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Abstract

The Atomic Force Microscope (AFM) is a powerful tool for studying the properties and structures
of materials at the nanometer scale. Unlike most surface analysis methods, it has no restrictions on
surface types or their environment. This versatility allows AFM to investigate a wide range of
materials, including conductive, insulating, soft, hard, cohesive, powdered, biological, organic,
and inorganic. As such, it finds applications in diverse scientific fields such as chemistry, surface
chemistry, polymer science, physics, molecular engineering, semiconductor science, biology, and
medicine. Beyond its ability to image surfaces, AFM can also measure mechanical properties like
Young's modulus. Young's modulus, also known as the modulus of elasticity (E), is defined as the
ratio of stress to strain in the elastic region. This value reflects the stiffness of a material and
changes with temperature. This paper explores the application of AFM in measuring Young's

modulus across various scientific disciplines.
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Introduction

Young’s modulus as one of the most important mechanical properties of materials is defined as
the elastic properties of a solid substance that it undergoing tension or compression in only one
direction, which sometimes it nominated as elasticity, it is named after the Thomas Young (one of

the 19th century British scientists) [ 1-2].

The modulus of elasticity is actually the ratio of stress to strain of a substance and it is a constant
value for each material. Modulus of elasticity is used as a way to identify different materials.
Recently, atomic force microscopy (AFM) as a characterizing technique, has been used to
quantitatively determine of surface mechanical properties. The atomic force microscope is a
powerful non-destructive tool to imaging the surfaces topography with nanometric resolution. In
addition, by AFM some information about friction behavior, thermal properties, and surface
elasticity can be obtained that cannot be achieved using other methods. This microscope usually
does not require the very high vacuum such as TEM and SEM [3-5]. It can be used to determine
the Young’s modulus of substrates by study of interaction between the tip and surface [6-9].
Moreover, the mechanical properties of cells or tissues in biological and unbiologic systems can

be investigated using AFM.

Young’s modulus

Young’s modulus as a very important material property describes the elastic properties of a solid
under tension or compression in one direction, which shows a solid's stiffness or resistance to
elastic deformation under load. The influence of strains on the under-load material leads to

displacement of structure.



Young’s modulus is the ratio of tensile stress to tensile strain along a line, which stress and strain
defined as force per unit area and proportional deformation, respectively. Figure 1 a, b shows the
effect of stiffness on the Young’s modulus value with change in length, respectively. A uniaxial
stress (extension or compression) is given to material with low stiffness (green Fig.1-a) and high

stiffness (blue Fig. 1-a) that it can be cause their deformation [10-11].
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Figure 1: Effect of stiffness on Young’s modulus value.

By compressing or extending of materials, the elastic deformation occurs that will return to their
original shape by removing the load. Flexible materials or elastic solids show a low Young's

modulus value and a stiff materials or inelastic solids indicate a high Young's modulus.

The equation for Young's modulus is:

E = stress/strain=c / ¢ = (F/A) / (AL/L1) =FL; / AAL



Where E, o, and € are Young's modulus (Pa), the uniaxial stress and the strain, F defined as the
force of compression or extension, A is the cross-sectional surface area perpendicular to the
applied force, A L and L are the change in length (negative under compression; positive when

stretched) and the original length, respectively. L» is new length (Fig. 1-b).

Atomic Force Microscope

Atomic Force Microscope can be used to measure several properties including surface
morphology, adhesion and friction forces, elasticity, magnetic properties, distribution of electric
charges and electrical polarity of different points. These capabilities are used to evaluate properties
such as roughness, uniformity, adhesion, corrosion, friction, size and so on, which applied in
various fields and industries including chemistry, physics, materials and metallurgy, polymer

engineering, biology, medicine, and so on [12-16].

The AFM works by bringing the cantilever tip close to the sample surface. A laser beam reflects
off the backside of the cantilever, and its position is recorded by a photodiode. Any attractive or
repulsive forces between the tip and the surface cause the cantilever to bend, changing the direction
of the reflected beam. The detector measures the amount of this deflection, allowing us to generate
a topographic map of the sample surface with nanometer-scale resolution in the X and Y directions

and angstrom-level resolution in the Z direction [17-19].

Using the AFM, making nanometer changes in the sample surfaces by both mechanical and
chemical methods is possible. Among the AFM capabilities, making nano-indentation is also
important, which is valuable capability for Young’s modulus investigation. AFM would able to
monitor the surface via in situ imaging of the indentation without switching equipment [20].

Several factors influence the calculation of Young's modulus using AFM, including temperature



changes, cantilever shape and geometry, and beam shape. This technique can be applied to diverse
materials like rubber, polymers, metals, glasses, alloys, carbon nanotubes, graphene, and diamond.

