change in the force gradient as a function of the frequency. He
should choose a tip-sample static interaction which is fully conservative
during an approach-retract curve.
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• Calibration of the Force Feedback Microscope with a set of approach
curves at different frequencies.

• Acquisition of the first image in one of the FFM imaging modes at the
excitation frequency ω1.

• Acquisition of the same image at the excitation frequency ω2. If possible,
here the user should acquire the image with the same set-point used in
the previous image. Other images at different ω may then be recorded.

The spectroscopic approach will be discussed in further details in section 3.4.4.
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Chapter 3

Experimental results
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In the following, the experimental capabilities of the Force Feedback Micro-
scope are presented.
In sections 3.1 and 3.2 the FFM is used for measuring tip-sample interaction
force curves. The softness of the cantilever and the absence of jump to contact
lead to a unique force sensitivity in the short range attractive part of the in-
teraction. Firstly, in section 3.1 we discuss the measurements at the solid/air
interface and the presence of capillary forces. Secondly, in section 3.2 we present
the ability of the FFM to routinely measure interaction forces in liquid media
at the solid/liquid interfaces.
In sections 3.3 and 3.4 the FFM has been used to acquire the morphology of
biological samples. The simultaneous acquisition of the static force, the elastic
and the dissipative interactions opens the path to new AFM imaging modes. In
section 3.3 these modes are presented with tests on three different biomolecules.
Section 3.4 is entirely dedicated to the spectroscopic capabilities of the FFM.
Since the excitation frequency of the tip position is not necessarily linked to the
cantilever eigenmodes, indentation curves on living cells at different excitation
frequencies have been recorded indicating a frequency-dependence of the vis-
coelastic properties of the cells. The stiffness and damping coefficient images
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measured at constant repulsive force are different when changing the excitation
frequency, showing a local contrast of viscoelastic properties of the cells.

3.1 Solid/air interfaces: the capillary condensa-
tion

3.1.1 Interaction forces

The interaction force between two bodies in air is the sum of different interaction
phenomena acting at different length scales.

• Electrostatic forces: when two surface are charged, they interact elec-
trostatically with an interaction proportional to the surface charges. The
length-scale of the interaction is given by the geometry of the surfaces.
As an example, in case of a sphere-plane geometry, the force is inversely
proportional to the distance between the surfaces. The SPM technique
developed to characterize this interaction is the Electrostatic Force Mi-
croscopy [103][104] .

• Magnetic forces: if the surfaces have magnetic momenta, then they
interact through a magnetic force. As in the case of the electrostatic forces,
these force are called ”long-range” interactions since they dominate the
total force at tip-sample distances larger than 10-20 nm. Similarly to the
electrostatic forces, they can be both attractive or repulsive. The SPM
technique developed to characterize these interaction is Magnetic Force
Microscopy [105].

• Capillary forces: it is commonly known and accepted that the capillary
condensation is an ubiquitous phenomenon at the nanoscale (Bowden and
Tabor [106]; Charlaix and Ciccotti [96]). Capillary condensates induce
a large attractive force between the surfaces and therefore they usually
dominate in the attractive regime over all the other interactions. We
will see in details the particularities of the capillary condensates when
presenting the curves measured with the FFM.
It is important to point out that the nucleation of a capillary condensate is
an extremely fast time dependent event (nanosecond), inducing therefore
a discontinuity in the force distance curve between the tip and the sample.

• Van der Waals forces: short range dipole - induced dipole electrostatic
forces. They are present between all the atoms and they are generally
attractive (Helium represents an exception). The length-scale is dependent
on the geometry of the surfaces and in the case of a sphere-plane geometry,
the force is given by

FV anderWaals =
HR

6z2
(3.1)

where H is the Hamaker constant [107; 3; 108] between the two bodies in
air, z is their relative distance and R is the radius of the sphere.

• Chemical forces: at shorter distances than the Van der Waals interac-
tion, chemical forces are strongly site dependent, occurring when a bond
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is formed between the tip and specimen atoms. When it is the case, chem-
ical forces can dominate on the total force (Giessibl [109, 7]). They are
essentially the physical description of chemical bonds, either sharing, ei-
ther exchanging electrons between the atoms of the two bodies. In 2008
Sugimoto et al. [38] showed an impressive force resolution measuring the
interaction between the tip and different atoms of the sample, leading
to the chemical sensitivity of the Atomic force Microscopy through the
measurement of chemical interactions.

• Short range repulsive forces: they are related to the Pauli exclusion
principle governing the behavior of the electrons of the two surfaces. Elec-
trons are fermions, therefore two identical electrons cannot occupy the
same quantum state simultaneously, leading to a repulsion of the atoms of
the two surfaces when trying to approach them at short range distances.
The repulsive force is Frepulsion ∝ 1

rn where n changes as a function of the
surfaces geometry and it is equal to 13 in the case of interaction between
two atoms.

• Viscous forces: they are proportional to the speed of the cantilever and,
differently from all the previous interactions, they are not conservative. At
the solid/air interface, in the attractive part of the interaction, they are
usually negligible, whereas they become important in the repulsive part.

The FFM is a suitable tool to measure all the interactions listed above. The
jump to contact usually occurs just in presence of capillary forces or short range
attractions (Van der Waals and chemical forces).

3.1.2 Capillary condensation

Absence of capillarity:

A measurement has already been presented in the section 2.2.2 in the case of
the interaction force between a silicon tip and DSPE lipid layers on mica. No
capillary condensation has been observed there, but rather a short range Van
der Waals attraction and a repulsion at shorter tip-sample distances.

During the first tests of the FFM in many other force curves the capillarity
has not been detected giving rise to the observation that capillary condensation
is not an ubiquitous phenomenon at the solid/air interfaces. In figure 3.1 the
force curve between a silicon tip and HOPG is shown. Here again no capillary
force is observed.
The absence of the capillary condensates can be explained by the sharpness of
the tip. When the radius of the tip decreases to the nanoscale, the nucleation
of a capillary bridge may be energetically less favourable.

Presence of capillarity:

When approaching a silicon tip to a hydrophilic silicon native oxide surface,
capillary condensation appears. The measurement is reported in figure 3.2.
During the approach, when the tip-surface distance is around 10 nm, a capillary
bridge suddenly forms and the force abruptly increases to about 10 nN. When
the tip is further approached, the force keeps increasing up to 20 nN. On the
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Figure 3.1: Force curve measured by FFM in air on a HOPG surface using a
silicon tip and a lever of nominal stiffness k = 0.35 N

m .

return path, the hysteresis is well visible. The hysteresis is intrinsic to the
capillary bridge formation and rupture and not related to the FFM apparatus
response.

Figure 3.2: Force curves measured by FFM in air on a hydrophilic silicon native
oxide surface using a silicon tip and a lever of stiffness k = 0.35 N

m . The inset
shows the position of the tip measured during the experiment.

The capillary force FCap acting on the tip is modeled with two main contri-
butions [96; 110]:

FCap = FP + FS (3.2)

where FP is a pressure force related to the negative Laplace pressure in the water
bridge, acting on the tip-sphere surface and FS is the surface tension force acting
at the contact line between the bridge and the tip. While the first term is a
term of volume which dominates in the Derjaguin approximation, i.e. when a
Surface Force Apparatus is used, the second term is a term of surface which
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Figure 3.3: Liquid meniscus geometry between the AFM tip, here represented
by a sphere and the surface.

gets important in the AFM experiments when nanosized probes are employed.

FP = −2πγHR2sin2ψ (3.3)

FS = 2πγR sinψ sin(θ1 + ψ) (3.4)

Here H = 1/2rK < 0 is the mean curvature radius of the meniscus. Being θ1
and θ2 the contact angles, which are properties of the tip and sample employed,
ψ can be related to the relative humidity using the Orr relations. Equation (3.2)
doesn’t provide an explicit force vs tip-sample distance relation. This has been
however approximated if the condensates is at the thermodynamic equilibrium
(Crassous et al. [111]). If the volume of the condensate is constant during the
experiment, then the force is differently approximated.
In addition, it has been shown that the time necessary for the condensate to get
to the thermodynamic equilibrium, is of the order of the millisecond (Sirghi et al.
[112]). Since the tip-sample approach speeds in the FFM curves is always of
the order of 1 nm

s , we can consider the capillary bridge to be in thermodynamic
equilibrium during the experiment. It follows that the condensate curvature
radius is constant.

Comparison between static AFM and FFM
A direct measurement of the complete force curve requires the use of a stiff can-
tilever because the capillary condensation would induce the jump of the AFM
tip to the contact if soft cantilevers are used. In figure 3.4 the static conven-
tional AFM force curve in red is compared to the FFM force curve in blue.
The approach speed of the FFM measurement is here 1 nm/s. The stiffness of
the cantilever is equal to 0.35 N

m . The mechanical instability occurs when the
capillary condensation takes place, leading to a water bridge formation.
At the intersection of the green line and the conventional AFM force curve we
get the stable positions of the tip before and after the jump to contact. In
blue, the sample/tip force is fully measured by the Force Feedback Microscope
including the nucleation of the water bridge at a tip-sample distance of 5 nm.
The capillary condensation is a time dependent interaction. As a consequence,
in order to counteract the capillary force on the tip, the PID gains of the static
feedback loop must be properly chosen to increase the overall stiffness of the
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force transducer (proportional gain) and to counteract time dependent interac-
tion (integral gain).

Figure 3.4: Interaction force between an oxide native silicon surface and a silicon
tip in ambient conditions. The jump to contact occurs when the stiffness of the
lever (green line in the graph) is equal to the stiffness of the attractive interac-
tion: in the present case when capillary forces appear. Blue) FFM force curve.
Red) conventional static force curve. Green) representation of the cantilever
stiffness.
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3.2 Solid/liquid interfaces: the DLVO case

Let’s now imagine two bodies interacting in a liquid medium: the system could
be suddenly more complicated that the one described in section 3.1 because
other interactions could be involved (Israelachvili [110]). Since both the bodies
are immersed in the liquid, no capillary condensation will arise, however all the
interactions described in the previous section may be still differently present.

3.2.1 Interaction forces

• Electric Double layer : this interaction is a consequence of the charging
of surfaces in liquids. This can be due to ionization or dissociation of
surface groups or to the adsorption of ions from the liquid solution.
Whatever the charging mechanism, the surface charges are balanced by
the presence of counterions in proximity of both the surfaces (Figure 3.5).
When approaching the two surfaces, these regions overlap and, depending
on the surface charging the two bodies, can experience either a repulsive,
either an attractive force (Popa et al. [113]; Drummond and Senden [114]).
The screening effect is experienced in electrolyte solutions and also in polar
liquids, i.e. water (Fukuma et al. [54]; Frenken and Oosterkamp [115]).

Figure 3.5: Counterions screening of surface charges. Figure originally in [110].

The length-scale of the interaction is called Debye length, which is a func-
tion of the density of the counterions varying with the distance from the
surface.

κ =

√∑
i

ρ∞ie2z2i
ε0εKBT

(m−1) (3.5)

where ρ∞i is the density of ions in the liquid and zi the valence of the
ions. It is demonstrated that for low differences in potential between the
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two surfaces,
σ = ε0εκV0 (3.6)

with σ the surface charge density and V0 the potential difference between
the two surfaces. Notice that this is the same equation that describes the
surface charge density of a capacitor with parallel plates distant 1

κ .
It can be easily demonstrated that the electric double layer interaction
between surfaces or particles of different geometries decays always expo-
nentially, in contrast to the Van der Waals interaction behavior, whose
decay is geometry dependent. In a sphere-plane geometry the complete
force is given by

F = κRZe−κD (3.7)

where R is the radius of the sphere, D is the separation between the sphere
and the plane and

Z = 64πεε0

(
KBT

e

)2

tanh2
(
zeV0

4KBT

)
(N) (3.8)

When the electric double layer and the Van der Waals act together, the
total interaction is called DLVO, named after Derjaguin, Landau, Verwey
and Overbeek.
The FFM has measured the force experienced between a silicon nitride

Figure 3.6: Force curves measured with silicon nitride tips on a cleaved mica
surface immersed in deionized water. (a) The FFM is used to measure the full
force curve (black curve) with a lever of stiffness k = 0.014 N

m . The vertical
green bar marks the location of the jump to contact if the FFM protocol would
be deactivated and a regular AFM approach curve would be performed. The
blue and red curves (shifted upward for clarity) show that it is possible to track
reversibly back and forth and with no hysteresis any portion of the attractive
part of the interaction. (b) AFM conventional static mode with a lever of
stiffness k = 0.028 N

m . As the tip approaches the surface, the uncontrolled jump
to contact occurs when the gradient of the force exerted by the surface on the
tip exceeds k. The characteristic hysteresis curve is well visible.

tip on a cleaved mica surface immersed in deionized water (Figure 3.6). A
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comparison between a static curve and an FFM curve is shown to demon-
strate the capability of the FFM to avoid the jump to contact present in
the attractive part of the interaction (Figure 3.6b). Since the DLVO in-
teraction is conservative, the approach-retract force curve performed with
the FFM (Figure 3.6a in blue and red) doesn’t show any hysteresis.

(a) Static and FFM DLVO force curve with a 0.01N
m

can-
tilever.

(b) Static and FFM DLVO force curve with a 0.02N
m

can-
tilever.

Figure 3.7: Interaction force between mica and a silicon nitride tip in deionized
water. The jump to contact occurs when the stiffness of the lever (green line
in the graph) equals the stiffness of the attractive interaction: here a van der
Waals attraction. Blue) FFM force curve. Red) conventional static force curve.
Green) representation of the cantilever stiffness.

Comparison between static AFM and FFM
In figure 3.7 the static conventional AFM force curve in red is compared
to the FFM force curve in blue. While conventional AFM static mode is
able to measure the double layer contribution to the force, it cannot mea-
sure the attractive part of the interaction due to the mechanical instability
of the tip occurring in presence of the short-range attractive forces. The
green curve represents the force acting on the tip due to the cantilever
stiffness. The intersection of the green curve and the red curve indicates
the tip stable positions before and after the jump to contact. The sam-
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ple/tip force (in blue) is instead fully measured by the Force Feedback
Microscope including the van der Waals and chemical contributions dom-
inating at tip-sample distance lower than 5 nm. Situations where tip
sample force gradients are five times larger than the cantilever spring con-
stant are here faced by the FFM static feedback loop. The force curve in
the FFM mode has been recorded with an approach speed of 1 nm/s. In
figure 3.7(a) the cantilever stiffness is 0.01 N

m whereas in figure 3.7(b) the

stiffness is 0.02 N
m .

• Solvation forces: additional forces at the solid/liquid forces are oscilla-
tory forces appearing as a consequence of the liquid confinement between
the tip and the sample [116; 117; 118]. The interaction is present in liquid
systems with a molecule size larger than 0.4 nm. The liquid molecules are
then organized in layers that can be explored by the AFM tip.
The solvation force per unit area acting between two flat surfaces (as in
the case of a SFA experiment) has an oscillatory profile which decays
exponentially (Maali et al. [119]; Israelachvili [110]):

Fsolvation ' ρ0cos
(

2πD

a

)
e−

D
τ (3.9)

where D is the distance between the surfaces, a is the molecular diameter
and τ is the decay length of the interaction. No reproducible oscillatory
behavior of the force has been measured with the FFM yet since it has
not be tested in liquids constituted by macromolecules.

• Solvation forces in aqueous systems: depending on the hydrophilic-
ity/ hydrophobicity of the surfaces, additional forces are present between
the tip and the sample. Mainly monotonic, these forces can be both re-
pulsive or attractive. For further information see Israelachvili [110].

3.2.2 Dynamic FFM

When a small oscillation amplitude is imposed to the AFM tip, recording the
normalized oscillation amplitude and the phase as a function of the tip-sample
distance gives the possibility of measuring the elastic force gradient and the
damping rate using the equations (2.61) and the (2.62). The free parameters φ0
and F 0

r need to be calibrated. They can be easily found by fitting the recorded
static force curve with the integral of the (2.61). For this purpose, the calibra-
tion of the FFM has to be performed in presence of a conservative interaction
force. It follows that the force curve presented in figure 3.6 is suitable for the
FFM calibration, whereas the one including the capillary force in figure 3.2 is
not. In presence of the capillary force, just the conservative part of the interac-
tion, if present, should be used to obtain φ0 and F 0

r , i.e. the repulsive part of
the interaction.
In figure 3.8 the FFM has been calibrated through the static DLVO force curve.

The graph 3.8(f) is the comparison between the static force and the integrated
∇F (d). Since ∇F (d) is measured with a Lock-In amplifier, it is less noisy, no-
tably concerning the noise 1

f is lower, therefore the consequent force resolution
is even better. Typically values of the force sensitivity obtained following this
protocol are in the order of the pN, when using cantilever stiffness equal to 0.01
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Figure 3.8: Classical silicon nitride tip on a lever of stiffness k = 0.015 N
m .

The tip interacts with the surface of freshly cleaved mica. The measurement is
performed in deionized water at the frequency f = 1125 Hz. The tip oscillation
is 0.2 nm. (a) Normalized piezoelectric excitation to keep the tip oscillation
amplitude constant; (b) the phase between the excitation of the piezoelectric
element and the tip oscillation. (c) ∇F (d) determined using (2.61) applied
to data (a) and (b); (d) damping γ(d) determined using (2.62); (e) result of
the numerical integration of ∇F (d); (f) the numerical integration of ∇F (d) is
compared to the measured force.
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- 0.02 N
m .

The force gradient curve shown in figure 3.8(c) may be compared with the mea-
surement acquired in Frequency Modulation AFM or in Phase modulation AFM
(Fukuma et al. [120]; Baro and Reifenberger [121], chapter 4).
The lever softness and the presence of the optical fiber surface close to the
cantilever in liquids have consequences on the dynamic properties of the tip
oscillations as described in figure 2.24(b). Since the cantilever is consistently
damped, the choice of the excitation frequency doesn’t have to be linked to the
resonance frequency anymore (see section 2.2.4). It follows that the interaction
can be acquired at any frequency, opening the path towards the AFM spec-
troscopy. When studying specimens showing a frequency-dependent interaction
curve, i.e. soft condensed matter, it is essential to calibrate in advance the FFM
at the desired excitation frequencies on samples that do not show any frequency
dependence; stiff surfaces such as glass or mica are good candidates for this
purpose.
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3.3 FFM imaging modes for biology

The simultaneous acquisition of the force, the force gradient and the damping
rate as a function of the tip sample distance leads to the development of new
AFM imaging modes (Costa et al. [122]). In Table 3.1 these imaging modes are
presented. When using the FFM, the error images are always two:

1. The tip position: the paradigm of the FFM implies a constant distance
between the tip position and a reference point, in our case the position of
the optical fiber. As a consequence, the tip position over the X/Y image
is treated constant by the movement of the piezoelectric element at the
base of the cantilever and it is an error image.

