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Abstract

The mechanical characteristics of materials, particularly those of composite materials, can be mapped
spatially and quantified using Contact Resonance Atomic Force Microscopy (CR-AFM). This technique
operates by measuring the changes in resonance frequency as an AFM cantilever tip comes into contact
with a sample surface. Such frequency shifts are primarily related to contact stiffness, although it can
also influence other factors such as viscoelasticity. While several theories aim to connect the modal
shape and resonant frequency of the AFM cantilever with contact stiffness, no direct application of these
models has been developed to directly transform the resonant frequency into a physical mechanical
property measurement. Instead, the majority of experimental studies utilising CR-AFM calibrate the
frequency conversion factor relating to contact stiffness using a known reference sample, bypassing the
direct use of these cantilever models.

This thesis brings into focus two novel aspects aimed at enhancing and refining the CR-AFM tech-
nique: using thermal resonance to monitor the oscillation modes of an AFM cantilever during an
experiment and establishing a connection between cantilever dynamics theory and the calibration of
CR-AFM data that eliminates the requirement for normalisation to a known sample.

In the first segment of this thesis, cantilever thermal displacement time series data is transformed
into frequency space utilising the short-time Fourier transform (STFT) and continuous wavelet trans-
form (CWT). It will be demonstrated that only the STFT calculations are capable of delivering the
time-frequency resolution necessary to track AFM modal vibrations, at least currently. The applica-
tion of the STFT allows for real-time tracking of the contact resonance frequency and Quality factor
throughout a force spectroscopy experiment. The ensuing analysis reveals the fluctuations in contact
resonance frequency over the course of this experiment.

However, utilising cantilever analytical models to interpret this data using known contact mechan-
ics models resulted in nonphysical estimates. Further studies are underway to reconcile the often
problematic assumptions made in contact mechanics for AFM measurements with dynamic, STFT
measurements. The experimental findings underscore the reasons why normalisation or calibration of
CR-AFM results to samples with known stiffness has been prevalent until now. Despite progress, the
comprehensive understanding of the contact mechanics and vibration theory necessary to analyse the
dynamics of AFM cantilevers in such experiments remains an open challenge.
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Chapter 1

Introduction

The study of material surfaces and interfaces has been a fascinating scienti ¢ endeavour characterised
by complexity and a quest for understanding. From the early philosophical contemplations on surfaces
and friction by ancient Greek philosophers to the empirical investigations by visionaries like da Vinci
and Amontons, humanity has gradually strived to quantify and comprehend the intricacies of direct
contact between two surfaces. As the industrial revolution unfolded and progressed into the early 20th
century, surface science began to take shape with the emergence of theories attempting to explain the
underlying interactions within these contacts.

A signi cant milestone in this eld occurred in 1986 with the invention of the Atomic Force Micro-
scope (AFM) by Binnig, Quate, and Gerber at IBM Zurich  [1]. This groundbreaking tool revolutionised
the study of surfaces and friction, enabling nanoscale investigations on non-conducting materials. The
AFM employs a physical cantilever probe that can interact at a distance or make full contact with a
sample surface. By measuring the de ection of the cantilever probe, researchers can gather valuable
insights into the forces and material properties present, using well-established solid mechanics theories
[2].

Despite the remarkable success and advancement of AFM technology, making it one of the most
widely used tools for nanoscale testing and measurements, a signi cant challenge remains. The precise
contact between the cantilever probe tip and the sample surface remains elusive, hidden from detection.
This limitation hinders a comprehensive understanding of the interactions occurring within the contact
zone [3]. Consequently, novel research initiatives have emerged with the aim of uncovering these hidden
interactions through in situ measurements and characterisation.

In this context, the research project summarised in this thesis strives to contribute to the pursuit of
in situ measurements by incorporating the dynamics of the cantilever probe and the contact mechanics
at the nanoscale. By delving into the behaviour of the cantilever during contact, the goal is to gain
deeper insights into the forces and phenomena that arise at the surface interface. This endeavour holds
signi cant promise, as it addresses not only a critical aspect of AFM studies but also paves the way for
more accurate measurements and an improved understanding of the complex behaviours exhibited by
material surfaces and interfaces.

To overcome the challenge of the buried contact, researchers are exploring new techniques and
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approaches that enable the detection and characterisation of these direct interactions. These advances
surrounding in situ measurements hold great potential for unraveling the mysteries of surface interac-
tions and opening new avenues for scienti ¢ discovery and technological innovation.