Generally, solids possess high Young's moduli, while elastomers have low values.

The calculation involves determining the slope of the linear portion of the stress-strain curve. For
simplicity, the Hertz model is a recommended approach to extract necessary quantities. This
requires obtaining the cantilever tip's dimensions (length, width, thickness, and radius) using

calibration samples and SEM images [20].

The cantilever’s response is recorded after introducing the modulation signal to the sample using
the responsive phase and amplitude. Young’s modulus can be calculated by phase and amplitude
versus driving frequency. Also, it can be obtained from the resonance frequencies between the tip-
surface interaction and the Young's modulus, or modulus of elasticity is calculated by determining

the force created at the resonance frequency of the sample [21].

Hertz model

In 1881, Heinrich Hertz presented Hertz model, which the tip and the sample are assumed as two
spheres by considering elastic deformation with radius R1 and R2, respectively. So, both the
interpenetration between surfaces during the indentation process and any F, acting between the

surface and the AFM tip are ignored [20].

Applying this model is only possible if the probe indentation value into the sample surface is much
smaller than the tip curvature radius, in order to eliminate the plastic deformations in the sample
surface. Finding the contact point between the tip and the sample surface is so important in force

F measurement dependent on the indentation value d [22].



However, the equation in this model is summarized in the following formula:

2/3

A = <RF)
C_n K

R is obtained by incorporating the curvature radius of different materials and K is related to their

combined elastic modulus, which is formulated as following:
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E is the Young’s modulus and v is the Poisson ratio for the material and the indenter.

Johnson, Kendall and Roberts [23] designed a mechanics model for calculating of A, as follows:

Y =Y1tV2—Y12

Y is the work per unit of area that is necessary to separate the tip and surface. Y'; and Y are the
surface energies of the sample and surface, Y12 is the interfacial energy. This model is more
credible for sticky surfaces and tips with a large R and interaction forces are ignored. According

to this model, A. is formulates as:

R’/
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When the value of Y tends to zero, the above equation approaches the Hertz model.

Application of AFM in determination of Young’s modulus
Atomic force microscopy is a strong tool for studying a wide range of materials at the nanoscale.

Using of this microscope, it is possible to study the structural, physical and mechanical properties



of materials such as roughness, hardness, Young’s modulus, topography and particle size as well
as force determination in nano-Newton scale.

It can be applied in in various fields such as chemistry, materials, physics, polymer, Semiconductor
and others sciences. Imaging of biomolecules in physiological condition, is one of the capabilities
of AFM, which makes this technique widely used in biology and medical, too.

This device also has the ability to nanoindentation investigation and change the particles and
sample surfaces [24-28]. This article briefly describes some of the most important uses of the AFM

in Young’s modulus determination in the various fields.

Application of AFM in the Young’s modulus determination in the biological science

Understanding the mechanical properties of biological tissues is crucial for detecting disease states,
maintaining tissue homeostasis, and guiding reconstructions. Mesenchymal stromal/stem cells
(MSCs) derived from human tissues have demonstrated therapeutic potential in various
applications, including bone and tissue formation, repair, reconstruction, and cell therapy. Notably,
MSCs are known to be sensitive to mechanical cues such as shear stress and matrix stiffness.
Atomic force microscopy (AFM) presents a powerful tool to measure the cellular stiffness of live

human MSCs through appropriate biological sample preparation.

Using AFM, we can obtain three-dimensional images of these samples at the nanometer scale and
calculate the Young's modulus, a parameter reflecting the cell's stiffness. By employing a conical
silicon tip cantilever with a spring constant of k = 0.03 N/m, we can measure the average Young's
modulus of the MSCs [29]. Some researches were done on nanomaterials. Mazzini et al .exhibited

nano-mechanical properties and average Young’s modulus of internal limiting membrane under



ocriplasmin treatment by the AFM. They determined the nano-mechanical properties a kind of
membrane via treat a type of syndrome with call ocriplasmin. They understood a time-dependent
increase of the Young’s modulus over time of about 19% of its value in 30 min, up to reach a
maximum value [30]. This research produced bio-nanocomposite films for wound dressing
applications using gellan gum (GG) and titanium dioxide nanotubes (TiO>-NTs) via the
evaporative casting method. The authors investigated the mechanical properties, antibacterial
activity, and chemical interactions between TiO>-NTs and GG. Their results indicate that
incorporating TiO2-NTs improves the mechanical properties of the GG films due to their uniform
dispersion within the matrix. While increasing the concentration of TiO2-NTs reduces water uptake
and swelling, it also increases the tensile modulus of the films. This suggests that the films maintain
adequate moisture content while diminishing dehydration risks associated with TiO2-NTs alone.
Furthermore, the study found that wounds treated with the GG+TiO2-NTs films healed faster
compared to untreated wounds. The tensile strength and Young's modulus of the films were

measured as (4.56 = 0.15) MPa and (68 = 1.63) MPa, respectively.