2. An additional tip-sample interaction: depending on the input of
the Z feedback loop for acquiring the specimen topography over the X/Y
image, an additional error image is produced. The possible input are sum-
marized in Table 3.1. Depending on the chosen excitation frequency and
the cantilever resonance, the constant phase mode and constant excitation
mode may in practice become either a constant force gradient mode, or a
constant dissipation mode.

Mode Tip po-
sition

Force Force
gradient

Dissi-
pation

Interaction
nature

Constant
force

constant constant recorded recorded repulsive

Constant
phase

constant recorded partially
constant

partially
constant

attractive or
repulsive

Constant
excitation

constant recorded partially
constant

partially
constant

attractive or
repulsive

Table 3.1: List of the possible imaging modes and related interaction observ-
ables.

When it is to measure biological specimens at the solid/liquid interface, the
sample has to be prepared properly and the parts of the FFM in contact with
the liquids have to be clean to avoid any contamination.
The maximum force exerted by the tip on the sample determines the lateral
resolution and how much the measurement is invasive. Imaging below 50 pN
can only be achieved under strict conditions in terms of cantilever stiffness
(below 0.1 N

m ) and oscillation amplitude (below 2 nm) (Guzman et al. [123]).
The Force Feedback Microscope aims to follow this strategy. The cantilevers
used to record images at the solid/liquid interface have a spring constant in the
order of 0.01 N

m and the oscillation amplitude imposed to the tip is in the order
of 0.1 nm.

Instrument preparation

• The cantilever is exposed to UV light for 15 minutes. As a consequence,
the presence of organic molecules attached is avoided. Each measurement
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requires a new cantilever since the old ones are usually contaminated by
the buffers used in the previous experiment (Figure 3.9(a)).

• The cantilever holder and the fiber holder in PEEK is kept in an ultra-
sound bath for 15 minutes and then dried with nitrogen.

• The optical fiber is cleaved at the beginning of each experiment since it is
contaminated by the previous one (Figure 3.9(b)).

• The stiffness of the cantilever is calibrated with the Thermal method de-
scribed in the section 2.2.1. Bruker MSNL and MLCT rectangular can-
tilevers have been employed for the measurements performed in liquids.
The nominal stiffness is 0.02 N

m and the nominal tip radius are 2 nm
(MSNL) and 20 nm (MLCT). These cantilevers are consistently damped
in solution and the resonance frequency is close to 3 - 4 kHz. An addi-
tional damping of the resonance comes from the proximity of the optical
fiber on the cantilever (Figure 2.24). MSNL probes have been employed
for the measurements of the DNA and the proteins, whereas the MLCT
have been employed for the measurements of the lipids.

(a) A dirty cantilever. (b) A dirty optical fiber.

Figure 3.9: The cantilevers and the optical fibers as they appear dirty after
a measurement in a liquid ”physiological” buffer for experiments on biological
specimens.

Sample preparation

Usually, biomolecules are deposited onto a flat substrate when they have to be
imaged by AFM. For the experiments at the mica/liquid interface the following
set-up has been used: mica disks, 14 mm diameter, are glued onto Teflon disks
fixed on a glass substrate that is screwed to the X/Y Piezojena scanner.
Muscovite mica is a non-conducting layered mineral composed of multiple 1 nm
layers that can be easily cleaved with adhesive tape to provide clean, atomically
flat surfaces (El Kirat et al. [124]). In liquid solution the mica surface is nega-
tively charged. Mica is the most used support for studying biological molecules
with the AFMs and it is involved in thousands of experiments on biomolecules,
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from the characterization of phospholipids layers (Dufrene and Lee [125]; Mil-
hiet et al. [126]), of proteins (Milhiet et al. [127]; Rico et al. [28]; Scheuring et al.
[44]), to the DNA (Leung et al. [45]; Lyubchenko and Shlyakhtenko [128]), etc.

3.3.1 Constant force

The first imaging mode requires a constant force between the tip and the sample.
As a consequence, the experimental observables acquired with the specimen
morphology are the stiffness and the damping rate. The force set-point can be
set both in the attractive or in the repulsive regime. When choosing a set-point
it is important to control regularly the drift between the optical fiber and the
AFM tip. If the working force is chosen in the attractive regime, the main
problems are two:

• the change of the tip-sample interaction during the image acquisition.
Indeed, the initial force set-point could not exist anymore in different
X/Y positions, creating therefore imaging instabilities.

• the fiber-tip distance drift that translates in a force drift as already dis-
cussed in the section concerning the capacitive actuation (section 2.2.2).

Figure 3.10: FFM images of lipids deposited on mica in liquid solution. (a)
topography, (b) force, (c) stiffness and (d) damping. The scale bar corresponds
to 1000 nm. The signal chosen for the feedback was a small repulsive force of
50 pN.

The FFM has been used to characterize simplified 2-dimensional systems called
artificial membranes that are used to simulate cell membranes. These mem-
branes assembled with phospholipids are intensively studied as a model for the
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cell membrane [126] and membrane/proteins interaction [25] with the AFM. The
phospholipid 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) was used
to obtain self-assembled lipids layers on mica.
About 20 µL of solution was directly applied on freshly cleaved mica at room
temperature. The specimen was incubated for 15 minutes and then washed sev-
eral times with deionized water. The sample is imaged in 20 mM Tris, 150 mM
NaCl at pH 7:5 with the FFM. The measurements were performed at a constant
repulsive force of 50 pN. A small oscillation amplitude of 0.2 nm at 7.01 kHz
was imposed on the tip.
In the topography, figure 3.10a, the thickness of the DSPE layers is found to be
6.5 nm ± 1 nm, indicating the DSPE forms a bilayer (Schneider et al., 2000).
The images clearly provide more information than just the topography. In figure
3.10c for example the color contrast indicates when the tip is over the mem-
branes as they appear locally softer than the substrate. Moreover, we observe
that thicker layers of lipids result to be softer and less viscous than a single
bilayer. This is likely due to the lower influence of the substrate. In Table 3.2
the acquisition parameters are reported.

With the Force Feedback Microscope, the simultaneous measurement of the

Cantilever shape rectangular
Cantilever spring constant 0.02 N/m

Force set-point 50 pN
Amplitude of oscillation 0.2 nm

Excitation frequency 7.01 kHz

Table 3.2: FFM acquisition parameters for the image of the DSPE phospholipids
in solution.

interaction force and force gradient leads to the possibility of directly obtaining
the Young’s modulus independently from the indentation. If we consider the
tip as a paraboloid indenter, in the Hertz contact model, the force versus the
indentation depth is given by

F =
4

3
E∗
√
Rδ3/2 (3.10)

where R is the tip radius, δ is the indentation depth and E∗ is the surface
elastic constant of the sample, defined by the following equation assuming no
deformation of the tip

E∗ =
E

1− ν2
(3.11)

with ν the Poisson ratio, here assumed to be 0.5, and E the Young’s modulus.
Relation 3.12 permits to obtain the sample Young modulus, independently of
the indentation δ.

(∆F )3

F
≈ 11RE2 (3.12)

In the case of DSPE (Figure 3.10), considering a tip radius of 20 nm (nominal
value), the measured stiffness is 0.08 N/m at 50 pN of applied force. From
relation 3.12, the Young modulus is 6.9 MPa, which is comparable to the Young
modulus of 7-8 MPa measured on DOPC/DPPC SLBs in fluid and gel phase,

74



CHAPTER 3. EXPERIMENTAL RESULTS 3.3. FFM IMAGING MODES FOR BIOLOGY

respectively, at 100 pN of applied force (Picas et al. [129]). Before the measure-
ments with the FFM (Figure 3.10), the sample was previously characterized
with a commercial AFM in static mode (Figure 3.11).

Figure 3.11: An image of the lipids acquired with a commercial AFM, the
Asylum-research MFP-3D. The scan size is 3 µm.

In figure 3.12 supercoiled DNA has been imaged at a constant repulsive force
of 100 pN. The sample was prepared using a solution containing Mg2+ divalent
cations to bind the DNA on top of freshly cleaved mica [130; 131; 132]. In our
experiments we used 1000 base-pair DNA and supercoiled DNA. A buffer 10
mM HEPES, 5 mM MgCl2 at pH 6.5 was used to dilute the DNA up to 1 nM
concentration. A drop of 10 µL of the DNA solution has been deposited on
freshly cleaved mica and left incubate for 20 minutes. The drop is then rinsed
with 500 µL of 10 mM HEPES, 5 mM MgCl2 at pH 6.5 and the sample is imaged
in buffer with the FFM.

The excitation frequency was 3.57 kHz, the oscillation amplitude was 0.3nm
and the cantilever stiffness 0.02 N/m. In this imaging mode we acquired the
stiffness and the damping coefficient simultaneously to the topography. In this
case the DNA is softer than mica by one order of magnitude, figure 3.12c.
Moreover, DNA dissipates less than mica, figure 3.12d. We will see how the
measurement of DNA in solution at constant force is in agreement with the
measurement of DNA at constant dissipation in the following section.
Applying relation 3.12 we would find a Young modulus of DNA in the order of
1 MPa. However, the relation cannot be used in this case to evaluate the Young
modulus of the DNA since the Hertz contact model requires the sample to be
semi-infinite. In this case the nominal radius of the AFM probe is 2 nm and
therefore comparable to the diameter of the DNA.

3.3.2 Constant phase

A second new imaging mode requires to keep constant the phase of the tip
oscillation. The phase seems to be in general a good candidate because it is
often monotonous regardless of the nature of the interaction. The monotonicity
is mainly due to the absence of resonances and/or to the fact that the chosen
frequency is far from resonances. This imaging mode has been proved acquiring
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Figure 3.12: FFM images of supercoiled DNA deposited on mica in liquid so-
lution. (a) topography, (b) force, (c) stiffness and (d) damping. The scale bar
is 400 nm. Here the feedback signal used for imaging is the force in repulsive
regime.

images of biomolecules in the attractive regime of the interaction and in the
repulsive regime.

Repulsive regime:

The first case is DNA on mica. The sample was prepared following the same
procedure presented in the previous section where supercoiled DNA was imaged
at constant repulsive force.
Figure 3.13 shows the topography, force, stiffness and damping images of DNA.

A cantilever with 0.02 N/m stiffness was used. The excitation frequency was
3.555 kHz and the oscillation amplitude of about 0.3 nm. To obtain the to-
pography the phase difference between excitation and oscillation was used as
set-point in the topography feedback loop. This corresponded to an image at
constant damping. Figure 3.13d shows the damping image resembling an error
image. The same figure also provides local force changes (Figure 3.13b) and
local stiffness changes (Figure 3.13b). We observe the interaction force to be
close to zero when the tip is over the mica. When the tip is over the DNA we
observe an interaction force equal to 150 pN. We conclude that the indentation
on the DNA is therefore larger than the one on mica, indicating the DNA to
be less viscous than mica. The measured local force gradient on DNA is larger
than that measured on mica at this dissipation.
We conclude that the constant dissipation imaging mode can be seen as a mea-
surement of the local stiffness for different interaction forces, since the damping
coefficient largely changes as a function of the interacting sample. In conclusion,
when the local stiffness of the 1000 base-pair DNA is at 150 pN is found to be
0.025 N/m, figure 3.13c, whereas for the supercoiled DNA at 100 pN it is found
to be 0.01 N/m, figure 3.12c.

In Table 3.3 the acquisition parameters are reported.
Before the measurements with the FFM (Figure 3.13), the sample was pre-

viously characterized with a commercial AFM in amplitude modulation mode
(Figure 3.14).
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Figure 3.13: FFM images of DNA deposited on mica in liquid solution. (a)
topography, (b) force, (c) stiffness and (d) damping. The scale bar is 500 nm.
Here the feedback signal used for imaging is the phase of oscillation in repulsive
regime yielding an almost constant damping image.

Cantilever shape rectangular
Cantilever spring constant 0.02 N/m

Damping coefficient set-point 1 µKg
s

Amplitude of oscillation 0.3 nm
Excitation frequency 3.555 kHz

Table 3.3: FFM acquisition parameters for the image of the DNA in solution.
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Figure 3.14: An image of the DNA in solution acquired in tapping mode with
a commercial AFM, the Asylum-research MFP-3D. The scale bar is 500 nm.

Attractive regime:

When attractive forces are measured as in the case of figure 3.15, it is possible to
easily acquire the morphology of the specimen in non contact. Here the sample
is clusters of the Tank Binding Kinase (TBK1) and Optineurin (OPTN) protein
complexes. The characterization of biologically relevant protein-protein complex
is essential for understanding fundamental cellular processes. The TBK1 is a
vital protein involved in the innate immune signaling pathway. TBK1 forms a
complex with the scaffold protein OPTN. This complex (TBK1 - OPTN) has not
yet been characterized structurally due to its large size and intrinsic flexibility.
Structural characterization would help to elucidate how the complex is involved
in reducing the proliferation of invading bacteria (Wild et al. [133]). The TBK1-
OPTN sample was prepared by adding the two purified proteins in equimolar
ratios and purifying the 1:1 complex via size exclusion chromatography. The
complex was diluted with deposition buffer (20 mM HEPES and 5 mM MgCl2)
to 34 nM. Sample grids were prepared by applying 20 µL of poly-L-lysine to
freshly cleaved mica (Muller et al. [134]; El Kirat et al. [124]) to render the
surface positively charged. After 5 min incubation the mica was rinsed with
deionized water and dried with gaseous nitrogen. Subsequently 2 µL of the
TBK1-OPTN sample was added to the mica and incubated for ten minutes. The
mica was rinsed with deposition buffer and imaged with the FFM in non-contact
mode. A small oscillation amplitude of 0.2 nm at 2.2 kHz was imposed on the
tip and the cantilever calibrated. In the table 3.4 the acquisition parameters of
the image are reported.

The calibration curves for this measurement are presented in figure 3.15.
Despite a possible contamination of the tip which might induce artifacts in the
images, the clear and stable presence of short-range attractive forces between
the tip and the sample gives the opportunity to acquire a non-contact image. In
the context of biomechanics this is an important instrumental challenge, even if
for the moment it does not add anything to our knowledge of the studied system.
The phase difference between excitation and tip oscillations was used as set-point
for the acquisition of the topography due to its monotonicity as a function of
tip-sample distance. In this case, at variant with the previous examples, the
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Figure 3.15: FFM calibration curves. The sample is clusters of TBK1 and
OPTN complexes on mica. (a) normalized excitation (b) phase difference, (c)
tip-sample stiffness (d) damping coefficient, (e) negative of integrated force gra-
dient and (f) force (red) comparison with tip-sample integrated stiffness (blue,
thinner line).

stiffness (Figure 3.16c) is not linked to the sample stiffness as such property
would imply contact with the sample that in this specific situation is absent.
Here, the contrast comes from non-contact interactions. Unfortunately, it was
not possible to better characterize the complex with FFM. The poorness of the
lateral resolution is partially due to the low speed of the scan and to the low
quality of the scanner mounted on the FFM (total range 100 x 100 x 100 µm3)
and of its amplifier. The TBK1-OPTN complex has been successfully identified

Cantilever shape rectangular
Cantilever spring constant 0.02 N/m

Damping coefficient set-point 1 µKg
s

Amplitude of oscillation 0.2 nm
Excitation frequency 2.222 kHz

Table 3.4: FFM acquisition parameters for the image of the TBK1-OPTN pro-
teins in solution.

and measured with a commercial AFM. The image is reported in figure 3.17.
The OPTN are supposed to be the filament-shaped proteins whereas the TBK1
are the round-shaped.
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Figure 3.16: FFM images of clusters of TBK1 and OPTN complexes deposited
on mica in aqueous solution. (a) topography,(b) force, (c) stiffness and (d)
damping. The scale bar is 1 µm. This image was taken in attractive regime.
The feedback signal used was the phase.

Figure 3.17: An image of the TBK1 and OPTN complex acquired with a com-
mercial AFM, the Asylum-research MFP-3D.
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3.4 Mapping mechanical properties of PC12 cells

Living cells are intensively studied with AFMs. Since the cell size is microscopic,
the AFM can be used to increase the lateral resolution that is not achievable
by optical techniques.
Recently, a consistent number of new experimental set-ups have been proposed
to couple the AFM imaging capabilities to the chemical information that can
be obtained by optical techniques, such as confocal fluorescence(Kassies et al.
[52]), stimulated emission depletion(STED) (Harke et al. [53]), etc.
Many experimental protocols have been developed for studying cells with the
AFM. Single molecule spectroscopy has been developed to study the interaction
between biological ligands stuck to the AFM tip and the related biological re-
ceptors in the cell membrane (Muller et al. [135]).
Mechanical properties of living cells are investigated with a statistical approach
based on the acquisition of hundreds of static force curves in order to study
cancer diseases (Plodinec et al. [136]; Walter et al. [137]). Cancer cells usually
show an increase of the stiffness.
Living cells show a viscoelastic behavior, therefore cells elasticity changes as a
function of the excitation frequency. Viscoelasticity is usually investigated by
magnetic twisting cytometry (Trepat et al. [138]; Fabry et al. [139]) and force
modulation AFM (Alcaraz et al. [56]).

At first, the section is focused on the experimental set-up used for the mea-
surements of living cells in buffer solution at constant temperature. In a second
step, the protocols followed for the cell culture are presented. Then, this section
is focused on the experimental results. Cells have been previously characterized
in conventional contact and tapping mode. Consequently, two different exper-
iments have been performed on PC12 living cells. Cells have been imaged at
constant force in FFM mode as a function of the AFM tip indentation in the
cell membrane and as a function of the excitation frequency imposed on the
tip. In addition, a spectroscopic protocol based on approach curves on the cell
membrane has been developed and applied on PC12 cells.

Figure 3.18: The thermal controlled set-up for measurements in liquid. Here a
buffer (MEM, 1% PS) for PC12 cells has been used.
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3.4.1 Set-up

In the FFM, a modified sample holder provided by Asylum-Research (Figure
3.19) has been used to investigate living cells. A custom - made temperature
control has been implemented to control the temperature of the sample holder.
A resistor with a small resistance has been used to heat up the liquid by Joule
effect and a thermistor has been used as temperature transducer. A Proportional
- Integral control drives the current flow in the resistor as a function of the the
temperature status.
Figure 3.18 shows the FFM during an experiment with the sample holder fixed
onto the X/Y scanner. Experimentally, the temperature stability of the liquid

(a) The Asylum Research liquid cell. (b) Temperature control of the liquid medium.