1.1 General Background

The focus of this thesis is to investigate the principle of contact resonance measurement and its applica-
tion in analysing force and stiffness changes. Contact resonance is a technique that estimates changes
in force and stiffness by measuring alterations in the oscillation frequency of a cantilever. This method
uses theoretical analytical models that connect the cantilever motion to the contact stiffness of the
probe sample system [4]. Over the years, these models have evolved from simple rectangular cantilevers
to more sophisticated representations incorporating various geometric dimensions and characteristics
[3, 4]. Figure 1.1 shows a simple schematic of the physical mechanism of contact resonance, along with
the resulting measured frequency and damping changes in the cantilever motion.

Figure 1.1: Schematic illustrating the key principle utilized in contact resonance AFM. The resonance
modes of the cantilever are excited (a) out of contact and (b) in contact. By measuring the frequency
shift between free and in contact physical properties of the sample can be estimated. Reproduced with
permission from Springer Nature [5].

Currently, the estimation of contact stiffness using these cantilever models follows an indirect
approach. This simpli cation avoids the complexities of mechanical interactions at the contactinterface,
allowing for easier analysis [6]. However, this approach limits the amount of information that can be
obtained about the contact itself.

Therefore, the motivation behind this project stems from the existing limitations of contact res-
onance approaches. By addressing these limitations, the aim is to develop a more comprehensive
understanding of contact mechanics and enhance the accuracy and applicability of contact stiffness
estimation. Through this research, the ultimate future goal is to provide a deeper insight into the
characteristics of the contact interface and advance the eld of contact resonance analysis.

By exploring the relationship between contact resonance and contact mechanics, this thesis aims
to uncover valuable insights about the behaviour of the tip during contact. Once understood, the
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underlying mechanisms will allow for a more effective interpretation of changes in the cantilever
frequency and damping, providing a more granular understanding of the contact characteristics.

1.2 Motivation

As mentioned above, the projectis driven by the desire of the AFM community to extract more knowledge
and insights directly from experimental data, moving towards more in situ results. The current technique
in contact resonance involves comparing a test sample with unknown properties to a reference sample
with known properties, allowing the estimation of the test sample Young's modulus. However, challenges
arise when quantifying the physical importance of the compared contact stiffness values, as different
material classes exhibit varying mechanical responses and properties.

In this referencing method, the contact stiffness of the test sample (k) is determined through
the frequency change when in contact, and comparing to the reference sample, the Young's modulus
can be estimated. More about this method is discussed in Chapter 2.1 and in Appendix 8.4, speci cally
the reference equation, and contemporary research results.

To address these challenges, this project aims to directly quantify the contact stiffness calculated
from the contact resonance phenomenon and to estimate the physical properties of the contact. While
the ultimate goal is to determine the mechanical properties of the contact, this thesis focuses on a
more easily veri able quantity: the effective radius of the cantilever tip when in contact. By leveraging
the well-known nature of this parameter, which can be externally veri ed using techniques such as
Scanning Electron Microscopy (SEM) and reverse tip imaging, it becomes possible to gain insights into
the mechanical and material properties of the contact.

To achieve these objectives, the project will begin by clearly de ning speci ¢ research questions or
objectives. By doing so, it will provide a more focused direction and framework for the investigation.
Additionally, potential limitations and challenges associated with the project will be acknowledged.
These may include factors such as measurement uncertainties, sample preparation variations, or
experimental constraints.

In addition, the project will discuss the broader impact and applications of its ndings. Direct
guanti cation of contact stiffness and estimation of physical properties have the potential to signif-
icantly advance material characterisation and nanoscale investigations in the AFM community and
related elds. By shedding light on the intricate relationships between contact stiffness and mechanical
properties, this research can pave the way for enhanced understanding and manipulation of materials
at the nanoscale.

Lastly, while not delving into technical speci cs, the project will provide a brief overview of the
research methodology. This will include sample preparation, data acquisition approaches, and analysis
methods, providing the reader with a general understanding of how the project will be conducted.



1. Introduction

1.3 Objectives

This study aims to investigate the behaviour and properties of cantilever systems under various experi-
mental conditions. Through experimental testing and analysis, the research seeks to contribute to our
understanding of this eld and potentially advance scienti ¢ knowledge, technological applications,
and practical implementations.

Experimental Testing Objectives

The primary objective of the experimental testing phase is to explore the effects of different experimental
conditions by varying the cantilever and sample materials along with the cantilever geometry. By
covering a wide range of physical property values modeled by theory, the study aims to gain insight into
the behaviour of cantilever systems in various scenarios. Detailed coverage of this experimental setup
can be found in Chapter 4, which provides a detailed explanation of the procedures and ndings.