[31]. Also, some investigations done on polymers and biologic systems. Over the past decades,
polypyrrole as one of the popular types of conductive polymers (CPs) are used for tissue
engineering and drug delivery application [32-35]. In research, polypyrrole nanoparticles (PPy—
NPs) conjugated with conductive polymer of PCL (poly (e-caprolactone) as an aliphatic polyester
scaffold with good mechanical property for fabricating biocompatible scaffolds was investigated.
PCL scaffolds show poor cell adhesion, migration, and proliferation, low hydrophilicity; and
specifically, nothing conductive property. PCL/PPy conductive scaffold was applied in physical,
mechanical, and biological fields. They used AFM for determining PCL/PPy composite roughness

and mechanical parameters, and indicated that surface roughness of PCL/PPy composite was



increased and Young's Modulus (2 to 4-folds) and tensile strength (3 to 4-folds) as mechanical

strength parameters improved.

They showed that surface roughness improvement was depended to PPy—NPs concentration in the
PCL/PPy composite scaffolds. Moreover, cell adhesion, growth, and proliferation were related to
surface roughness [36].

Moreover, Metabolism and physiological activities of cells can probe by deformability as an
inherent property. The erythrocyte deformability shows that it has a strong relation with
erythrocyte aging. AFM by a V-shaped silicon nitride cantilever with nominal spring constant of
0.06 N/m have been used. By approaching the tip to the cell, passive and active deformation can
be considered. At the first, cell with zero force and from zero force to the separation of the tip -
cell are referred as the cell passive deformation and cell active deformation, respectively.

The erythrocytes had the maximum amounts of Young’s modulus for active deformation but the
minimum amounts for passive deformation. So, the Young's modulus of erythrocytes is calculated
as main mechanical specification for determination cell stiffness as a novel biomechanical
characteristic for the controlling of aged erythrocytes. The average Young's modulus was
determined 1.27 kPa and 1.21 kPa at the center and the terminal radius, over the erythrocyte

surface, respectively [37].

Tang et al. identified the significance of passive and active deformations on the mechanical
responses of erythrocytes, analyzing them through energy states. The energy consumed during
these deformations varied depending on the erythrocyte age, with active deformation energy seen
as a crucial mechanical parameter for clearing and removing aged cells. Wounds, whether on the

skin or other tissues, represent a major health concern. Such injuries can damage the skin layer



and compromise its protective system, potentially leading to infection, bleeding, sepsis, keloids,
and scar formation. Therefore, the mechanical properties and antibacterial activity of wound

dressings are crucial for proper wound care.

Several metals, including silver, gold, copper, and titanium, have been used to improve the

treatment of human cell diseases and wounds [38].

In a study, myricetin (MCE) and its glycoside myricitrin (MCI) flavonols (molecules that have
interesting biological activity) are selected and the effect of interactions between 1,2-dimyristoyl-
sn-glycero-3- phosphocholine (DMPC) bilayers and these flavonols via simulation study
investigated. Flavonols as an important part of human nutrition are a polyphenol, with
hydrophilicity and/or hydrophobicity properties, which can affect on various cell membrane
parameters such as fluidity via changing membrane enzyme activities and permeability [39]. Their
obtained results showed that the interaction between cell membranes and MCI flavonol is more
powerful than for MCE flavonol. It can be attributed to the difference in polarities between MCE
and MCI [40].

Damaged tissues can treat via biological performances including 3D artificial matrices or
scaffolds. This is nominated as tissue engineering (TE) [41]. These scaffolds should be built from
materials with open porosity (controllable shape and size of pores) and biocompatible. Stiffness
and permeability of the scaffold is significant in TE. In this regard, AFM was applied to measure
mechanical properties of various diameters of poly (e-caprolactone) (PCL) fibers in the macro and
nanoscale. Also, Young's modulus values were determined using force-distance curves by AFM.
Their results showed that changes in fiber diameters can have influence on the mechanical

properties scaffolds as a significant factor in 3D-printed fibers designing [42].
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Cancer is a serious problem among diseases and it is considered as a significant challenge in new
researches. It is reported that tumor can start from likely a single cell within a cluster of
precancerous cells that contribute oncogenetic transformation [43]. Furthermore, cell mechanical
properties involving of tissue formation, cell functionality, stem cell differentiation are significant
factors in cancer diagnosing. In this regards, atomic force microscope can apply for studding cell
mechanics, pericellular coat or brush-like layer surrounding eukaryotic [44]. Atomic Force
Microscopy (AFM) holds promise for enhancing our understanding of factors responsible for
cancer initiation. A study used AFM to investigate the physical properties of cancer-initiating cells
and surrounding tissues in three animal tumors. Identifying these factors could impact cancer onset

and progression.