Figure 3.19: a) The Asylum Research liquid cell used for the experiments with
the force feedback microscope. The circular resistor is used to heat up the
buffers whereas the thermistor is used to measure the temperature in real time.
b) Temperature control during a test: the set-point is switched from 23 ◦C to
35 ◦C.

at 37◦C is reached in 30 minutes. The measurements typically can start after
an additional 30 minutes for the mechanical components of the microscope to
reach a thermal equilibrium state that reduces the drift between the optical
fiber and the AFM tip.
The Piezojena X/Y scanner has been designed with a circular central hole. A
small camera from Veho is used in the FFM to catch the optical images of the
cells, the tip and the optical fiber from the bottom of the microscope (Figure
3.23). The camera (Figure 3.20) has been used with a 400 times magnification.

3.4.2 Sample Preparation and cell culture

PC12 is a cell line derived from a pheochromocytoma of the rat adrenal medulla.
PC12 cells stop dividing and terminally differentiate into neuronal cell type when
treated with nerve growth factor (NGF).
This makes PC12 cells useful as a model system for neuronal differentiation.
(Source Wikipedia, http://en.wikipedia.org/wiki/PC12_cell_line).
For the cell culture some existing protocols have been followed (Viro et al.
[140]; André et al. [141]).
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Figure 3.20: The Veho camera.

I - Cell culture

The PC12 cells are cultivated inside 250 ml Flasks produced by BD Falcon.
The cell medium is a solution of Minimum Essential Medium (MEM + phe-
nol red and GLUTAMAX), with 10 % Fetal Bovine Serum, supplemented with
antibiotics 1 % Penicillin-Streptomycin at 100 ng

ml . All the products were pro-
duced by Life technologies.
The medium is changed every 3 days.
Cells are cultivated inside an incubator at 37◦C, 5%CO2.

Figure 3.21: PC12 cells grown on a glass cover slip support

II - AFM samples

Glass support for the AFM measurements: The glass coverslips (Ther-
manox, 13 mm diameter) have to be previously autoclaved for sterilization.
The coverslips are deposited inside the 4 well Culture plates (Thermo Scientific
Nunc dishes IVF ), sterile.
500 µL of Fibronectin 1 µgml (from Life technologies) are deposited in each culture
plate and the sample is then left incubated for 60 minutes at room temperature.
The Fibronectin is then removed and each culture plate is washed 4 times with
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sterile PBS.
500 µL of MEM + GLUTAMAX, with 10% Fetal Bovine Serum and 1% Penicillin-
Streptomycin are deposited in each culture plate.

III - Transfer on the glass support for the AFM measurements: The
buffer inside the flask is removed.
A solution of 15 ml PBS, 0.25 % Trypsin at 1 mg

ml is transferred inside the flask.
The flask is then left incubated for 30 minutes at 37◦C.
The cells are now suspended in the solution.
500 µl of fetal bovine serum are added to the solution. The FBS contains Ca2+

ions which inhibit the Trypsin.
The solution is centrifuged for 5 minutes at 12500 rpm inside a 15 ml centrifuge
tube. The centrifuge is an Eppendorf 5702R with a rotational radius of 12.8
cm.
The centrifugation causes the precipitation of the cells at the bottom of the
centrifuge tube.
The solution is removed leaving the cells at the bottom of the tube.
2 ml of MEM, 10 % fetal bovine serum, 1 % Penicillin-Streptomycin at 100 ng

ml
are inserted in the tube.
Cells are mechanically re-suspended using a Pasteur pipette.
The cells concentration is then calculated using a Neubauer cell . Figure 3.22
shows a Neubauer cell with 5 blue squares. Cells have to be counted inside
the blue squares. The cells concentration is then calculated with the following
equation:

Cell concentration =
104(Cells counted)

number of squares
(3.13)

Figure 3.22: A Neubauer cell.

Cells have been usually deposited in each culture plate on the top of the
coverslip glass at a concentration of 1 million/ml. The cells are then left in the
incubator at 37◦C, 5 %CO2 for one/two nights and then measured with the
FFM.

IV - Cells freezing protocol: The cell culture has been stopped and restarted
several times essentially because of holidays periods. Since the medium inside
could not be changed regularly during holidays, cells have been frozen conserved
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Figure 3.23: Bottom view of PC12 cells, the cantilevers and the optical fiber

at - 70◦C in order to be able to restart the cell culture afterwards.
The protocol followed for freezing the cells is as follows. The buffer inside the
flasks is removed.
Following the procedure described in the previous paragraph, cells are deposited
by centrifugation at the bottom of a centrifuge tube.
A solution of MEM + GLUTAMAX, 20 % fetal bovine serum, 10 % steryl
DMSO is prepared.
Cells are re-suspended in the prepared solution.
A stock of 10 Eppendorf tubes, each one containing 1 ml of solution and sus-
pended cells, is frozen at - 70◦C.
When the cell culture has to restart, the Eppendorf tubes are left in a water bath
at 37◦C for 2 minutes. Consequently, cells are transferred in a 15 ml centrifuge
tube and 9 ml of MEM + GLUTAMAX at 37◦C are added.
Following the protocols described in the previous paragraph, cells are centrifuged
and subsequently re-suspended in 15 ml of MEM + GLUTAMAX, 10 % fetal
bovine serum, 1 % Penicillin-Streptomycin at 100 ng/ml.
Finally, the solution with the cells is transferred in a flask and kept in the
incubator at 37◦C, 5 %CO2.

V - AFM cantilevers: Triangular and rectangular MLCT cantilevers pro-
vided by Bruker with nominal spring constants of 0.01 N/m and 0.02 N/m
respectively have been employed. Both the cantilevers have a nominal tip ra-
dius of 20 nm.
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3.4.3 Characterization with conventional AFM modes

A preliminary characterization of the PC12 living cells has been performed using
the well known standard AFM modes: tapping mode and contact mode.

Tapping mode

Since the stiffness of the cantilevers is small and the resonant frequencies are
usually at few kHz in liquid media, the cantilevers were always consistently
damped. Therefore, the excitation frequency for the tapping mode could never
have been chosen in proximity of a lorentzian peak, since the peak didn’t exist.
A frequency sweep between 1 kHz and 10 kHz has been acquired and spurious
peaks in the tip oscillation amplitude were present, typical of acoustic excitation
in a liquid medium. The excitation frequency has been chosen close to one of
these spurious peaks. The images have been acquired with a set-point on the
oscillation amplitude of the AFM tip.

(a) Tapping mode image (b) Phase image - Tapping mode

Figure 3.24: PC12 living cells in tapping mode. Scan size = 80 µm.

Acquisition parameters:

Cantilever shape rectangular
Cantilever spring constant 0.02 N/m

Free oscillation amplitude (at 100 nm distance from the surface) 25 nm
Amplitude set-point 22 nm
Excitation frequency 3.521 kHz

Table 3.5: AFM acquisition parameters for the image of PC12 cells in tapping
mode.
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Contact mode

Here the images have been acquired imposing a constant tip-fiber distance as set-
point. Since the base of the cantilever is fixed, this configuration corresponds to
the acquisition of the sample topography at constant deflection of the cantilever,
therefore at constant force. Measurements have been performed at constant
forces below 100 pN, continuously correcting the set-point in order to avoid the
drift of the fiber-tip distance to be transferred in a force drift. As it was observed
in additional measurements, when increasing the force set-point, sub-membranes
components start to appear in the topography, notably the cystoskeleton as it
is going to be discussed in the following paragraphs.

Figure 3.25: PC12 living cells in contact mode. Scan size = 90 µm.

Acquisition parameters:

Cantilever shape triangular
Cantilever spring constant 0.01 N/m

Initial force set-point 50 pN

Table 3.6: AFM acquisition parameters for the image of PC12 living cells in
contact mode.

Cell life inside the FFM sample holder

Even if the temperature is kept stable at 37◦C and the buffer is composed
by MEM and 1 % Penicillin-Streptomycin (standard buffer for cell culture, just
some nutriments, notably the Fetal bovine serum, are taken out), the cells slowly
die after many hours of measurements.
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(a) PC12 after 3 hours from the be-
ginning of the measurement

(b) PC12 after 5 hours

(c) PC12 after 7 hours

Figure 3.26: Evolution of a PC12 living cell as a function of the time. a) after 3
hours from the beginning of the measurement, b) after 5 hours, c) after 7 hours.
Images have been acquired in tapping mode.

PC12 are getting taller and they are retracting the membrane that they use
to stick on the glass support. They are under biological stress. The cell death
process looks like the research of more stable state, less energetically expensive
state, here represented by the final spherical shape (Figure 3.26(c)).
All the measurements presented in the following with the FFM have been there-
fore performed in the first 3 hours of the experiments.

Cells Young modulus

Once the cells are successfully imaged, a set of indentation force curves has been
acquired on the living cells. The tip can be modeled as a four-sided pyramidal
indenter. In this case, a relationship between the force F and the indentation δ
[142] can be given by

F =
3Etanθ

4(1− ν2)
δ2 (3.14)

where E is the Young modulus and ν is the Poisson ratio of the cell. ν is
assumed to be equal to 0.5. The nominal tip opening angle θ supplied with the
MLCT cantilevers is 25 ◦. In figure 3.27 a typical force vs indentation curve is
shown. The measured Young modulus is 1716 Pa which is comparable to the
one measured on PC12 living cells in previous works [143].

The model of equation (3.14) has been employed to evaluate the static
Young’s modulus of the living cells. However, the assumption that the Young’s
modulus does not depend on the indentation depth does not apply to heteroge-
neous media like cells. At first, if the indentation depth is too high, the glass
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Figure 3.27: Indentation static curve on a PC12 (blue) fitted with Hertz model
(red) where the tip is modeled as a four-sided pyramidal indenter. The Young’s
modulus extracted is 1716 Pa using a Poisson ratio equal to 0.5 and θ = 25◦.

substrate may affect the measurement, causing an overestimation of the Young’s
modulus. The maximum indentation depth reached in our experiments is 600
nm, which is consistently lower than the height of the PC12 cells (3 - 5 µm).
This corresponds to an indentation depth which is always lower than 20% of the
height of the cells and typically around 10%, which is usually recommended in
an indentation experiment on cells. Then, an underestimation of the extracted
Young’s modulus may be caused by inhomogeneities at the cell surface. The in-
homogeneities induce an indentation depth dependence of the Young’s modulus
which may result in wrong estimations. It is therefore of great importance to
properly choose the right part of the indentation curve to be fitted when using
the model. In this work we have taken into account the solely elasticity of the
cytoplasm.

3.4.4 Viscoelastic properties of living cells probed by FFM

As already mentioned in the Dynamic FFM section, assuming the static force
between the AFM probe and the glass to be fully conservative, the key point of
the FFM calibration is to determine the parameters φ0 and F 0

r for the integrated
force gradient to be equal to the measurement of the static force.

Following the protocols described in the section 2.2.4, for this experiment
the FFM was calibrated with a set of approach curves at different frequencies
on the glass. In figure 3.28 the elastic force gradient and the damping coefficient
measured on the glass at four different excitation frequencies are reported. The
elastic force gradient is found to be independent of the frequency probed (Figure
3.28(a)). The damping coefficient is observed to decrease at larger excitation
frequencies (Figure 3.28(b)). Since the dissipative force is proportional to the
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damping coefficient times the speed of the tip, we do not observe a significant
decrease in the force needed to maintain the tip oscillations constant when the
excitation frequency is increased. In other words, the dissipative force exerted
by the glass on the AFM tip is found to be constant in the 1 kHz - 10 kHz
range.

(a) Force gradient as a function of the excita-
tion frequency.

(b) Damping as a function of the excitation
frequency.

Figure 3.28: Spectroscopy on the glass (a) and (b) in liquid buffer. Excitation
frequencies: Blue = 1.11 kHz, Red = 3.11 kHz, Green = 9.11 kHz, Black = 11.11
kHz. Inset in b): dissipative force as a function of the excitation frequency.

One question may arise concerning the validity of the calibration performed
on the glass, once the tip is on the top of living cells. The long-range hydro-
dynamic squeeze film damping between the oscillating cantilever and the cell
surface may in fact be different depending if the tip is on the top of the cell or
on top of the substrate. Apart from few cases, all the measurements shown in
this work have been performed on substrates completely covered with cells (i.e.
Figure 3.25). The calibration was then performed in the small portion of the
sample where the glass was not covered by the cells. Since the long-range hydro-
dynamic squeeze film affects the cantilever motion, both the measurements on
the glass and the measurements on the cells are equally affected by this effect,
which is taken into account during the calibration procedure.

Another question that may arise concern the evaluation of the conserva-
tive and dissipative parts of the interactions when measuring liquids employing
low Q-factors cantilevers. In conventional optical beam deflection schemes the
movement of the cantilever base can affect the determination of tip position.
However, FFM measures directly the position of the tip and is then insensible
to issues related to the position of the cantilever base.

A) FFM Images

Images at a relatively high constant force - 500-1000 pN

Set-point 500 pN Cells have been imaged in Force Feedback Microscopy
mode at a constant repulsive force of 500 pN. In this imaging mode, the force
is kept constant during the scan and the topography is acquired simultaneously
to the force gradient and the damping factor. An amplitude of 0.4 nm has
been imposed to the tip at 2.2 kHz. The FFM has been then calibrated [57]
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with a set of approach curves performed on the glass (covered by fibronectin).
Subsequently, the tip has been brought in contact with the sample at a constant
repulsive force of 500 pN and the image has been acquired. In figure 3.29a is the
topography and in figure 3.29b the force between the tip and the sample which
is the error signal. In addition, 3.29c is the measurement of the force gradient,
whereas 3.29d is the damping factor.

The membrane is found to be softer in the center of the cell than at the

Figure 3.29: FFM images of PC12 living cells acquired at a constant force of
500 pN. Scale bar = 30 µm. a) Sample topography, b) force (error), c) force
gradient and d) damping factor.

periphery. In analogy with the stiffness, the damping factor is observed to be
lower in the center of the cell than at the borders of the cell. These effects can
be due to the higher influence of the glass substrate when the measurements of
the stiffness and the damping factor are carried out at the periphery of the cells.
[144] The measured stiffness of the cells is comparable to the stiffness measured
in multi-harmonic atomic force microscopy on different cells [19].
The acquisition parameters are summarized in table 3.7.

Cantilever shape rectangular
Cantilever spring constant 0.02 N/m

Force set-point roughly 500 pN
Amplitude of oscillation 0.4 nm

Excitation frequency 2.200 kHz

Table 3.7: FFM acquisition parameters for the image of PC12 living cells at
constant force of 500 pN

Set-point 1 nN When cells are imaged with force set-point of 1 nN,
the cytoskeleton appears in the topography (Figure 3.30a). The mechanical
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Figure 3.30: FFM images of PC12 living cells at constant force of 1 nN. Scan
size = 90 µm.
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properties of the cytoskeleton are not clearly measured in the elasticity image
(Figure 3.30c). On the contrary, the damping factor in figure 3.30d is showing
part of the cytoskeleton, which is observed to be less viscous than the other
parts of the cell. Since in this measurement the force between the tip and the
cell is large (1 nN), most probably the cell membrane was broken by the pressure
exerted by the tip. The rupture of the cell membrane is indeed an event observed
during the acquisition of approach curves at high loading forces in the order of
the nN.
The acquisition parameters for this experiment are reported in the table 3.8.

Cantilever shape rectangular
Cantilever spring constant 0.02 N/m

Force set-point roughly 1 nN
Amplitude of oscillation 0.4 nm

Excitation frequency 7.780 kHz

Table 3.8: FFM acquisition parameters for the image of PC12 living cells at
constant force of 1000 pN
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Images at relatively constant small force and at tunable frequency -
The capability of the FFM to arbitrarily choose the excitation frequency of

the AFM cantilever allows the user to measure the sample force gradient and
the sample damping factor at the desirable frequency. For this purpose a set of
calibration curves on top of the glass substrate (covered with fibronectin) has
been performed at 2.25 kHz and then at 13.25 kHz. The oscillation amplitude
imposed to the tip is 0.4 nm. Once the FFM is calibrated, one image at constant
repulsive force of 50 pN has been acquired at the excitation frequency of 2.25 kHz
(figure 3.31a,b,c,d). Consequently, the same scan area has been imaged a second
time at constant repulsive force of 50 pN, imposing an excitation frequency of
13.25 kHz (figure 3.31e,f,g,h). In analogy with the measurement presented in
figure 3.29, the cell center is again observed to be softer than the cell borders.

The stiffness and the damping factor measured at 2.25 kHz have more noise
than those measured at 13.25 kHz mainly because of the larger influence of the
noise 1

f . In order to run an acceptable measurement at low frequency, the scan
speed at 2.25 kHz has been set twice slower than the one at 13.25 kHz.

Beside the changes in the sample morphology between figure 3.31a and figure
3.31e, mainly due to the fact that cells are alive, we observe consistent differences
between the images of the elasticity and the damping factor. The cells are
found to be stiffer at 13.25 kHz than at 2.25 kHz. The damping factor is
instead observed to be larger at 2.25 kHz than at 13.25 kHz. The decrease
of the damping factor once the excitation frequency is increased is a behavior
observed on the spectroscopy performed on the glass (Figure 3.28).

The acquisition parameters are reported in table 3.9

Cantilever shape triangular
Cantilever spring constant 0.01 N/m

Force set-point roughly 100 pN
Amplitude of oscillation 0.4 nm

Excitation frequency 2.250 and 13.250 kHz

Table 3.9: FFM acquisition parameters for the image of PC12 living cells at
constant force of 100 pN.
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Figure 3.31: FFM images of PC12 living cells acquired at a constant force of
100 pN. Scan area = 90 x 90 µm2. a) Sample topography, b) force (error), c)
force gradient and d) damping factor at 2.25 kHz. e) Sample topography, f)
force (error), g) force gradient and h) damping factor at 13.25 kHz
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B) Spectroscopy

A spectroscopic investigation of the PC12 cells has been developed through the
acquisition of tip-cell approach curves. The protocol is the following:

• The cells were imaged in conventional contact mode.