Analysis Objectives

The analysis phase of the project consists of three independent sections, each with its own set of objec-
tives and results. These sections are: spectral analysis, cantilever dynamics, and contact mechanics.

Spectral Analysis

The major objective of spectral analysis is to accurately determine the spectral characteristics of the
cantilever oscillation, speci cally focusing on frequency and damping. To achieve this, the study
employs two techniques: the short-time Fourier transform (STFT) and the continuous wavelet transform
(CWT). The STFT allows for general time-frequency analysis, while the CWT has potential for a more
detailed examination of oscillatory behaviour at very shorttime scales. These methods will be extensively
discussed in Chapters 3.1 and 5, providing a comprehensive understanding of their implementation
and the insights they yield.

Cantilever Dynamics

The objective of the cantilever dynamics analysis is two-fold. First, the objective is to validate existing
analytical models by comparing their predictions with real physical cantilever probe experiments.
By evaluating the performance of different models, the study seeks to identify the most reliable and
accurate models for practical applications. Second, the analysis aims to establish the relationship
between the different models and contact mechanics. By understanding how models correlate with
contact phenomena, the research project aims to optimise their use and gain a deeper understanding
of cantilever behaviour in practical AFM testing scenarios.
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Contact Mechanics

The nal step of the analysis focuses on the mechanics of contact and its connection to the spectral
analysis of the cantilever. This objective involves estimating the radius of the tip and comparing this
estimate with other well-established tip measurement methods. By relating the spectral analysis results
to the conditions at the contact point between the tip and the sample, the study aims to provide valuable
insight into contact phenomena. This evaluation not only strengthens the reliability and accuracy of
the spectral analysis, but also contributes to our understanding of the contact mechanics in cantilever
systems.

By addressing these objectives in both the experimental testing and analysis phases, this study aims
to contribute to the understanding of the behaviour and properties of cantilever systems in various
experimental conditions. Furthermore, it hopes to pave the way for advances in materials science,
technological applications, and practical implementations in relevant elds such as composite materials
and biological engineering.

1.4 Organization

Throughout my thesis | have been trained and advised by my supervisor Dr. Philip Egberts in the
Mechanical and Manufacturing department in the Schulich School of Engineering at the University of
Calgary. The work carried out in this thesis is predominantly done by me, although help was given by
Dr. Egberts along with other members of the research group in experimental setup and testing.



Chapter 2

Literature Review

In this chapter, the prior research has been discussed from the invention of the AFM up to recent
research conducted on both contact mode and non-contact modes incorporating contact resonance.
In addition, the history and developments in the contact mechanics modelling are introduced along
with the key connections between the AFM and contact mechanics.

2.1 Static AFM

As mentioned in Chapter 1 the Atomic Force Microscope (AFM) operates by measuring the de ection of
the cantilever probe either through direct contact (contact mode) or interacting at a distance (tapping,
kelvin probe, etc.). Broadly speaking, AFM testing can be split into two categories, static and dynamic
AFM. In essence, static AFM modes are where the sample Z position (see Figure 2.1) remains constant
along with any voltage biases. In dynamics AFM these different testing parameters change through the
test or scan.

Moving to static AFM testing itself, the cantilever is rst brought into contact with the sample. A
relatively constant cantilever height is achieved by applying a positive voltage bias as a set point for
the machine's Z position through its piezoelectric feedback loop  [7]. Scanning of the surface can then
be performed by translating the cantilever in the X and Y directions along the sample surface. Any
deviations in the surface topography will cause the cantilever de ection to change, which will then shift
the laser re ection position vertically on the photosensitive diode (PSD). Additionally, the friction force
can be measured by the lateral de ection of the cantilever as it moves along the surface, which causes
the laser re ection to translate horizontally. By comparing the trace and retrace (forward and backward)
scans of the cantilever probe the net friction force can be determined given the cantilever lateral and
normal stiffness values are known. In Figure 2.1 a simple schematic of the AFM setup in contact mode
can be seen with the cantilever probe, sample piezoelectric Z position, and the laser re ection on the
PSD. Other setups are commonly used in AFM but, for the tests conducted in this thesis, the AFM was
primarily used in contact mode.

The most direct application of static AFM scanning in contact mode is the acquisition of surface
topography and morphology [8]. In contact mode, the AFM probe physically touches the sample surface
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Figure 2.1: Schematic showing the major components and setup in AFM.

while scanning. The probe is attached to a exible cantilever and, as the probe tip scans the sample, the
de ection of the cantilever is monitored. The de ection is used to maintain a constant force between
the probe and the sample surface, allowing for accurate imaging of the sample topography.