• The Force Feedback Microscope was calibrated with a set of approach
curves at different frequencies on the glass. A set of parameters (φ0)i and
(F 0
R)i for each excitation frequency ωi were obtained. The force gradients

∇Fi are equal for each excitation frequency as shown in figure 3.28(a).

• A set of approach curves at different excitation frequencies on the PC12
was performed at the highest point of the cell topography. The static force
curves are usually not affected by the change of the excitation frequency,
an example in figure 3.33.

An example of such an experiment is presented in figure 3.32. We notice that

Figure 3.32: Spectroscopy of the PC12: (a) force gradient as a function of the
excitation frequency and (b) Damping factor as a function of the excitation
frequency. Blue = 1.13 kHz, Red = 5.13 kHz, Green = 7.13 kHz, Black = 11.13
kHz. Inset in b): dissipative force as a function of the excitation frequency.
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Figure 3.33: Static force curves on PC12 living cells as a function of the excita-
tion frequency. Blue = 1.13 kHz, Red = 5.13 kHz, Green = 7.13 kHz, Black =
11.13 kHz.

the damping rate is decreasing when the excitation frequency increases, whereas
the force gradient is increasing with the frequency. The increase of the elasticity
with the frequency has not been observed to be reproducible in all the measure-
ments performed. The decrease of the damping factor with the frequency is on
the contrary perfectly reproducible. According to [56], the damping factor is
expected to increase with the excitation frequency in the 1 Hz - 100 Hz range.
However, in our case the oscillation amplitude imposed to the tip is two orders
of magnitude lower than the usual amplitudes used for studying living cells.
Moreover, we are observing the mechanical properties at different frequencies.
In addition, a small oscillation amplitude may induce measurements of stiffness
and damping factor which are more localized on the cell membrane than in an
experiment where larger oscillation amplitudes are imposed to the tip, which is
common in Force Modulation experiments.

Focusing on the cell elasticity, the main problem of the spectroscopic inves-
tigation through the acquisition of approach curves is that the cells elasticity as
a function of the frequency is not reproducible.
This can be explained partially by:

• The cells are always pretty different from the size point of view. Therefore
each measurements could be acquired in a different lifetime of the cells,
producing as output different elasticities.

• The elasticity probed in an indentation curve gives a local (in x/y) in-
formation. This is well known in the AFM community and that’s why
the Force Volume is the preferred AFM techniques when measuring cells
elasticity. In our measurements the interaction curves have always been
acquired in the center of the cell but this is not ensuring us that we were
probing the always same part of the cell (with or without the nucleus for
instance).
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• In a conventional static mode measurement, the statistics over several force
curves are essential for extracting reproducible Young modula. Here, in
our measurements it was not possible to acquire enough curves to perform
a statistical investigation of the elasticity. This is essentially due to the
fact that after 3 hours from the beginning of the measurements the cells
were starting to slowly die.

Analysis of elastic properties in dynamic mode

Focusing on the elasticity, from equation (3.14) we can define the force gradient
as a function of the tip indentation as

∇F =
3Etanθ

2(1− ν2)
δ (3.15)

The data presented in figure 3.32a have been used to extract the cell Young mod-
ulus as a function of the excitation frequency. The Young modula are found to
be equal to 8690 Pa at 1.13 kHz, 18604 Pa at 5.13 kHz, 26385 Pa at 7.13 kHz
and 27023 Pa at 11.13 kHz. The data are reported in figure 3.34.

Figure 3.34: a) Force gradient as a function of the tip indentation. a) f = 1.13
kHz, b) f = 5.13 kHz, c) f = 7.13 kHz, d) f = 11.13 kHz. The lines in orange
are the experimental linear fit of the cell elasticity using the equation (3.15).

In the last decades, the Force Modulation technique [55] has been applied to
the study of the variation of the elasticity of the cells, typically at frequencies
smaller than 100 Hz [56; 145]. In this frequency range the studied cells show an
increase of the Young modulus with frequency following specific power laws.
Here the study has been extended to frequencies larger than than 1 kHz. As
reported in the previous section, no clear reproducibility of the increase of the
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cell stiffness has been measured. However, the observed cell elasticity in all the
measurements performed has always been found in the order of ten(s) of kPa in
this frequency range. The measured Young modula are therefore observed to be
between one and two orders of magnitude larger than the static values (Figure
3.27).

Spatial variation analysis of elastic properties:

The spatial variation of the cell elasticity can be studied with the FFM during
the acquisition of the cell morphology as presented in figure 3.29 and figure 3.31.
In analogy with the study of the cell elasticity in dynamic mode, it is possible
to extract the spatial variation of the Young modulus. The simultaneous mea-
surement of the elasticity and the applied force allows us to evaluate the Young
modulus of the cells through the relation (3.16).

(∇F )2

F
≈ 3Etan(θ)

1− ν2
(3.16)

In figure 3.35 the extracted Young modulus of PC12 living cells imaged at
a constant repulsive force of 1 nN is reported. The scale-bar of figure 3.35 is

Figure 3.35: Spatial variation of the Young modulus of PC12 living cells imaged
at constant repuslive force of 1 nN and at the excitation frequency of 7.78 kHz.

limited to 3 MPa to enhance the contrast in the spatial variation of the cell
Young modulus. The periphery of the cells is observed to be much stiffer than
the center, reaching values larger than 1 MPa.
The Young modulus in the center of the cell is observed to vary from 50 kPa up
to 400 kPa. The extracted Young modulus may be compared with the values
estimated on different living cells in multi-harmonics AFM [19], revealing a
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consistent agreement.
The young modulus measured on the glass is in the order of 100 MPa at 1 nN
of force applied.
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Chapter 4

Analysis and perspectives

Contents
4.1 Performances . . . . . . . . . . . . . . . . . . . . . . 102

4.1.1 Comparison between AFM and FFM . . . . . . . . . 102

4.1.2 Detection of the tip position . . . . . . . . . . . . . . 104

4.1.3 Scanner . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.1.4 Jump to contact . . . . . . . . . . . . . . . . . . . . 105

4.1.5 Bandwidth limits: Imaging . . . . . . . . . . . . . . 106

4.1.6 Bandwidth limits: Force curves . . . . . . . . . . . . 106

4.2 Perspectives . . . . . . . . . . . . . . . . . . . . . . . 107

4.2.1 Friction forces . . . . . . . . . . . . . . . . . . . . . . 107

4.2.2 Optical beam deflection . . . . . . . . . . . . . . . . 108

4.2.3 HS-FFM . . . . . . . . . . . . . . . . . . . . . . . . . 109

”... Sciûsciâ e sciorb̂ı no se pêu ...”
genuan expression which means you cannot get everything and compromises are
essential.

In the following, we discuss the limits of the force feedback microscope.
Firstly, some theoretical and experimental limits of the technique are discussed
and compared to the existing AFMs. The comparison is carried out for the
force and force gradient sensitivities. Moreover, we discuss about the specific
situations where the integrated force gradient is not equal to the static force.

In addition we will see how it is possible to increase the performances of the
FFM simply by substituting some components of the existing prototype with
different components. Consequently, new operational schemes are going to be
presented for adapting the FFM to the challenges (section 1.1) that could not
have been addressed in this manuscript. It is clear that the Force Feedback
Microscope can benefit from the technological and engineering improvements of
conventional Atomic Force Microscopes. At the end of the chapter, this central
point will be straightforward.
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4.1 Performances

4.1.1 Comparison between AFM and FFM

In this paragraph we will compare the performances of the FFM to the per-
formances of the AFMs at first for what concerns the measurements of the
interaction force and then for the measurement of the interaction force gradi-
ent.

AFM and FFM: the force

When using the same cantilever stiffness, static AFM and FFM have the same
resolution in force. In fact, assuming the same resolution in the tip position δz,
the resolution in force is given by

δF = kδz (4.1)

Clearly, this is true in the region of the interaction where conventional static
AFMs do not suffer of jump to contact instabilities. In the last case AFM and
FFM should not be compared since only the FFM can measure the interaction.

A separate comment is dedicated to the thermal motion of the tip. It has
been pointed out that the FFM can extract actively the thermal motion of
the tip (Figure 2.38). For this purpose, the necessary force provided by the
piezoelectric element at the cantilever base will be present as noise in the FFM
force measurement. In other words, the extraction of the thermal noise of the
cantilever is simply translated into a ”thermal noise” of the counteracting loop.
Figure 4.1(a) presents a measurement of the tip position without (blue) and

(a) Tip position without (blue) and with
(red) the presence of the counteracting
loop.

(b) Force supported by the piezo at the
cantilever base without (blue) and with
(red) the presence of the counteracting
loop.

Figure 4.1: (a) Tip position and (b) force supported by the piezo at the can-
tilever base without (blue) and with (red) the presence of the counteracting
loop.

with (red) the presence of the counteracting loop. Figure 4.1(b) is the force
supported by the piezo at the cantilever base without (blue) and with (red) the
presence of the counteracting loop. It is evident that the thermal motion trace
measured in the blue curve in figure 4.1(a) is translated into a thermal noise of
the controller, red trace in figure 4.1.
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Moreover, in conventional static AFMs the force depends on the position of
the tip, whereas in FFM they are independent. This is an intrinsic paradigm of
the FFM based on the assumption that the tip does not move thanks to the con-
troller. The paradigm may have important applications for studying thermody-
namic cycles involving biological and soft materials interfaces at the nanoscale,
as investigated in Dynamic Force Spectroscopy (Evans et al. [146]; Merkel et al.
[147]; Teulon et al. [148]) and in general for studying non-equilibrium transitions
such as unfolding events (Collin et al. [149]).
Since the measured force is independent from the position of the tip, we may
have advantages when measuring the work along non-equilibrium trajectories
(Collin et al. [149]) and then use it to obtain thermodynamic quantities such as
free energies through the Crooks fluctuation theorem (Crooks [150]).

Experimentally, thanks to the soft cantilever employed, the typical resolution
in force of the FFM at the solid/liquid interface is of the order of 10 pN (Figures
3.6 and 3.7), whereas at the solid/air interface is of the order of 100 pN (Figure
3.1).

AFM and FFM: the force gradient

In section 2.1.4 we have discussed the force gradient sensitivity obtained measur-
ing n and φ in dynamic FFM. It has been pointed out that the sensitivity is given
by the effective properties of the cantilever. Since the use of a PID controller
effectively changes the cantilever properties, then the force gradient sensitivity
with the FFM equals the sensitivity obtained with conventional AFMs using a
cantilever with the same properties. All the dynamic measurements presented
in the manuscript could therefore have been measured with conventional AFMs
in frequency modulation mode, excluding the cases where a large topography
has been measured.

However, the PID static loop contributes to the excitation of the cantilever
too (2.54) and the contribution contains information about the tip-sample in-
teraction. Taking into account n, φ and the PID contribution, which means
the total contribution, then the sensitivity is given by the intrinsic properties of
the cantilever. The inclusion of the PID contribution to the theory of dynamic
FFM is still subject of our research.

Experimentally, the typical resolution in force/gradient of the FFM at the
solid/liquid interface when using 0.01 N/m cantilevers is in the order of 0.001
N/m (Figures 3.31, 3.32 and 3.34) in a frequency range between 1 and 10 kHz
and for oscillation amplitudes of few Angstroms.

Concluding, an additional difference between dynamic AFMs and dynamic
FFM is the measurement of the force gradient out of resonance.

AFM and FFM:
when the integrated force gradient is not equal to the force

Dynamic AFM techniques such as frequency modulation mode and amplitude
modulation mode are often used to obtain the interaction force gradient from
observables such as the amplitude and the phase/frequency of the cantilever
oscillations (see section 1.1.1). The force gradient is then converted in the inter-
action force between the tip and the sample. It is therefore of great importance
to justify the mathematical conversion from the force gradient into the force.
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In general, the static force is measured in a different frequency range (ideally
at ω = 0) than the observables measured in dynamic AFM, usually at the first
lever eigenmode (at ω = ωR). It is important to notice that if the interaction
force has a frequency dependence, then the first eigenmode of the cantilever
is going to measure interaction properties linked at that frequency. We may
then have situations where the static force is different than the integrated force
gradient:

Fstatic 6=
∫
∇F (ω = ωR)dz (4.2)

One example is given by the viscoelasticity of the specimens, as presented
in section 3.4.4 focused on living cells.

An additional example may be represented by time-dependent interactions,
such as the rupture of a ligand-receptor binding or the formation of a capillary
bridge.

The capillary bridge is representative of an additional issue. The expressions
describing the capillarity force versus the distance of the interacting surfaces are
usually based on the assumption of thermodynamic equilibrium, which is not
the case of dynamic AFM measurements where the oscillation frequency is in
the order of the kHz (Barcons et al. [151]).

The FFM is definitely the appropriate instrument to investigate the fre-
quency dependence of the interaction force thanks to the capability to measure
simultaneously force and force gradient, once the microscope is calibrated. This
is one of the most important perspective which should be investigated in the
future.

4.1.2 Detection of the tip position

When measuring forces with an AFM, the observable measured is always the
displacement of the AFM cantilever. In static mode this corresponds to the
acquisition of the static deflection, whereas in dynamic modes this corresponds
to the oscillation amplitude at a given frequency.
In static mode the noise 1

f dominates and reduces both the instrumental sen-
sitivity and accuracy. In dynamic modes the background noise, usually given

in m√
Hz

or m2

Hz , depends strongly on the detection method employed. When

exciting the oscillators at the resonance, then the thermal motion becomes the
detection limit in dynamic modes.
In force feedback microscopy, the detection sensitivity of the position of the tip
is important mainly for two reasons. Firstly because in dynamic FFM, since
the oscillation amplitude of the tip can be imposed at a frequency not linked to
the resonance, one will get a better signal-to-noise ratio once the background
noise is reduced. Secondly because the noise is lower, the higher proportional
gain can be used in static counteracting loop (2.25) to avoid jump to contact
and therefore the larger attractive force gradients can be measured.
In figure 4.2, a typical power spectrum density of the tip movement is reported.
With the fiber optic based interferometer it is possible to measure the first four
cantilever eigenmodes because they are thermally excited.

The fiber optic based interferometer could be improved as demonstrated by
Hoogenboom et al. [152] where the use of lenses improves the detection up to
1 fm√

Hz
at 1 MHz. However, in this operational set-up the optical fiber working
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Figure 4.2: Here the first 4 resonances of a triangular cantilever. The typical

background noise around 50 kHz is less than 1 pm2

√
Hz

, whereas at 10 kHz is rather

dominated by the thermal noise, few tens of pm2

√
Hz

distance is two order of magnitudes further away from the tip than in our FFM
and therefore the thermal motion of the tip cannot be artificially damped as
shown in figure 2.24(a).

4.1.3 Scanner

The scanner and the related amplifier used in the Force Feedback Microscope
(Figure 2.21) are not suitable to study small objects such as biomolecules. The
quality of the images obtained is highly affected by the vertical noise induced
by the scanner and its amplifier, of the order of one Angstrom. The quality of
the force curves obtained is affected too.
In addition, the low resonant frequencies, of the order of few hundreds of Hertz
in the three axes, do not allow the user to scan the sample faster than one line/s.
For these reasons, the quality of some of the results presented in this manuscript
would have increased if a different scanner and a different amplifier had been
employed.

4.1.4 Jump to contact

In section 2.2.4 we have discussed the proportional gains gP employed to over-
come the jump to contact. The effect on the cantilever transfer function of a
gP equal to the cantilever stiffness has been presented (Figure 2.39). Such a gP
would theoretically lead to overcome force gradients twice stiffer than the lever.
However, in the manuscript some measurements have been presented where ac-
tually the maximum attractive force gradients which has been controlled is in
the order of 5-6 times the cantilever stiffness (see figures 3.7 and 3.8 for instance).
This represents the best experimental performances of the microscope. The dis-
crepancy between the theoretical model and the experiments is still subject of
our study.
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4.1.5 Bandwidth limits: Imaging

Intrinsic FFM limits concern the operational speed. We are going to discuss the
speed limits depending on the choice of the excitation frequency at first for low
frequencies and then for higher frequencies.

Dynamic FFM at low excitation frequencies

When using low excitation frequencies, usually in liquids, the lock-in amplifier
has to integrate over an acceptable number of oscillation periods for measuring
the amplitude and the phase of the tip oscillation. This time delay is necessary
and intrinsic for each measurement with a lock-in amplifier and limits the imag-
ing speed of the microscope. When using excitation frequency of the order of
the kHz, the operational speed for the acquisition of the image should be set to
2 : 5 seconds per line when acquiring 256 pixels per line.
For instance, an excitation frequency of 1 kHz and a speed equal to 3 seconds
per line, would produce a lock-in integration time over 12 oscillation periods per
pixel. The lock-in time constant should be then set properly to maximize the
signal to noise ratio with this integration time. In the example, it would be set
to 50 ms.

Dynamic FFM at higher excitation frequencies

One could now start to think to excite the tip at higher excitation frequencies.
Since the FFM theory has been deduced modeling the cantilever as a forced
harmonic oscillator, one could in principle set a limit to the high frequencies
where this model is not valid anymore. That is the case when the higher modes
of the cantilever are located, for rectangular cantilevers at a bandwidth 6 times
higher than the first resonant frequency.
Increasing the accessible excitation frequency could be in principle possible when
using smaller and soft cantilevers with a first eigenmode in the MHz range, as
the oscillators employed in the high speed AFM (Ando et al. [58]).

4.1.6 Bandwidth limits: Force curves

The force curves reported in the manuscript have always been recorded with
approach speeds of the order of few nanometers per second. This speed was
found to be optimal to overcome the jump to contact at the solid/air and at the
solid/liquid interfaces.

In order to increase the approach speed, it is necessary to change the can-
tilevers. As discussed in the section 2.1.3 the use of fast oscillators with low Q
factors contributes to the increase of the operational bandwidth of the FFM,
since larger integral gain can be employed (equations (2.36) and (2.33)).
A possible solution for increasing the speed would then be the use of smaller
and soft cantilevers. The low Q-factors in liquids would be useful for the static
loop and the high resonant frequency could be used to increase the scan speed.
In such conditions the τ defining the time response of the oscillator would be
shorter and therefore larger integral gains could be used, providing faster ex-
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periments. The advantages given by these fast cantilevers will be discussed in
further details in the section dedicated to the perspectives.

4.2 Perspectives

In the section related to the performances we actually mentioned two important
applications where the FFM may be employed. The first application concerns
thermodynamics, in particular the measurement of non-equilibrium transitions
at the nanoscale. The second application may be the use of the instrument in
situations where the interaction force is frequency dependent.
From the instrumental point of view, future improvements have constantly been
object of discussion in our group. The following section is devoted to these
instrumental improvements. At first, we focus on the possibility to measure
friction forces with an optical fiber based interferometer. Then, we focus mainly
on the use of the optical beam deflection as detection system and the related
possibility to perform force feedback microscopy on commercial AFMs. Finally,
we focused on the problem of the scan speed and the possibilities to design an
High-Speed FFM (HS-FFM).

4.2.1 Friction forces

It has already pointed out several times that the FFM imaging modes are simi-
lar to the FM-AFM imaging where small oscillation amplitudes are imposed on
the tip. In this situation the tip is constantly interacting with the sample and
therefore friction forces could be observed, whereas such effects can be mini-
mized in AM-AFM when the oscillation amplitudes are larger.
When using a fiber optic based interferometer the information concerning the
lateral deflection of the cantilever and the related friction force is not measured.
In the optical beam deflection , when a 4-quadrant photodetector is employed,
friction forces can be measured (Marti et al. [153]).
A possible operation scheme with an optical fiber based interferometer for mea-
suring friction forces would be the one illustrated in figure 4.3. Applying a small

Figure 4.3: Operational scheme for measuring lateral forces acting on the tip
with an optical fiber based interferometer.
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sinusoidal movement to the inertial motor driving the optical fiber in the direc-
tion parallel to the cantilever backside and recovering the optical signal with
a lock-In amplifier it should be possible to measure the cantilever lateral de-
flection produced by friction forces. The proposed scheme should detect lateral
interaction at least in the low frequency regime since the optical fiber cannot
move too fast and the inertial motor neither. It could be however problematic
the movement of the optical fiber in liquids.

4.2.2 Optical beam deflection

When the optical beam deflection is used, the simple displacement of the can-
tilever base will not compensate correctly the force acting on the AFM tip. The
key point is that in the FFM paradigm the cantilever deflection is controlled
in order to keep stable the tip position, therefore a feedback loop including the
optical beam deflection would be unstable because what is measured there is
exactly the deflection of the cantilever, not the tip position.
A simple solution would rather be to keep stable the deflection of the cantilever

Figure 4.4: Bruker active probes.

end and impose an angle to the cantilever base. The operation scheme has been
tested on a commercial AFM, a Digital Instrument. The cantilevers used are
the active probes DMASP from Bruker (Figure 4.4). The cantilevers here have
a nominal stiffness of 3 N

m . The cantilever base is constituted by a piezoelectric
base that can impose an angle to the lever by applying a voltage. A preliminary
test has been performed with a Proportional - Integral - Derivative loop control-
ling the signal measured by the optical beam deflection. In this configuration,
a force curve has been acquired (Figure 4.5). Clearly, the cantilever is deflected
in order to compensate the force acting on the tip, however the angle at the
cantilever end is kept constant and the lever rather deflects at the cantilever
base. The sample is HOPG in ambient conditions.

Since the active probes are available with a stiffness that is too high for
measurements at the solid/liquid interface, a consistent improvement would be
the design of a special cantilever holder for imposing a deflection to the cantilever
base.
Ideally it would be possible to impose a lateral deflection designing the proper
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(a) A conventional static approach-retract
curve.

(b) A force feedback approach-retract curve.

Figure 4.5: a) conventional static approach-retract between the tip and the
sample. b) force feedback approach-retract between the tip and the sample.
The jump to contact is avoided.

cantilever holder in order to counteract the friction forces acting on the tip and
therefore introducing new imaging modes with a friction force feedback control.
This would lead to the possibility to study friction phenomena in non-contact
on soft material showing a consistent stretching when attracted by the tip.

4.2.3 HS-FFM

As discussed in the section 4.1, the use of the high speed cantilever for liquids
produced by Olympus, AC10DS, could significantly increase the performances
of the FFM concerning the speed of the static loop. These cantilevers have the
first resonance close to 1.5 MHz in air and 800 kHz in solution, with a Q factor
of 1-2. The stiffness is however extremely small, of the order of 0.1 N/m.
A possible application would be a High-Speed FFM that in principle would be

Figure 4.6: High-speed AFM cantilevers.

able to acquire the morphology of the specimen simultaneously to stiffness and
viscosity at high frequencies. For this purpose, a fast X/Y/Z scanner (Fukuma
et al. [154]; Ando [155]; Fantner et al. [156]) would have to be implemented.
An additional change should concern the detection system. Since the AC10DS
cantilevers (Figure 4.6) are exceptionally small (9µm x 2µm x 0.13µm), the
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optical fiber implemented in the old FFM cannot be used anymore because the
laser spot would become comparable with the cantilever size. As a consequence,
in order to perform FFM, a smaller laser spot has to be employed to detect the
displacement of the tip position. One solution could be the use of a SNOM
probe close to the cantilever backside. SNOM probes have typical aperture
radius close to 100 nm (Figure 4.7) and therefore they could be the right optic
tool for the fiber optic based interforemeter for the high-speed FFM, providing
a small laser spot on the backside of the tip. Another solution would be the

Figure 4.7: A SNOM probe. Source: Lovalite website.

use of lenses to focus a smaller laser spot on the cantilever. (Hoogenboom et al.
[152]; Leung et al. [45])
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Chapter 5

Conclusions and Summary

It is of importance to have a direct and quantitative measurement of the full
interaction between two surfaces at nanoscale. In this thesis we have addressed
different interactions at the solid/liquid and solid/gas interfaces, with a partic-
ular interest to biological specimens.
We can now summarize the most important results obtained in this work.

In the first chapter we have analyzed the state of the art of the Atomic
Force Microscopy technology, emphasizing the present and future challenges
to be addressed. Consequently, we have defined an ideal new Atomic Force
Microscope with the scope to improve the existing AFMs. In particular we have
focused our attention on the measurement of the full interaction force between
the AFM tip and the sample and on the separation of the elastic and inelastic
part of the interaction.

In the second chapter we have defined a novel AFM technique that we called
Force Feedback Microscopy. The technique is a response to some of the chal-
lenges emphasized in chapter 1. The key point is the use of a feedback loop
which stabilizes the AFM tip position. Then, we have described the novel cus-
tom - made AFM, called Force Feedback Microscope, in its components. Three
different types of actuation have been tested in order to apply a counteracting
force on the tip: a capacitive force, a magnetic force and finally the scheme
based on the displacement of the cantilever base.

The third chapter is entirely dedicated to the experimental results obtained
with the novel AFM. In the first section we studied the interactions at the
solid/gas interface with a particular interest to the observation of the nucle-
ation and rupture of capillary condensates between the tip and the sample. In
this section and in the following one, we have addressed the problem of the
”jump to contact” defining the performances and the limits of the FFM.
In the second section we addressed the problem of the interaction at the solid/liquid
interface. In particular, a complete DLVO force curve is presented and charac-
terized elastically and inelastically.
In the third section we developed new AFM imaging modes applying the new
operational schemes to the study of biomolecules. Images of phospholipids and
DNA at constant force have been shown and the mechanical Young modulus of
the samples has been evaluated when possible. Images of DNA in the repul-
sive regime and proteins at constant phase have been presented, revealing the
possibility to perform non contact AFM on biological specimen at solid/liquid
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interface in presence of attractive forces. The variation of the elastic and in-
elastic interaction during a scan in non contact are promising observables that
routinely measured in standard AFM experiments.
The fourth section focus on the study of living cells. The imaging modes
described in the previous section have been applied to living PC12 cells. A
spectroscopy study of the elasticity and the damping factor of the interaction
between the cell and the tip has been carried out. In particular, the cell vis-
coelasticity has been addressed both from the imaging and force curves point of
view. The study reveals how the FFM is an instrument capable of measuring
the interaction at frequencies which are not necessarily linked to the cantilever
eigenmodes. The spectroscopy study could have in the future important appli-
cations on the study of biomolecules and polymers.

Finally, we have discussed the performances of our FFM in the fourth chap-
ter. In addition, we suggest future improvements in order the extend the capa-
bilities of the force feedback microscopy. Among them, we remind:

• The measurement of the friction forces.

• The implementation of the technique to optical beam deflection - based
AFMs.

• The High-Speed FFM challenge.
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Appendix A

Schematic comparison
between AFM and FFM

Mode Force
Force
Gradient

Force gra-
dient at
variable
frequency

Imaging
in the
attractive
regime

Imaging
in the
repulsive
regime

Dynamic
AFM

- - force
reconstruc-
tion needed
from am-
plitude and
phase

Static
AFM

FFM

Table A.1: Schematic comparison between AFM and FFM set-up.
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The force between two particles as a function of distance is one of the most fundamental curves

in physics. Here, we describe how the force feedback microscope can routinely measure the

tip-surface interaction in the entire range of distances with a sensitivity of 1 pN and in different

media. The method allows to measure simultaneously the force, force gradient, and damping

from solely the knowledge of the lever spring constant. The jump to contact is avoided and thus

it is possible to follow the brutal nucleation of a water bridge between the tip and the surface.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4766172]

As stated by Feynman in his lectures,1 the force versus

the distance between two interacting atoms is of the utmost

importance in science being at the basis of our understanding

of interactions between two objects. From the sharp repul-

sive regime felt at very short distances, a daily manifestation

of the Pauli repulsion principle, the interaction extends for

many tens or hundreds of nanometers in a (usually) long

attractive regime. In this regime, different sources (electro-

static, magnetic, chemical, capillary, van der Waals) at dif-

ferent scales intervene, and the quantitative measurement of

the interaction over the entire span is essential for the under-

standing of the underlying mechanisms. This is well reflected

by the wealth of atomic force microscopy (AFM) experimen-

tal activity in different environments and thermodynamical

conditions covering physics, mechanics, biology, chemistry,

and soft condensed matter. However, despite the great suc-

cesses obtained by AFM2–4 and surface force apparatus

(SFA),5,6 up to now there is no instrument that can systemati-

cally and directly provide in real time the full force curve at

nanoscale and at the pN level as a real unambiguous experi-

mental result. The SFA integrates over microareas, while in

AFM, most of the time, an uncontrolled and irreversible dive

of the nanotip onto the surface prevents direct and immediate

access to the interaction in a large portion of the attractive re-

gime. This jump to contact intervenes as soon as the force

gradient overcomes the stiffness of soft AFM microlevers

used for high sensitivity probing. Despite previous efforts to

overcome this limitation,7–9 it still remains intrinsic to the

AFM paradigm. It is rather unfortunate because if the repul-

sive interaction is essential to locate atoms and to obtain sur-

face topography, the chemical and physical specificities of

the surface of the nano-objects deposited there can only be

characterized by measuring the non contact attractive inter-

action curve. Moreover, Collin et al.10 have experimentally

shown that thermodynamic quantities such as the folding

free energy of RNA can be extracted from controlled meas-

urements of non equilibrium cycles using the Crooks fluctua-

tion theorem.11 They used optical tweezers to continuously

measure position and force during folding and unfolding of

RNA hairpins. The force feedback microscope (FFM)

described here provides full control of tip position during a

force measurement, opening the possibility to extend this

strategy to forces ranging from a piconewton to above a

nanonewton.

AFM operations are based on the static contact mode

and on the amplitude modulation mode (AM-mode)12 with

all its associated variants such as frequency modulation

mode.13 The dynamical modes probe the tip-surface interac-

tion by quantifying the perturbation that this interaction

induces on the lever oscillations as it is excited at resonance.

In the linear regime, i.e., when the oscillation amplitudes are

kept small, the force gradient exerted on the tip by the sur-

face determines a shift in resonance frequency. The oscillat-

ing modes can be easily activated either on the attractive or

on the repulsive portion of the interaction with no jump to

contact. However, they face two contradictory constrains: on

one side, the amplitude of vibration has to be kept small to

avoid non linearities induced by the curvature of the force

curve and on the other, the amplitude of vibration should be

large enough to have a high sensitivity in detecting the force

gradient and to avoid jump to contact when the lever is soft.

All this leads to clear difficulties in the use of oscillating

modes for measuring directly and in real time the force gra-

dient rF and the damping c with high resolution. Further-

more, the force sensitivity is essentially controlled by the Q/
k ratio, where Q and k are, respectively, the quality factor

and stiffness of the cantilever. This ratio acts as the gain of a

mechanical amplifier. In liquids, the large decrease of Q
down to values close to one essentially suppresses the key

advantage of working at resonance. Many research pro-

grams14 are nowadays pursued to overcome these difficulties

that affect AFM oscillating modes since their inception.

The FFM measures the interaction force in its entire

range. An example is given in Fig. 1 where the complete

force curve measured by the FFM is compared with a stand-

ard AFM approach. The system is the prototypical mica sur-

face in deionized water explored with a silicon nitride tip.

In liquids, charges between tip and surface may induce a

non contact repulsion. The combination of this electrostatic

interaction with van der Waals attraction leads to a charac-

teristic behavior visible in Fig. 1 and described by the

DLVO theory.6,15–17
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The tip-surface interaction force is obtained by meas-

uring the counterforce that must be applied to keep the tip

position Xtip constant, i.e., the tip does not move relative to

the laboratory reference frame. Tip-surface interaction is

plotted as a function of the sample motion. The accuracy of

the tip-sample distance depends on the calibration of the

sample z piezoelement and on its linearity. The lack of hys-

teresis in the curves of Fig. 1. shows that within the excur-

sion done by the sample, the z piezoelement behaves rather

linearly.

To keep the tip motionless (Xtip ¼ 0), a feedback loop,

shown in red in Fig. 2, generates an external force that off-

sets the interaction force on the tip: Fsurface=tipðtÞ ¼ �kðXpsðtÞ
�XtipÞ, where XpsðtÞ is the position of the clamped extremity

of the microlever on which a piezoelement acts. The knowl-

edge of XpsðtÞ and of the cantilever spring constant gives the

force Fsurface=tip whatever the distance between the surface

and the tip. As the jump to contact is prevented, AFM levers

with very low stiffness k can be used leading to increased

force sensitivity.

In addition to the force applied by the lever to the tip,

Flever=tip ¼ kðXpsðtÞ � XtipÞ, that keeps the average position

of the tip constant (Xtip ¼ 0) and prevents the jump to con-

tact, an excitation at a selected frequency x is controlled by

a second feedback loop, in order to keep the oscillation am-

plitude DXtip constant in all the interaction range. The fre-

quency x can be chosen arbitrarily. In the example shown

here, the frequency is 1.1 kHz. The oscillation amplitude

DXtip is kept reasonably large but below values characteriz-

ing features of the force curves, which are typically of some

tens of pN.

As shown in Fig. 2, in the FFM dynamic mode, the

measured experimental values are the voltage amplitude

vpðdÞ (v1p when d, the tip-surface distance is made very

large) needed to keep the tip oscillation amplitude constant

and the phase /ðdÞ (/1 when d is made very large) between

the lever oscillation and the excitation. Imaging can be done

by changing the sample position so that either the force

between tip and surface, the amplitude of oscillation, or the

phase change is kept constant.

The force gradient rFðdÞ and the damping c are derived

directly from vpðdÞ; v1p ; /ðdÞ and /1.

The force gradient can be written using the normalized

lever voltage excitation vnðdÞ ¼ vpðdÞ=v1p :

rFðdÞ ¼ a½cosð/1Þ � vnðdÞcosð/ðdÞÞ�; (1)

and the damping using a similar and closely related

expression

cðdÞ ¼ a

x
½�sinð/1Þ þ vnðdÞsinð/ðdÞÞ�: (2)

Parameters a and /1 are linked to the physical probe

employed, to the FFM set up, and to the experimental envi-

ronment (liquid, vacuum, gas). They are determined by

the dynamic response function of the instrument and are

therefore frequency dependent but do not depend on the tip-

surface interaction. Although not bounded to this oversimpli-

fied model, the expressions for a and /1 are straightforward

to deduce considering the cantilever as a mass-spring sys-

tem.18 To note that these constants have embedded all the

dynamic information required to quantitatively treat the data.

The elements constituting the FFM are shown in Fig. 2.

Rather than using the lever deflection, the precise position of

the tip is measured by using a cleaved optical fiber posi-

tioned at the back of the lever.19 The distance between the le-

ver and the fiber end is around 10 lm, constituting a Fabry

Perot cavity20,21 with a sensitivity close to 1 pm Hz�1=2. The

cavity is used to calibrate the piezoelement response. Cali-

bration of the lever stiffness k is done using the thermal

method and results in a 10% uncertainty.22 Since displace-

ments of the piezoelement end position Xps as low as 10 pm

can be detected, the use of a cantilever with 0.014 N/m stiff-

ness (Fig. 1) brings the theoretical limit in sensitivity below

the piconewton regime.

The fact that the total motion of the tip is measured

through the optical fiber, not just the cantilever deflection

avoids difficulties as those mentioned in Ref. 23. The constant

a, whose units are N/m, is the equivalent of a dynamic stiffness

while /1 is related to the loss of energy to the surrounding

FIG. 1. Force curves measured with silicon nitride tips on a cleaved mica

surface immersed in deionized water. (a) The FFM is used to measure the

full force curve (black curve) with a lever of stiffness k¼ 0.014 N/m. The

vertical green bar marks the location of the jump to contact if the FFM pro-

tocol would be deactivated and a regular AFM approach curve would be per-

formed. The blue and red curves (shifted upward for clarity) show that it is

possible to track reversibly back and forth and with no hysteresis any portion

of the attractive part of the interaction. (b) AFM conventional static mode

with a lever of stiffness k¼ 0.028 N/m. As the tip approaches the surface,

the uncontrolled jump to contact occurs when the gradient of the force

exerted by the surface on the tip exceeds k. The characteristic hysteresis

curve is well visible.

FIG. 2. Block diagram of the FFM operation. Static mode (red loop): Xps via

the lever stiffness k gives directly the static force acting on the tip. Dynamic

mode (blue loop): the tip oscillation DXtip is kept constant. The voltage vpðdÞ
and the phase /ðdÞ applied to the piezoelement are measured quantities from

whichrFðdÞ and cðdÞ are determined; d is the tip-surface distance.
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media. These constants can be measured in the real experi-

mental environment to define the instrument calibration when

FFM dynamic mode is used. This is very similar to the deter-

mination of k and Q to which a and /1 are closely related. No

further a posteriori treatment is needed to access the details of

the tip-surface interaction.24

In an FFM experiment, changes in the interaction force

do not lead to any change in distance between the tip and the

surface. The force versus distance can be explored at ease by

slowly and continuously varying the tip-surface distance. A

typical occurrence is when a capillary water bridge nucleates

between a nanotip and the surface.25,26 The measure of this

sudden and strong force variation is presented in Fig. 3 to-

gether with the related increase of the attractive force as the

tip is slowly moved toward the surface shortening the capil-

lary bridge.