There are several advantages in using contact mode scanning in AFM compared to other tools
such as pro lometry or SEM, including very high spatial resolution, versatility in test samples, and fast
real-time imaging of surface structures. For a more complete characterisation of a surface, multiple
tools may be required, but AFM has proven to be effective for a wide number of use cases  [9]. Figure
2.2 showcases the versatility and accuracy of AFM static contact scanning where AFM scans of several
materials are shown together with other measurement tools.
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Figure 2.2: Comprehensive topography characterization is achieved by performing more than 50 multi-
resolution measurements on each material using stylus pro lometry (top section), AFM (middle section)
and side-view TEM (bottom section). Representative data from each technique at various magni cations
are presented for all four materials. For stylus and AFM, the radius of the scanning tip shown in panels
(ad), (b4), (c4), (d4) and (e4) is measured using electron microscopy. Reproduced with permission from
IOP Surface Topography: Metrology and Properties (STMP) [9].

Beyond imaging the surface, recent developments in fabrication have allowed specialised sample
surfaces to be made, which can also image the probe tip as well. One of such sample materials is
ultra-nanocrystalline diamond (UNCD), which is a unique form of diamond with grain sizes in the
nanometre range [10]. It has exceptional mechanical, electrical, and chemical properties, making it
suitable for various applications. AFM, including contact mode scanning, has been used to investigate
UNCD samples and explore their surface characteristics [10]. Such applications include enhanced
nanoscale surface roughness analysis of the UNCD surface, mapping the grain size and patterning of
the surface, and more precise mechanical characterisation through precision control over the hardness,
elasticity, and adhesive properties of the sample [9].

2.2 Dynamic AFM

Since its invention, many advances have been made in the eld of AFM, with many focused on new
techniques and modes of operation. These different modes aim to measure a different physical property
by exploiting a measurable and repeatable phenomenon of either the cantilever or the contact. In the
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case of contact resonance AFM (CR-AFM) by measuring the changing frequency and amplitude of the
oscillation, knowledge about contact properties can be gained  [11].

Contact Resonance AFM

Moving past the basic static AFM setup (Figure 2.1) in dynamic AFM testing, the system continuously
changes parameters such as the sample Z-position or voltage set points, altering the cantilever oscillation
or electric potential with the sample surface [5]. In the procedure described in this thesis, the main
dynamic testing involves performing force spectroscopy tests. In these tests, the position of the sample
along the Z axis is varied repeatedly. Moreover, the measurements incorporate the contact resonance
phenomenon, although they are based solely on the thermal oscillation of the cantilever without any
external forcing applied. Many techniques incorporate the oscillation of the cantilever to extract physical
results, such as tapping mode or amplitude modulation AFM (AM-AFM), but this review will focus on
the contact resonance technigue in particular.

Forced contact resonance, also known as forced oscillation or frequency modulation, involves driv-
ing the cantilever at a xed frequency when in contact with the surface and measuring its response. In
this technique, an external force or frequency modulation is applied to the cantilever, typically using a
piezoelectric actuator [3, 12]. The resonant frequency and quality factor of the cantilever are determined
by analysing its response to the applied force or modulation. Forced contact resonance can provide pre-
cise measurements of the mechanical properties of materials. It enables the determination of dynamic
mechanical properties, including the elastic modulus and viscoelastic behaviour  [6]. This technique is
particularly useful for studying materials with complex mechanical properties or heterogeneous surface
structures.

The results of research using forced contact resonance techniques have become important in
measuring the viscoelastic behaviour of polymers and heterogeneous materials such as composite
materials or complex biological samples [11]. In the following Figure 2.3 an example setup for forced
contact resonance through Dual AC Resonance Tracking (DART) mode is shown, where viscoelastic
measurements can be performed in real time on a sample. In this DART mode, the cantilever is oscillated
by piezoelectric crystals at frequencies lower than and higher than the cantilever resonant frequency.
When the cantilever frequency changes, the DART tracking can adjust the lower and upper frequencies to
track the cantilever frequencyinrealtime [13]. The results of this setup (Figure 2.4) show the relationship
between the applied normal force and the change in frequency of the cantilever probe. This, along
with the determination of the cantilever damping, through the quality factor, allows researchers to
estimate the mechanical and viscoelastic properties of different nanomaterial structures within a
complex composite material [6].
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Figure 2.3: (a) Schematic of a DART experimental setup using two sinusoidal drives with frequencies
such that one f; is below and the other f, is above the contact resonance frequency fg of the cantilever.
These sine signals are summed together and then used to drive the tip—sample contact. Cantilever
tip motion can be excited by either electromechanical interactions (termed the PFM mode, where the
tip—sample voltage is modulated) or the acoustic mechanical interactions (termed the AFAM mode,
where the physical sample position is modulated). (b) An illustration of the principle of DART. When

the resonance frequency changes from f, to f, the difference in the amplitudes A, to A, indicates the
direction of the frequency shift. Therefore, A, A; can be used as the error signal in a feedback loop
where the excitation frequencies f,, f; are changed in order to maintain A, A; 0, thereby tracking
the resonance frequency. Reproduced with permission from IOP Nanotechnology  [13].
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Figure 2.4: Viscoelastic maps of relative modulus (a) E%E2, and (b) E%ESS obtained with DART
contact scanning for ascan velocity =1 m=s. (c) Calculated storage modulus ratio (black) and loss
modulus ratio (red) versus  and pixel acquisitiontime t,.,. Dashed lines indicate bulk predictions
from time temperature superposition analysis. Reprinted with permission from Langmuir 2011, 27, 23,
13983-13987 https:// doi.org/10.1021/ 1a203434w. Copyright 2011 American Chemical Society [6].

This determination of mechanical properties through the contact resonance phenomenon is shown
in Figure 2.5 where Young's modulus, viscosity, loss tangent, and retardation time can be estimated for

the polymer Low-Density Polyethylene (LDPE).

11



2. Literature Review

Figure 2.5: Nanomechanical maps of a LDPE polymer sample. (a) Young's modulus. (b) Viscosity
coef cient. (c) Loss tangent. (d) Retardation time. The bottom panels show the cross-sections obtained
across the dashed lines marked in the nanomechanical maps. The blue regions show the values that lie
within a 5% window from the average value obtained from the bimodal AM-FM maps. A tip radius of
12 nm has been used to t the data. Reproduced from Benaglia et al. with permission from the Royal
Society of Chemistry [12].

Examples of this mechanical probing are relevant for materials with heterogeneous structure such
as that of a composite material or when nanoparticle additives are incorporated. In the work of Wagner
et al. they investigated the differing Young's moduli on different forms of cellulose nanocrystals (CNCs)
using the contact resonance technique [14]. In Figure 2.6 the different types of CNCs, tunicate and wood,
are highlighted, with the different frequency shifts modelled through the cantilever models to estimate
Young's modulus of the nanomaterials. In this study, the analysis was done in the fth cantilever mode
using a lock-in ampli er setup. The choice of using the fth cantilever mode was due to the fact that the
higher modes of oscillation have a more sensitive relationship between a measured frequency change
and the change in contact stiffness [5]. This allows for more precise estimation of the mechanical
properties of the sample material, which becomes important for small changes such as those seen in
the composite material in Figure 2.6.

12
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Figure 2.6: AFM contact resonance data on mixed cellulose nanoparticle sample. (a) Topography image
of rst region, (b) frequency map of the 5th eigenmode of the rst region, (c) topography image of
second region, (d) frequency map of the 5th eigenmode of the second region. The numbered boxes
show areas of the sample where data has been extracted for analysis. The arrows in b and d show the
location of jumps in resonance frequency in the slow scan direction. Reproduced with permission from
Springer Nature [14].

The results of this study show that the contact resonance method is useful for determining the
mechanical properties of differing materials within the same sample, but the accuracy and reliability
are not well established, with the major issue being the frequency measured changing with multiple
scans. The explanation for this change proposed by the researchers is contamination of CNC particles
on the sharp cantilever tip that leads to the effective modulus tending closer to the CNC material [14].

In contrast to these forced techniques, the contact resonance utilised in this thesis is unforced and
purely due to thermal oscillations. This technique is relatively new due to the more sensitive electronic
equipment and analysis tools required to acquire the thermal signal quickly enough and with low noise
[15]. Additionally, accurately tting to the higher oscillation modes becomes very dif cult due to the
amplitudes being very small.

The bene t of relying only on thermal oscillations is a simpler experimental setup by not requiring
the lock in ampli ers and their modules. This allows AFM machines that would not otherwise be
suited for contact resonance experiments to be quickly adapted by simply routing in a fast external data
logger. Additionally, analysis can be done quickly with a modern high-end desktop that is able to handle
relatively large data sets that even ten years ago would have been very dif cult to process. Despite
these bene ts, the thermal oscillation method has some drawbacks, including reduced accuracy when
tracking higher-order modes or a stiff cantilever with higher resonant frequencies. As mentioned above,
this method depends on the quality of the data logger used, and any discrepancies in the recording
speed and bit resolution of the data logger may give different results even for the same AFM test. This
harms the methods repeatability in comparison to the tracking methods where the cantilever is forced,
making the oscillation amplitudes larger and much more prominent.
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