To avoid the jump to contact, the piezoelement on which

the lever is directly attached must have a resonance fre-

quency higher than that of the lever. In this case, the reso-

nance frequency of the piezoelement is of about 140 kHz,

whereas that of the cantilevers used are of few tens of kHz.

Another point is that for the system to work, it must be

almost over-damped. This is common to many control sys-

tems when it is important to avoid overshooting. In liquids,

the lever is easily naturally over-damped in which case PI

control is usually enough. In air or vacuum, the system is not

intrinsically over-damped. In these cases D, the differential

gain (feeds back an amount proportional to the lever speed),

is essential by effectively damping the cantilever motion.

Preliminary results show that in vacuum, the cantilever stiff-

ness can be lowered by at least one order of magnitude when

compared to the stiffness needed to avoid the jump to contact
without the force feedback loop.

The FFM is a new tool to measure forces associated to

fluid behavior at nanoscale. The possibility of measuring

non-equilibrium transformations to determine equilibrium

thermodynamic quantities10 should find here another applica-

tion even when the intervening forces are larger than 1 nN,

exceeding the capabilities of optical tweezers. The hysteresis

loop presented in Fig. 3 is determined by the intrinsic charac-

ter of the capillary bridge condensation and rupture. Repeated

measurements of hysteresis cycles under different external

conditions such as hygrometry level should lead to the deter-

mination of the associated free energy after data processing

based on a formal treatment similar to the one used by Collin

et al., opening the possibility of a detailed and quantitative

study of the capillary bridge between tip and surface.

The simultaneous and independent measurement of the

force and force gradient as a function of distance confers

another original and key advantage to FFM since static and

dynamic information can be extracted in parallel. Fig. 4

shows a complete sequence of measurements and real time

data analysis leading to the determination of the force

approach curve using the two methods, the static and the

dynamic one. Panel f in Fig. 4 contains the direct measure-

ment of the force curve F(d) using the static mode. A second

method to obtain F(d) is based on the numerical integration

of the force gradient rFðdÞ determined using the measure-

ments of vnðdÞ and /ðdÞ shown in Figs. 4(a) and 4(b),

respectively. The constants a and /1 are determined from

best fitting a measured static force curve. For any given fixed

instrumental configuration, the parameters a and /1 can be

treated as calibration constants. In the specific case, their

FIG. 3. Force curves measured by FFM in air on a hydrophilic silicon native

oxide surface using a silicon tip and a lever of stiffness k¼ 0.35 N/m. When

the tip-surface distance is around 10 nm, a capillary bridge suddenly forms

and the force abruptly increases to about 10 nN. When the tip is further

approached, the force keeps increasing up to 20 nN. On the return path, the

hysteresis is well visible. The hysteresis is intrinsic to the capillary bridge

properties and not related to the apparatus response. The inset shows the

position of the tip measured during the experiment.

FIG. 4. Force curves. Classical silicon nitride tip on a lever of stiffness

k¼ 0.015 N/m. The tip interacts with the surface of freshly cleaved mica.

The measurement is performed in deionized water at f¼ 1125 Hz. The tip

oscillation DXtip is 0.2 nm. (a) Normalized piezoelectric excitation vnðdÞ
¼ vpðdÞ=v1p , where vpðdÞ is the voltage applied to the piezoelement to keep

the tip oscillation amplitude constant and v1p ¼ vpðdÞ as d is very large; (b)

/ðdÞ is the phase between vpðt; dÞ and the tip oscillation. (c) rFðdÞ deter-

mined using Eq. (1) applied to data (a) and (b); (d) damping cðdÞ determined

using Eq. (2); (e) result of the numerical integration of rFðdÞ, i.e., of the

curve (c); and (f) the numerical integration of rFðdÞ is compared to the

measured force.
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values are a¼ 0.051 N/m and /1 ¼ �54�. Comparison of

the integrated force gradient (Fig. 4(e)) and of measured

force (Fig. 4(f)) shows a strong reduction in noise from about

10 pN in the broadband direct static force measurement to 1

pN in the numerically integrated force gradient that has been

measured using a narrow lock-in bandwidth around the exci-

tation frequency x.

Fig. 4 characterizes a measurement strategy that besides

determining the force gradient rFðdÞ, provides a complete

measurement of the force curve F(d) with piconewton sensi-

tivity from the combined and simultaneous use of the two

FFM modes.

We believe that, in the large family of scanning probe

microscopy, among the different AFM modes, the FFM rep-

resents a new approach when it is to measure simply and

directly forces at nanoscale and at the piconewton level. The

FFM enables a user to have the full control of the tip-surface

interaction (no sudden jump to contact) and to describe its

evolution versus tip-surface distance in any environment.

Vacuum conditions or operation in liquids do not affect the

FFM working principle allowing measurements to be carried

out easily also on those environments. The force, either

attractive or repulsive, the force gradient, and the damping

are all directly measured on line. For example, FFM opens

the possibility to routinely measure images in non contact

mode. FFM provides a new tool to explore challenging ques-

tions such as properties of fluids at nanoscale.
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4D. J. M€uller and Y. F. Dufrêne, Trends Cell Biol. 21, 461 (2011).
5D. Tabor and R. H. S. Winterton, Proc. R. Soc. Lond. A 312, 435 (1969).
6J. Israelachvili, Intramolecular and Surface Forces (Academic, London,

1992).
7S. A. Joyce and J. E. Houston, Rev. Sci. Instrum. 62, 710 (1991).
8S. P. Jarvis, H. Yamada, S.-I. Yamamoto, H. Tokumoto, and J. B. Pethica,

Nature 384, 247 (1996).
9J. R. Bonander and B. I. Kim, App. Phys. Lett. 92, 103124 (2008).

10D. Collin, F. Ritort, C. Jarzynski, S. B. Smith, I. Tinoco, Jr., and C. Busta-

mante, Nature 437, 231 (2005).
11G. Crooks, Phys. Rev. E 60, 2721 (1999).
12Y. Martin, C. C. Williams, and H. K. Wickramasinghe, J. Appl. Phys. 61,

4723 (1987).
13T. R. Albrecht, P. Gritter, F. Horne, and D. Rugar, J. Appl. Phys. 69, 668

(1991).
14T. Ando, Nanotechnology 23, 062001 (2012).
15B. V. Derjaguin and L. Landau, Acta Physicochim. URSS 14, 633 (1941).
16B. V. Derjaguin and L. Landau, Sov. Phys. JETP 15, 663 (1945).
17E. J. W. Verwey and J. T. G. Overbeek, Theory of the Stability of Lyopho-

bic Colloids (Elsevier, Amsterdam, 1948).
18For a mass-spring system driven by a motion of the base to which the

spring is attached, the constants take the form a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk � mx2Þ2 þ c2x2

q

and /1 ¼ arctan½cmx=ðx2 � x2
0Þ� with cm ¼ c=m.

19D. Rugar, H. J. Mamin, and P. Guethner, Appl. Phys. Lett. 55, 2588

(1989).
20G. Jourdan, A. Lambrecht, F. Comin, and J. Chevrier, Europhys. Lett. 85,

31001 (2009).
21J. L. Hutter and J. Bechhoefer, Rev. Sci. Instrum. 64, 1868 (1993).
22H. J. Butt and M. Jaschke, Nanotechnology 6, 1 (1995).
23D. Kiracofe and A. Raman, Nanotechnology 22, 485502 (2011).
24It is not assumed the lever to behave like a simple known mass-spring sys-

tem, hence the constants a and /1 are measured.
25R. Szoszkiewicz and E. Riedo, Phys. Rev. Lett. 95, 135502 (2005).
26E. Charlaix and M. Ciccotti, Capillary Condensation in Confined Media,

Handbook of Nanophysics 1 (CRC, 2010).

203105-4 Rodrigues et al. Appl. Phys. Lett. 101, 203105 (2012)

Downloaded 14 Nov 2012 to 217.128.202.107. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Imaging material properties of biological
samples with a force feedback microscope†

Luca Costaa,b*, Mario S Rodriguesc, Emily Newmand, Chloe Zubietaa,
Joёl Chevriera,b,e and Fabio Comina

Mechanical properties of biological samples have been imaged with a force feedback microscope. Force, force gra-
dient, and dissipation are measured simultaneously and quantitatively, merely knowing the atomic force microscopy
cantilever spring constant. Our first results demonstrate that this robust method provides quantitative high resolu-
tion force measurements of the interaction. The small oscillation imposed on the cantilever and the small value of its
stiffness result in vibrational energies much smaller than the thermal energy, reducing interaction with the sample
to a minimum. We show that the observed mechanical properties of the sample depend on the force applied by the
tip and consequently on the sample indentation. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: atomic force microscopy; DNA, Phospholipids; stiffness; damping coefficient; force feedback microscopy; local
mechanical impedance; proteins

INTRODUCTION

Atomic force microscopy (AFM) has been a powerful technique
for analyzing the physical properties of materials down to nano-
scale for years. More recently, AFM has made its entry in the bi-
ological world, where the fragile nature of samples has
prompted new challenges and has led to considerable optimiza-
tion of AFM techniques (Tetard et al., 2008; Raman et al., 2011;
Ando, 2012; Cartagena et al., 2013). One issue is linked to the
softness of the samples with respect to the AFM tip that imposed
the minimization of the contact between tip and sample. There
is also the increasingly urgent need to extract quantitative values
for the mechanical and chemical properties of the studied sys-
tems. In this work, we address specifically these two aspects.
In conventional AFM, a cantilever with a nanosized tip is used

to explore the entire range of tip–sample forces in one single
vibrational cycle. The tip–sample interaction does couple the
eigenmodes of the cantilever, but typically, only the information
contained in the first eigenmode is studied. However, the cou-
pling with higher modes is highly nonlinear for relatively large
amplitudes of oscillation, and energy is transferred to higher har-
monics (Stark and Heckl, 2003; Stark, 2004). Consequently, if the
cantilever response is measured only at the excitation frequency,
close to the first eigenmode, then part of the tip–sample interac-
tion is masked and not measured. To overcome the problem,
methods have been developed where several modes and/or har-
monics are measured contemporaneously (Raman et al., 2011;
Garcia and Herruzo, 2012; Kareem and Solares, 2012). Now, diffi-
culties in dealing with biological samples include the fact that
the measurements are usually carried out in liquid. When
imaging in liquid, the AFM cantilevers have to be stiff enough
to maintain an acceptable quality factor to run dynamic AFM
measurements. This, together with the large amplitudes of oscil-
lation imposed, results in large excitation energies when com-
pared with thermal energy. Excitation also in other frequencies
further increases the excitation energy and the consequent

energy transfer to the sample via the tip–sample interaction.
To decrease both the excitation energy and the pressure exerted
on the sample by the tip, it becomes of paramount importance
to decrease both the cantilever stiffness and the amplitude of
oscillation. Moreover, small oscillation amplitudes result in a
negligible coupling to higher harmonics.

Recently, this strategy has been implemented in a new instru-
ment called force feedback microscope (FFM) (Rodrigues et al.,
2012) where very soft cantilevers and small amplitudes of oscilla-
tion are adopted to minimize the interaction energy. The cantile-
ver stiffness is typically kept in the order of 0.01 N/m, and the
oscillation amplitude is about 0.3 nm. The typical excitation
energy imposed on the cantilever is E≈ kx2≈ 10× 10� 22J,
whereas kBT≈ 41 × 10� 22, implying that the excitation energy is
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kept below the thermal energy. This can be compared with nor-
mal AFM measurements, where the amplitude and the stiffness
are at least a factor 10 higher (3 nm and 0.2 N/m), which make
a factor 1000 in energy. Moreover, using small amplitudes of os-
cillation also offers the advantage that it can be assumed that at
any given distance, the tip–sample interaction is linear, justifying
the use of very simple equations to describe the interaction. In
turn, this has the consequence that the changes in normalized
oscillation amplitude and phase can be mapped directly into
stiffness and damping of the sample. One central aspect of
FFM is that rather than assuming a certain dynamic behavior of
the cantilever, it is possible to calibrate its dynamics as a function
of a measured reference interaction. This makes it possible to
quantify easily the tip–sample interaction regardless of the cantile-
ver response spectrum. In liquid conditions and in particular when
soft cantilevers are used, it is often difficult to precisely obtain a
quality factor (Q) or even identify the resonance frequency f of
the cantilever. These two constants are essentially irrelevant when
using the method described here. The frequency used during the
measurements is arbitrarily chosen and kept constant during a
measurement. The responses in frequency of the liquid and of
other mechanical parts do not influence the quantitative analysis.

The results reported on this work show how the FFM enables to
obtain the topography, force, force gradient, and dissipation in
one single scan and how the interaction can be measured quanti-
tatively solely from the knowledge of the spring constant of the
cantilever. The range of the xyz scanner used was rather large
(100×100×100μm3) limiting the spatial resolution. This does
not limit the significance of our results, because our main goal is
to demonstrate the possibilities offered by the method. We used
three different samples: DNA, lipids, and protein complexes in
liquid media. For all the three samples, the substrate was mica.

MATERIALS AND METHODS

Force feedback microscopy

The FFM is a custom-made AFM, which utilizes a fiber optic-based
interferometer tomeasure the position of the AFM tip. Before taking
an image, a set of approach curves onto the mica substrate are
performed to calibrate the cantilever dynamics. A typical curve is
shown in Figure 1. The FFM feedback loop keeps the position of
the tip constant relative to the laboratory reference frame. The force
supplied by the loop is then equal and opposite to the tip–sample
interactions (Rodrigues et al., 2012). The cantilever deflected the
amount necessary to keep the tip stationary. The calibration is a
measurement of how the cantilever responds elastically and
inelastically to forces at the frequency and in the medium chosen.
To perform the calibration, the oscillation amplitude, excitation
amplitude, and phase are recorded as a function of the distance
(or interaction) resulting in a so-called approach curve.

∇F ¼ a cos ϕ∞ð Þ � ncos ϕð Þ½ � (1)

γ ¼ a
ω

sin ϕ∞ð Þ � nsin ϕð Þ½ � (2)

Equations 1 and 2 are used to convert measured data to inter-
action parameters, namely, to force gradient ∇F and viscous
damping γ (Rodrigues et al., 2012). The tip–sample force gradient
corresponds to the negative of the tip–sample stiffness and for

that reason, we may use stiffness or force gradient to refer to the
same physical characteristics of the interaction. In the aforemen-
tioned equations, a and ϕ are calibrated constants, n is the
normalized amplitude (i.e., the ratio excitation amplitude to os-
cillation amplitude normalized to one at infinity), and ω is the
angular velocity of the excitation. Infinity here represents a
distance between the tip and the sample exceeding 10–20 nm.
The strategy consists in finding which constants, a and ϕ∞,
satisfy the condition that the integral of the force gradient is
equal to the force. Because the force is simply F= kΔx, the only
constant that is required for calibrating the cantilever dynamics
at that specific frequency and in the specific media is the canti-
lever stiffness k necessary to obtain the force. To note that, the
force is actually the amount of force that the feedback loop
needs to supply to the tip to maintain it at equilibrium. The
method to calibrate the cantilever is described in detail in refer-
ence (Rodrigues et al., 2012). To obtain the images, a second
feedback loop is used. This second feedback loop operates in
the same way as in any other typical AFM measurement, moving
the sample to and fro maintaining constant a chosen signal, typ-
ically the amplitude of oscillation. Here, instead of the amplitude
of oscillation, we have used either the phase of oscillation or the
tip–sample force. The second feedback loop works simulta-
neously to the first feedback loop, which keeps the tip stationary.
Bruker MSNL and MLCT rectangular cantilevers have been

employed in this work. The nominal stiffness is 0.02 N/m, and
the nominal tip radii are 2 nm (MSNL) and 20 nm (MLCT).
Whereas their resonance in air is close to 15 kHz, these cantile-
vers are consistently damped in solution so that the resonance
is broadened and shifted down to 3–4 kHz when measured using
an optical beam deflection AFM scheme. The change is even
more pronounced in the FFM due to the optical fiber proximity
of the cantilever in liquid. The fiber influence can even over-
damp the cantilever and essentially suppress the resonance.
MSNL probes have been employed for the measurements of
the DNA and the proteins, whereas the MLCT have been
employed for the measurements of the lipids.

Figure 1. Approach curve for calibration of the force sensor. The sample
is clusters of TBK1 and OPTN complexes on mica. (a) normalized excita-
tion, (b) phase difference, (c) tip–sample stiffness, (d) damping coeffi-
cient, (e) negative of integrated force gradient, and (f) force (red)
comparison with tip–sample stiffness (blue, thinner line).
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DNA

The sample was prepared using a solution containing Mg2+
divalent cations to bind the DNA on top of freshly cleaved mica
(Hansma et al., 1995; Lushnikov et al., 2003; Li et al., 2013). In our
experiments, we used 1000 base-pair DNA and supercoiled DNA.
A buffer 10mM HEPES and 5mM MgCl2 at pH 6.5 were used to
dilute the DNA up to 1 nM concentration. A drop of 10μl of
the DNA solution has been deposited on freshly cleaved mica
and left incubated for 20min. The drop is then rinsed with
500μl of 10mM HEPES and 5mM MgCl2 at pH 6.5, and the
sample is imaged in buffer with the FFM.

Phospholipids

The phospholipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE) was used to obtain self-assembled lipid layers onmica. Lipids
were diluted in chloroform at a concentration of 0.1g/L. About 20μl
of solutionwas directly applied on freshly cleavedmica at room tem-
perature. The specimen was incubated for 15min and then washed
several times with deionized water. The sample is imaged in 20mM
Tris and 150mM NaCl at pH7.5 with the FFM.

Tank binding kinase (TBK1) and optineurin (OPTN) protein
complexes

The TBK1Â/OPTN sample was prepared by adding the two puri-
fied proteins in equimolar ratios and purifying the 1:1 complex
via size exclusion chromatography. The complex was diluted
with deposition buffer (20mM HEPES and 5mM MgCl2) to
34 nM. Sample grids were prepared by applying 20μl of poly-L-
lysine to freshly cleaved mica to render the surface positively
charged (Muller et al., 1997; El Kirat et al., 2005). After 5min of
incubation, the mica was rinsed with dH2O and dried with
gaseous nitrogen. Subsequently, 2μl of the TBK1Â/OPTN sample
was added to the mica and incubated for 10min. The mica was
rinsed with deposition buffer and imaged with the FFM in non-
contact mode.

RESULTS

The first case we present here is that of DNA on mica. Imaging
DNA in a MgCl2 solution is particularly difficult.
Figure 2 shows the topography, force, stiffness, and damping

images of DNA. A cantilever with 0.02N/m stiffness was used.
The excitation frequency was 3.555 kHz and an oscillation ampli-
tude of about 0.3 nm. To obtain the topography, the phase
difference between excitation and oscillation was used as set
point in the topography feedback loop. This corresponded to
an image at constant damping. Figure 2 shows the damping
image resembling an error image. The same figure also provides
local force changes (Figure 2(b)) and local stiffness changes
(Figure 2(c)). We observe the interaction force to be close to zero
when the tip is over the mica. When the tip is over the DNA, we
observe an interaction force equal to 150 pN. We conclude that
the indentation on the DNA is therefore larger than the one on
mica, indicating the DNA to be less viscous than mica. The mea-
sured local force gradient on DNA is larger than that measured
on mica at this dissipation.
In Figure 3, supercoiled DNA has been imaged at a constant

repulsive force of 100 pN. The excitation frequency was
3.57 kHz, the oscillation amplitude was 0.3 nm, and the cantilever

stiffness was 0.02N/m. In this imaging mode, we acquired the
stiffness and the damping coefficient simultaneously to the to-
pography. In this case, the DNA is softer than mica by one order
of magnitude (Figure 3(c)). Moreover, DNA is less viscous than
mica (Figure 3(d)), in agreement with the measurement
presented in Figure 2. We conclude that the constant dissipation
imaging mode can be seen as a measurement of the local stiff-
ness for different interaction forces, because the damping
coefficient largely changes as a function of the interacting sam-
ple. In conclusion, the local stiffness of the 1000 base-pair DNA
at 150 pN is found to be 0.025N/m (Figure 2(c)), whereas for
the supercoiled DNA at 100 pN, it is found to be 0.01 N/m
(Figure 3(c)).

As a second case, we show an image of lipid membranes.
Phospholipids are the major components of all cell membranes,
constituting the matrix for membrane proteins. Cells can
perform many physiological functions through the membrane,
including molecular recognition, intracellular communication,

Figure 2. Force feedback microscope images of DNA deposited on mica
in liquid solution. (a) topography, (b) force, (c) stiffness, and (d) damping.
The scale bar is 500 nm. Here, the feedback signal used for imaging is the
phase of oscillation in repulsive regime yielding an almost constant
damping image.

Figure 3. Force feedback microscope images of supercoiled DNA de-
posited on mica in liquid solution. (a) topography, (b) force, (c) stiffness,
and (d) damping. The scale bar is 400 nm. Here, the feedback signal used
for imaging is the force in repulsive regime.
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and cell adhesion (Dufrene et al., 1997), but the direct observa-
tion of these biological events at the nanoscale is still a
challenge. Simplified two-dimensional systems called artificial
membranes are used to simulate cell membranes. These mem-
branes assembled with phospholipids are intensively studied as
a model for the cell membrane (Milhiet et al., 2003) and mem-
brane/proteins interaction (Casuso et al., 2012) with the AFM.
The measurements were performed at a constant repulsive force
of 50 pN. A small oscillation amplitude of 0.2 nm at 7.01 kHz was
imposed on the tip. In the topography, Figure 4(a), the thickness
of the DSPE layers is found to be 6.5 ± 1 nm, indicating the DSPE
to form a bilayer (Schneider et al., 2000).

The images clearly provide more information than just the to-
pography. In Figure 4(c), for example, the color contrast indicates
when the tip is over the membranes as they appear locally softer
than the substrate. This is in agreement with the measurements
performed in the last decade with the acquisition of static force
curves and peak force techniques (Sullan et al., 2009; Rico et al.,
2011). Moreover, we observe that thicker layers of lipids are
softer and less viscous than a single bilayer. This is likely because
of the lower influence of the substrate.

The last example we show is a non-contact image of clusters
of the TBK1 and OPTN protein complexes. The characterization
of biologically relevant protein–protein complex is essential for
understanding fundamental cellular processes. The TBK1 is a
vital protein involved in the innate immune signaling pathway.
TBK1 forms a complex with the scaffold protein OPTN. This com-
plex (TBK1Â/OPTN) has not yet been characterized structurally
because of its large size and intrinsic flexibility. Structural charac-
terization would help to elucidate how the complex is involved
in reducing the proliferation of invading bacteria (Wild et al.,
2011). A small oscillation amplitude of 0.2 nm at 2.2 kHz was

imposed on the tip and the cantilever calibrated. The calibration
curves for this measurement are presented in Figure 1. Despite a
possible contamination of the tip that might induce artifacts in
the images, the clear and stable presence of short-range attrac-
tive forces between the tip and the sample gives the opportunity
of acquiring a non-contact image. In the context of biomechan-
ics, this is an important instrumental challenge, even if for the
moment it does not add anything to our knowledge of the stud-
ied system. The FFM static feedback loop ensures that the tip po-
sition is kept constant, avoiding the jump to contact due to the
short-range attractive forces between tip and sample (Rodrigues
et al., 2012). The static feedback loop is therefore artificially
increasing the stiffness of the cantilever, permitting the tip to
stay in a stable position at a short distance from the sample in
the non-contact regime. The phase difference between excita-
tion and tip oscillations was used as set point for the acquisition
of the topography due to its monotonicity as a function of tip–
sample distance. Here, the images clearly provide more informa-
tion than just the topography. In this case, contrary to the first
two examples, the stiffness (Figure 5(c)) is not linked to the
common sample stiffness as such a property would imply direct
contact with the sample that in this specific situation is absent.
In all the three cases presented, the images are provided with

absolute values, based on the experimental cantilever calibra-
tion. The error propagation associated to the measurements
comes from the cantilever stiffness alone. In conclusion, we have
shown that the FFM can provide quantitative images of the
mechanical properties of biological samples in liquid media.
Depending on the property of interest, a particular signal for
the feedback loop can be selected. We have shown two config-
urations: one where the signal to the topography loop is the
force and another where the phase is used; other signals such
as the amplitude can also be used. The phase seems to be in
general a good option because it is often monotonous regard-
less of the nature of the interaction. The monotonicity is mainly
because the chosen frequencies (2.2 and 3.5 kHz) are both not
at resonance, which hardly exists in this heavily damped system.

Figure 4. Force feedbackmicroscope images of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamineDSPE deposited onmica in liquid solution. (a) topogra-
phy, (b) force, (c) stiffness, and (d) damping. The scale bar corresponds to
1000nm. The signal chosen for the feedback was a small repulsive force
of 50pN.

Figure 5. Force feedback microscope images of clusters of tank binding
kinase and optineurin complexes deposited on mica in aqueous solution.
(a) topography, (b) force, (c) stiffness, and (d) damping. The scale bar is
1μm. This image was taken in attractive regime using the phase as the
feedback signal.
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In FFM, the high sensitivity is determined by the small cantilever
stiffness chosen and not by resonance phenomena.
In this work, we have provided the stiffness and damping

coefficient of the sample. With the FFM, the simultaneous
measurement of the interaction force and force gradient leads
to the possibility of directly obtaining Young’s modulus indepen-
dently from the indentation. If we consider the tip as a parabo-
loid indenter, in the Hertz contact model, the force versus the
indentation depth is given by

F ¼ 4
3
E�

ffiffiffi

R
p

δ3=2 (3)

where R is the tip radius, δ is the indentation depth, and E* is the
surface elastic constant of the sample, defined by the following
equation assuming no deformation of the tip

E� ¼ E
1� ν2

(4)

with ν as the Poisson ratio, here assumed to be 0.5, and E the
Young’s modulus.
Relation 5 permits to obtain the sample Young modulus, inde-

pendently of the indentation δ.

ΔFð Þ3
F

≈11RE2 (5)

In the case of DSPE (Figures 4), considering a tip radius of
20 nm (nominal value), the measured stiffness is 0.08N/m at

50 pN of applied force. From relation 5, the Young modulus
is 6.9MPa, which is comparable with the Young modulus of
7–8MPa measured on DOPC/DPPC SLBs in fluid and gel phase,
respectively, at 100 pN of applied force (Picas et al., 2012).

CONCLUSIONS

These proofs of principle experiments underscore the general
philosophy of FFM and the benefits of the FFM in providing qual-
itative and quantitative in situ characterization of biological sam-
ples. Furthermore, the FFM can provide quantitative data on
viscoelasticity at any given frequency because the choice of
working frequency is arbitrary and independent of the cantilever
resonant mode. Thus, it is possible to obtain images or approach
curves at different frequencies to explore the local mechanical
impedance of samples.
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It was shown recently that the Force Feedback Microscope (FFM) can avoid the jump-to-contact in

Atomic force Microscopy even when the cantilevers used are very soft, thus increasing force

resolution. In this letter, we explore theoretical aspects of the associated real time control of the tip

position. We take into account lever parameters such as the lever characteristics in its environment,

spring constant, mass, dissipation coefficient, and the operating conditions such as controller gains and

interaction force. We show how the controller parameters are determined so that the FFM functions at

its best and estimate the bandwidth of the system under these conditions. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864127]

I. INTRODUCTION

The Atomic Force Microscope (AFM) was introduced

almost 30 yr ago.1 The idea consists in mounting an ultra

sharp tip on a beam (cantilever) and then scan it over a sur-

face while recording the deflection of the beam. Since its

invention, the technique has been and still is progressing

very fast and with it our understanding of phenomena that

occur at the nanoscale and sometimes even at the atomic

level. It naturally evolved from a static to a dynamic tech-

nique.2 Dynamic AFM, in turn, allowed for other techniques

to emerge, such as magnetic force microscopy,3 electrostatic

force microscopy,4 kelvin probe microscopy,5 and many

other modes have been introduced since then. Yet, despite

the enormous evolution the AFM has made, it still has the li-

mitation that the tip position becomes unstable at close prox-

imity to the sample. This instability, commonly referred to

as jump-to-contact, happens when the cantilevers used have

spring constants on the order of the N/m comparable to the

force gradients that form when the tip is brought close to the

sample surface. When the attractive tip-sample force gradi-

ent equals the spring constant of the cantilever the instability

occurs. Avoiding the jump-to-contact implies a minimum

limit either in the cantilever stiffness or in the oscillation am-

plitude. For a particular interaction, if increasing the cantile-

ver stiffness is not sufficient to overcome the tip instability,

then increasing enough its kinetic energy avoids the jump to

contact.6 These strategies, however, pose several problems:

the stiffness of the cantilever limits the resolution in force;

large amplitudes of oscillation make it difficult to quantita-

tively analyze the interaction and the later also decrease the

lateral resolution.7 The use of very stiff cantilevers, such as

tuning forks7 solve the instability problem but make it

impossible to measure the tip-sample forces. To overcome

this conundrum some solutions have been proposed in the

past8–10 and more recently Force Feedback Microscopy

(FFM).11,12 These techniques have in common the use of a

feedback loop to maintain tip stability by counteracting the

tip sample force with an equal but opposite amount of force.

Here, we will consider the case where the counteracting

force is controlled by a proportional integral differential (PID)

controller. The force results from the addition of three compo-

nents: proportional to the tip position gp; proportional to the

time integral of the tip position gi; and proportional to the

time derivative of the tip position gd. The PID controller gains

are gp, gi, and gd, respectively. Hereafter, we shall refer to this

force as Fpid. In this letter, we work on some of the theoretical

aspects of the technique. First, we present the model system

and study the conditions within which this system is stable.

We then give an estimate of the expected bandwidth.

However, we do not attempt to estimate the maximum permit-

ted proportional gain.13 Finally, we study how the implemen-

tation of this strategy affects the harmonic modes of the

oscillator and how the interactions can be calculated from am-

plitude and phase changes using this type of control.

II. THE MODEL SYSTEM

The cantilever plus tip are considered as a mass-spring

system, with spring constant k, mass m, and with some

damping c. In our approach, we assume the mass is subjected

to some tip sample force Fts and to the control force Fpid.

The motion of the mass is described by the equation below

m€x ¼ Fts þ Fpid � kx� c _x; (1)

where the control force depends on the tip position in the fol-

lowing way:

Fpid ¼ �gpx� gd _x � gi

ð
xdt: (2)

This force is directly determined by the real time action of

the controller on the piezo element at the cantilever base.

From here on, we concentrate only on the cases were the tip-

sample interaction force can be expressed as

Fts ¼ Fts;0 � ktsx� cts _x: (3)
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Fts;0 is a term that does not depend on the position, ktsx is an

elastic term proportional to the tip position, and cts _x is a damp-

ing term proportional to the tip speed. In this case, the total

stiffness and damping coefficient can be written as kt ¼ k þ kts

and ct ¼ cþ cts, respectively. The equation of motion of such

system can be described using Laplace transforms as follows:

mXs2 þ ðkt þ gpÞX þ ðct þ gdÞXsþ gi

s
X ¼ L Fts;0f g; (4)

hence the tip position

X ¼ sLfFts;0g
ms3 þ ðct þ gdÞs2 þ ðkt þ gpÞsþ gi

: (5)

This solution is that of an harmonic oscillator when the inte-

gral gain gi ¼ 0. Next, we propose to evaluate this expres-

sion when the system is submitted to an impulse to check its

stability and then how it responds to harmonic stimuli.

III. STABILITY CRITERIA

Let us take the case were Fts;0 ¼ 0 for t < 0 and Fts;0

¼ F0 for t � 0, in which case the Laplace transform is simply

F0=s. Analyzing this response allows us to obtain the condi-

tions within which the system is stable. The behavior of the

system will depend on the roots of the denominator in Eq. (5).

It is a third order polynomial so the zeros are better found

numerically. Nevertheless, we can approximate the denomina-

tor by another polynomial such that the zeros are easy to calcu-

late. We can separate this in two different regimes, the under-

damped regime and the over-damped regime. The first regime

would correspond to the situation where the AFM is operated

in air or vacuum, whereas the second regime is more likely to

occur when the cantilever motion is damped by liquid.

A. Under-damped case

In the under-damped case the denominator of Eq. (5)

has one real root and the two other roots are complex conju-

gates. The complex conjugates cause the system to oscillate

whereas the real root is responsible for changing the equilib-

rium position around which the system oscillates

xðtÞ ¼ F0

k

x2
0e�k0t þ ax2

0e�kctcosðxctþ /Þ
x2

c þ ðk0 � kcÞ2
: (6)

This is simply the inverse Laplace transform of Eq. (5) that

is the solution to Eq. (1). The system decays to some mean

value within a time 1=k0 and oscillates with frequency xc

with an amplitude that decays with a time constant 1=kc. For

simplicity, we will not explicit the values of constants a or /
that do not matter for the purpose of discussing the stability

of the system. Here, k0 is the real root, kc is the real part of

the complex root, xc its respective imaginary part, and x0

¼
ffiffiffiffiffiffiffiffiffi
k=m

p
is the natural frequency of the system. Note that

the denominator of Eq. (5) can be rewritten as

sþ gi

kt þ gp

� �
ðms2 þ asþ bÞ þ c; (7)

where

a ¼ ct þ gd �
mgi

kt þ gp
; b ¼ kt þ gp � a

gi

kt þ gp
;

c ¼ gi 1� b

kt þ gp

� �
: (8)

In the under-damped case a is very small. If we replace a by

zero in the expression of b, we see that indeed c¼ 0.

Neglecting c, allows to easily find the three roots

k0 ¼
gi

kt þ gp
;

kc ¼
x2

0ðct þ gdÞ
2k

� gi

2ðkt þ gpÞ
;

xc ¼ x0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kt þ gp

k
� ðct þ gdÞx0

2k
� gi=x0

2ðkt þ gpÞ

 !2
vuut :

(9)

If either k0 or kc are negative then x diverges. The conditions

in which they are positive give us the stability criteria

crit1a : k0 > 0) kt þ gp > 0;

crit2a : kc > 0) gi < x2
0ðct þ gdÞ

kt þ gp

k
:

(10)

The first criterion relates to the jump-to-contact. In conven-

tional AFM it happens when kt ¼ 0 that occurs when the tip-

sample force gradient equals the negative of the cantilever

spring constant. In FFM this can be avoided trough the use

of the proportional gain gp. The second criterion imposes a

superior limit to the integral gain gi and thus limits the band-

width of operation of the FFM. If criterion 2 is not met, then

the system will oscillate with ever increasing amplitude.

Criterion 2 is not a useful criterion because for integral gains

approaching that limit, the time it takes the oscillator to

reach stability approaches infinity. As a matter of fact,

ideally we want to maximize both k0 and kc, corresponding

to a restore of the equilibrium position and amplitude of os-

cillation to zero as fast as possible without instability. The

integral gain gi that corresponds to this situation is

crit3a : gi ¼ x2
0ðct þ gdÞ

kt þ gp

3k
: (11)

The second and third criteria show how the use of a propor-

tional gain increases the maximum integral gain before the

system becomes unstable and how its maximum value

depends on the tip-sample interaction, i.e., if kt þ gp � 0,

then the maximum integral approximates zero thus reducing

the bandwidth of the system. Fig. 1 shows the behavior of

the system for four different integral gains. When the inte-

gral gain is zero one recognizes the behavior of a weekly

damped oscillator. When gi > 0, the equilibrium position of

the system can be seen as changing in time with a decay

length 1=k0. The frequency of the oscillation xc is in all

cases very approximated to x0 which is natural of a weakly

damped oscillator. The data shown in Fig. 1 is relative to a

numerical calculation of the roots. The approximations used

here were also calculated and yielded values that are precise

to more than 1/1000.
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B. Over-damped case

In this case the roots are all real for moderate PID

gains. Note, however, that despite the system being over-

damped, a large enough integral gain can bring the system

into oscillation in which case two of the roots will be com-

plex conjugates. This is, however, one situation that is to be

avoided as there is no advantage in that situation. Unlike in

the under-damped case, if the system exhibits oscillations,

these do not occur close to the natural frequency of the os-

cillator as they are driven by the controller gains rather than

by the dynamics of the cantilever. For moderate gains, we

can neglect the term on s3 and it becomes straightforward

to calculate the roots. The response of the system is in this

case

xðtÞ ¼ F0ðe�ðk1�k2Þt � e�ðk1þk2ÞtÞ
2ctk2

; (12)

where

k1 ¼
kt þ gp

2ðct þ gdÞ
;

k2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

1 � gi=ðct þ gdÞ
q

:

(13)

Thus, to avoid oscillations it must be

ðkt þ gpÞ2 > 4ðct þ gdÞgi: (14)

In which case k1 must always be positive otherwise the sys-

tem diverges. If k1 is negative then k2 would have to be neg-

ative for the system not to diverge. The condition that k2 is

negative is physically not possible. Therefore, one first crite-

rion for stability must be

crit1b : kt þ gp > 0: (15)

Note that this criterion is the same as criterion 1a we found

before. Depending on condition 14 the system may or not

oscillate and these oscillations may or not decay to zero. It

can be shown (Figure 2) that an integral gain gi slightly

above the one corresponding to equality in condition 14 pro-

duces negligible oscillation while driving the equilibrium

position to zero faster. A useful criterion is

crit2b : gi �
ðkt þ gpÞ2

ct þ gd
: (16)

Increasing the integral above this value only increases the

oscillations without gain in performance (see Fig. 2), eventu-

ally leading to instabilities. Criterion 2b represents the gain

that restores the equilibrium position to zero, in about the

minimum amount of time with negligible ringing. To visual-

ize the behavior more intuitively let us take the case where gi

is well below that limit

k1 � k2 � k0 ¼
gi

kt þ gp
; k2 þ k1 � 2k1: (17)

Then equation of motion becomes

xðtÞ � F0ðe�k0t � e�2k1tÞ
kt þ gp

: (18)

Thus, when the tip is subjected to a step force the position

will change exponentially away from its initial position and

then come back to the initial position.

Fig. 2 shows the behavior of the system for four differ-

ent integral gains. When the integral gain is zero one

FIG. 1. Tip motion after a step function: (a) without integral gain gi, (b) inte-

gral gain equal to 1/2 of the ideal integral gain, (c) ideal integral gain

(6667 N/ms), and (d) integral gain 4 times the ideal integral gain. Cantilever

parameters are k¼ 1 N/m, f0 ¼ 70 kHz, and c ¼ 10�7 kg/s.

FIG. 2. Tip motion after a step function: (a) without integral gain gi, (b) inte-

gral gain corresponding to equality in condition 14 (2500 N/ms), (c) corre-

sponding to crit. 2b, and (d) 10 times the previous gain. Cantilever

parameters are k¼ 1 N/m, f0 ¼ 70 kHz, and c ¼ 10�4 kg=s.
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recognizes the behavior of a strongly damped oscillator.

When gi > 0, below the critical value, the equilibrium posi-

tion of the system can be seen as decaying with a decay

length of 1=k0. For larger gains the system starts exhibiting

oscillations.

IV. GENERAL CRITERIA

Here, we introduce the quality factor Q of the system, a

commonly used parameter in AFM

Q � k

x0c
: (19)

To simplify the discussion, let us consider the case where

both the differential gain and the tip-sample dissipation are

small. Note that this will lead to lower limits for maximum

integral gains. In that case the criteria for stability are

gp > �ðk þ ktsÞ; (20)

gi;under;max ¼
x0

3Q
ðkt þ gpÞ; under� damped; (21)

gi;over;max ¼ Qx0

ðkt þ gpÞ2

k
; over� damped: (22)

We can include the effect of the differential gain by replac-

ing the Q factor by an effective Q factor in which the differ-

ential gain is added to c in Eq. (19). The same procedure can

be done to include the sample dissipation. One of the conse-

quences of the result above is that if the tip-sample force gra-

dient (kts) equals or is smaller than the negative of the

cantilever stiffness, the jump to contact can still be avoided

provided the proportional gain is large enough. For an under-

damped oscillator smaller Q factors are more favorable

whereas the contrary is true for an over-damped oscillator.

For a given cantilever frequency and stiffness the best situa-

tion for the FFM operation is when the cantilever motion is

close to the critically damped regime. In the under-damped

case the equilibrium position decays to zero with a time con-

stant of s ¼ 1=k0, hence s ¼ ðkt þ gpÞ=gi. Notice the same is

also approximately true in the over-damped case. The band-

width of the FFM can be estimated from these limits

xa ¼
x0

3Q
; under� damped; (23)

xb ¼ Qx0

kt þ gp

k
; over� damped: (24)

The ideal cantilever is one with high resonance frequency

and close critically damped. An example of one such type of

cantilever would be the ones used in high speed AFM.14

V. MAXIMUM APPROACH SPEED

Let us now consider an approach curve experiment. If a

unit step force F0 is applied to the system the maximum

change of tip position Dx is

Dx ¼ 2DF

ðkt þ gpÞ
: (25)

The factor 2 is for a weakly damped system whereas for a

damped system this factor is less than one. To have a total

tip motion x never greater than this value above the system

must be allowed to relax a time s before another step of mag-

nitude DFð1� 1=eÞ � 0:63DF can be applied. Here, e is the

base of the natural logarithm. This is

DF < 0:63
kt þ gp

2
Dx: (26)

In an approach curve DF can be put as Dzkts (how much the

sample is approached times the spring constant of the inter-

action) and Dz can be divided by s to give a velocity

v < 0:63
kt þ gp

2ktss
Dx: (27)

This is the maximum speed at which an approach curve can

be taken. Taking the time constant s ¼ 1=k0 and remember-

ing k0 gives

v < 0:63
giDx

2kts
: (28)

The maximum speed depends on the integral gain and on the

tip-sample interaction. The maximum integral gain in turn

depends on all the other constants defining the system. If we

replace gi by its maximum values that assure stability, we find

v < 0:63xa
Dx

2

ðkt þ gpÞ
kts

; under� damped; (29)

v < 0:63xb
Dx

2

ðkt þ gpÞ2

kkts
; over� damped: (30)

The proportional gain plays a crucial role. Not only it must

be such that ðk þ kts þ gpÞ > 0 to remove the instability but

it also limits the speed that becomes zero when the sum

above is not some limited value above zero. Experimental

set ups that cannot provide an instantaneous force propor-

tional to the position of the tip will not be able to overcome

the jump-to-contact.
As an example, take the limiting case were

kts ¼ �1N=m, k¼ 1 N/m, and gp ¼ 1 N=m. If we use the

same limits above and accept a displacement of the tip of

Dx ¼ �0:1 nm, we obtain a maximum speed of 105 nm/s.

We have simulated an approach curve experiment in the

limit where jump-to-contact usually occurs. Four cases were

considered: no PID control; only integral control; integral

and proportional control. For the later, we have considered

an approach curve at the maximum speed estimated above,

and at half that speed (52 nm/s). Fig. 3 shows the PID force

and the tip position for these cases. Fig. 3 shows that the

error is smaller than the one estimated here. This is because

most of the time the interaction is smaller than the value

used for estimating the maximum speed. For the simulation,

we have used a force of the type Fts ¼ A=zþ B=z2, where

the coefficients A and B were chosen so that the maximum

value of @F=@z was 1 N/m hence equal to the cantilever

spring constant.

054309-4 Rodrigues et al. J. Appl. Phys. 115, 054309 (2014)



VI. HARMONIC RESPONSE

We can analyze the frequency behavior of the system by

exciting it with a Dirac delta, in which the tip position is

given by

X ¼ Fx

ms2 þ gp þ kt þ ðct þ gdÞsþ gi=s
: (31)

The amplitude of the response to an harmonic excitation and

the respective phase are given by

R ¼ Fxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðkt þ gpÞ � mx2�2 þ ðct þ gdÞx�

gi

x

h i2
r (32)

and

/ ¼ arctan
ðct þ gdÞx�

gi

x
ðkt þ gpÞ � mx2

2
4

3
5
: (33)

The response of the oscillator obviously depends on the PID

gains. However, we are interested in the force/response ratio

Fr. For that we must compute the sum of the forces Fsum

exciting the cantilever, which is the excitation plus the PID

response to that

Fsum ¼ Fx �
Fxðgp þ gi=sþ gdsÞ

ms2 þ gp þ kt þ ðct þ gdÞsþ gi=s
: (34)

The ratio Fsum=X is

Fsum

X
¼ kt þ ctsþ ms2: (35)

Naturally, this ratio does not depend on the PID gains. But

note that to measure this ratio it implies to measure the total

excitation force and not just the harmonic supplied stimulus.

The absolute value of the previous quantity is

Fr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkt � mx2Þ2 þ c2

t x
2

q
: (36)

The phase difference between Fsum and X also does not

depend on the PID gains and is given by

/ ¼ arctan
ctx

kt � mx2

� �
: (37)

From the two previous equations it follows:

Fr cosð/Þ ¼ kt � mx2; Fr sinð/Þ ¼ ctx: (38)

To proceed, we insert the information known from when

there are no tip-sample forces, and we identify the respective

amplitude and phase with the superscript 0. In that case is

F0
r cosð/0Þ ¼ k � mx2; F0

r sinð/0Þ ¼ cx: (39)

Combining the last four equations yields the following final

expressions:

kts ¼ F0
r n cosð/Þ � cosð/0Þ½ �; (40)

cts ¼
F0

r

x
n sinð/Þ � sinð/0Þ½ �; (41)

where F0
r is the force/response ratio of the unperturbed oscil-

lator and n ¼ Fr=F0
r is the normalized force/response ratio.

In a measurement n and / can be easily measured. When

using FFM one question that may arise is that of the sensitiv-

ity: is the sensitivity given by the cantilever properties or by

the effective cantilever properties that are changed by the

PID? The answer is that it depends on how the excitation is

taken into account. Notice that the PID contributes to excite

the cantilever (34) and that contribution contains information

about the tip-sample interaction. If the total excitation is

measured, then the sensitivity is intrinsically given by the

cantilever properties, whereas if only the harmonic stimulus

Fx is measured, then the sensitivity is given by the effective

cantilever parameters. If the PID gains are moderate, then

the dynamic response of the cantilever is not too much

affected, in which case to compute the interaction as a func-

tion of Fsum or Fx yields the same result. Thus, the sensitiv-

ity in dynamic mode depends on the spring constant of the

cantilever in the same way as in conventional AFM but the

spring constants required to avoid the jump-to-contact in

FFM are lower than those required for conventional AFM.

VII. CONCLUSIONS

In conclusion, we show that with the use of a PID feed-

back loop to control the tip position it is no longer required to

use cantilevers with spring constants larger than the negative

of the tip-surface force gradient to avoid the jump-to-contact
as long as a large enough proportional actuation is done effec-

tively changing the cantilever spring constant to ðk þ gpÞ. The

fact that ðkt þ gpÞ never is zero or negative means that the

cantilever always has a limited valued equilibrium position,

and is a requirement for FFM to work. The proportional gain

is also relevant to increase the maximum integral gain that

can be applied to the system without causing instabilities, thus

increasing the bandwidth of the technique. The integral gain

gi will work to maintain the equilibrium position of the tip at

the same place. Finally, we conclude that the use of the

FIG. 3. Without PID control (a) one notices the jump to contact. With the in-

tegral gain alone (b) there is no jump-to-contact and the force is correctly

measured by the PID although the tip position is unstable and may occasion-

ally tap the surface. With integral and proportional control (c), (d) the tip

instabilities can be completely removed. The cases (c) and (d) are relative to

an approach speed of 105 and 53 nm/s, respectively.
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proportional gain effectively increases the cantilever spring

constant but this effective augmentation of the cantilever

spring constant does not result in loss of sensitivity.
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Force probing surfaces of living cells to molecular resolution. Nature
chemical biology, 5(6):383–390, 2009. doi: 10.1038/nchembio.181. URL
http://dx.doi.org/10.1038/nchembio.181.

[136] Marija Plodinec, Marko Loparic, Christophe A. Monnier, Ellen C. Ober-
mann, Rosanna Zanetti-Dallenbach, Philipp Oertle, Janne T. Hyotyla,
Ueli Aebi, Mohamed Bentires-Alj, LimRoderick Y. H., and Cora-Ann
Schoenenberger. The nanomechanical signature of breast cancer. Nat
Nano, 7(11):757–765, November 2012. ISSN 1748-3387. URL http:

//dx.doi.org/10.1038/nnano.2012.167.

143

http://www.pnas.org/content/94/2/496.abstract
http://www.pnas.org/content/94/2/496.abstract
http://www.sciencedirect.com/science/article/pii/S0006349511053525
http://www.sciencedirect.com/science/article/pii/S0006349511053525
http://www.jbc.org/content/278/44/43130.abstract
http://www.jbc.org/content/278/44/43130.abstract
http://dx.doi.org/10.1002/biot.201200155
http://www.sciencedirect.com/science/article/pii/S0006349595803437
http://www.sciencedirect.com/science/article/pii/S0006349595803437
http://www.sciencemag.org/content/333/6039/228.abstract
http://www.sciencemag.org/content/333/6039/228.abstract
http://www.sciencedirect.com/science/article/pii/S0956566397000511
http://www.sciencedirect.com/science/article/pii/S0956566397000511
http://dx.doi.org/10.1038/nchembio.181
http://dx.doi.org/10.1038/nnano.2012.167
http://dx.doi.org/10.1038/nnano.2012.167


BIBLIOGRAPHY BIBLIOGRAPHY

[137] Nadine Walter, Tobias Busch, Thomas Seufferlein, and JoachimP. Spatz.
Elastic moduli of living epithelial pancreatic cancer cells and their skele-
tonized keratin intermediate filament network. Biointerphases, 6(2):
79–85, 2011. ISSN 1934-8630. doi: 10.1116/1.3601755. URL http:

//dx.doi.org/10.1116/1.3601755.

[138] Xavier Trepat, Mireia Grabulosa, Ferranda Puig, Geoffrey N. Maksym,
Daniel Navajas, and Ramon Farr. Viscoelasticity of human alveolar
epithelial cells subjected to stretch. American Journal of Physiology -
Lung Cellular and Molecular Physiology, 287(5):L1025–L1034, 2004. doi:
10.1152/ajplung.00077.2004. URL http://ajplung.physiology.org/

content/287/5/L1025.abstract.

[139] Ben Fabry, Geoffrey N. Maksym, James P. Butler, Michael Glogauer,
Daniel Navajas, and Jeffrey J. Fredberg. Scaling the microrheol-
ogy of living cells. Phys. Rev. Lett., 87:148102, Sep 2001. doi:
10.1103/PhysRevLett.87.148102. URL http://link.aps.org/doi/10.

1103/PhysRevLett.87.148102.

[140] Cdric Viro, Ilana Mchaly, Herv Aptel, Sylvie Puech, Jean Valmier, Frdric
Bancel, and G. Dayanithi. Rapid inhibition of ca2+ influx by neurosteroids
in murine embryonic sensory neurones. Cell Calcium, 40(4):383 – 391,
2006. ISSN 0143-4160. doi: 10.1016/j.ceca.2006.04.007. URL http://

www.sciencedirect.com/science/article/pii/S0143416006000741.
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Résumé de thèse
Depuis son invention en 1986, les microscopes à force atomique (AFM) ont été des puis-
sants outils pour la caractérisation des matériaux et des propriétés des matériaux à
l’échelle nanométrique. Cette thèse est entièrement dédiée à la mesure de l’interaction
entre une sonde AFM et une surface avec une nouvelle technique AFM appelée Force
Feedback Microscopy (FFM). La technique a été développée et utilisée pour l’étude
d’échantillons biologiques. Le principe central de la technologie FFM est que la force
totale moyenne appliquée à la pointe est égal à zéro. En conséquence, en présence
d’une interaction pointe-échantillon, une force égale et contraire doit être appliqué à
la pointe par une boucle de rétroaction. La force de réaction est ici appliquée à la
pointe à travers le déplacement d’un petit élément piézoélectrique positionné à la base
du levier AFM. La boucle de rétroaction permet d’éviter instabilités mécaniques tels
que le saut au contact, permettant la mesure complète de la courbe d’interaction.
En plus, il donne la possibilité de mesurer simultanément les parties élastique et
inélastique de l’interaction. La technique a été appliquée à l’étude des interactions
à l’interface solide/gaz, avec un intérêt particulier pour l’observation de la formation
et de la rupture des ponts capillaires entre pointe et échantillon. Ensuite, on a focalisé
notre attention aux interfaces solide/liquide. Dans ce contexte, courbes complètes de
type DLVO sont caractérisées d’un point de vue élastique et dissipatif. Nous avons
développé des nouveaux modes d’imagerie AFM pour l’étude des biomolécules. Im-
ages de phospholipides et de l’ADN à force constante ont été réalisées et certaines
propriétés mécaniques comme le module de Young des échantillons ont été évaluées.
En plus, nous avons réalisé une étude spectroscopique de l’élasticité et du coefficient
d’amortissement de l’interaction entre des cellules vivantes de type PC12 et une pointe
AFM en nitrure de silicium. L’étude montre que le FFM est un instrument capable
de mesurer l’interaction à des fréquences qui ne sont pas nécessairement liées aux
résonances caractéristiques du levier. L’étude spectroscopique pourrait avoir dans le
futur des applications importantes pour l’étude des biomolécules et des polymères.

Summary of the thesis
Since its invention in 1986, the atomic force microscopes (AFMs) have been powerful
tools for the characterization of materials and material properties at the nanoscale.
The present thesis focuses on the measurement of the interaction between an AFM
probe and a surface. A new AFM technique called Force Feedback Microscopy (FFM)
has been developed and applied to the study of biological specimens. The central prin-
ciple of the FFM is that the average total force acting on the tip is maintained equal
to zero. It means that, in presence of a tip-sample interaction, a counteracting force
has to be applied to the tip by a feedback loop. We apply a counteracting force to the
tip by displacing the cantilever base with a small piezoelectric element. The feedback
loop avoids mechanical instabilities such as jump to contact allowing the complete
measurement of the interaction force. Moreover it is possible to simultaneously mea-
sure the elastic and inelastic components of the interaction.
The technique has been applied to the study of interactions at the solid/gas interface
with a particular interest to the observation of the nucleation and rupture of capillary
condensates between the tip and the sample. At the solid/liquid interface, complete
DLVO force curves are characterized elastically and inelastically.
We developed new AFM imaging modes for the study of biomolecules. Images of phos-
pholipids and DNA at constant force have been acquired and the mechanical Young
modulus of the samples has been evaluated when possible. In addition, a spectroscopic
study of the elasticity and the damping factor of the interaction between living cells
and the tip has been carried out. The study reveals that the FFM is an instrument
capable of measuring the interaction at frequencies which are not necessarily linked to
the cantilever eigenmodes. The spectroscopy study could have in the future important
applications on the study of biomolecules and polymers.
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