The study revealed a significant increase in the effective Young's modulus of surrounding tissues
compared to cancer-initiating cells, indicating that surrounding tissues were stiffer. Notably,
cancer-initiating cells exhibited softer properties than advanced cancer cells. These AFM analyses

of cell physical parameters demonstrated crucial changes associated with cancer development.

AFM indentation was employed to examine cancer-initiating cells and surrounding tissues as
controls. Statistically significant differences were observed in the mechanical properties and
effective Young's modulus between these groups. Importantly, cancer-initiating cells displayed a

decrease in effective Young's modulus compared to surrounding tissues [45].

In research, the properties of collagen fibrils are studied using AFM. Tendon tensile strength and
many other connective tissues are created via Collagen fibrils. Collagen fibrils with protein
structures are rope-like supermolecular and its hierarchical structures are held together via

intermolecular and covalent bonding between single molecules. For study of single collagen fibrils

11



from tendons, atomic force microscopy with high resolution and velocity, and hydrated mechanical
mapping technique had been used.

They separated five fibrils of each tendon from five individual animals (a total 25 fibrils), and they
had mechanically investigated fibrils from tendons as hydrated and dehydrated. Each fibril was
imaged using AFM in the dehydrated and rehydrated states. The fibril deformation at a point was
described from the force/distance curve. They showed that all fibrils demonstrated microscale
variation and the distribution of these variations along the fibril length were calculated. They
proposed that the source of this variation in modulus is local differences in the collagen molecules

number per unit length and/or differences in crosslink density [46].

A study measured the nanoscale effects of various soft drinks on human teeth enamel using Atomic
Force Microscopy (AFM). The study focused on roughness (Rq) and elastic modulus (E) changes
over time by floating teeth in different beverages. By calculating topography and elastic modulus,
researchers aimed to identify early signs of enamel weakening, a crucial step in understanding
dental erosion. Dental erosion results from acidic foods and drinks, medication, and certain
treatments. It removes hard dental tissue, leaving the enamel roughened and weakened. This
erosion allows bacteria and acids to penetrate the tooth's structure, reaching the dentin and causing

sensitivity to heat, cold, sweet, and sour foods. This can even lead to hypersensitivity.

The study's findings highlight the importance of elastic modulus as a key factor in detecting the

initial stages of enamel weakening during the etching process [47].

AFM strongly can help to identify mechanical and structural differences in each cell type [48,49].
Ngayama et al. studied macroscopic and microscopic analysis of the mechanical properties,

adhesion force and cell-substrate adhesion strength of different cell types via AFM analysis.
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According to their results, the mechanical properties of vascular smooth muscle cells (VSMCs)
were up two times larger than those of HeLa cells. It is attributed to the internal tension and shape
discipline of the actin cytoskeleton [50].

Three dimensional biocompatible materials with sizes micro to nanoscale can be used for bone
formation process or neural tissue reconstruction, because they are sensitive to the mechanical
properties of the substrates. In research, Buchroithner et al. studied mechanical properties of
biocompatible materials by AFM. They measured two biocompatible resins (pentaerythritol
triacrylate (PETA) and hybrid OrmoComp monomers) Young's modulus and compared to two
resins which are commonly used in Multiphoton lithography. Young's modulus value is reported
in the range of 100 Mpa. They indicated that OrmoComp Young's modulus was the smallest which
it is attributed to a its high aspect ratio [51].

In the worldwide, one of the deadliest diseases is tumor in glioblastoma (GBM). Hohman et al.
studied the effect of Metastasis-associated in colon cancer 1 (MACCI1), which it can increases the
migration speed of single cells and their elastic modulus, that cause the decreased adhesion and
increased elasticity. At first, Cells were permitted to adhere to a petri dish and after the starting the
test, single cells were investigated using AFM tip for identifying the Young’s modulus. Moreover,
the average diameter of the cell was measured, that giving a good estimate of the initial cell-cell
distance. The changes are seen in adhesion, elasticity and tension, which it leads to inhibited GBM

cell migration and thus improvement of disease [52].

Application of AFM in the Young’s modulus determination in the unbiological science

Some investigations were done on nano materials. Short fiber reinforced rubber composites have
significant properties, which they can applied for diverse industrial applications. The interfacial

interaction and interfacial nanomechanical properties between fibers and rubber can affect on
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interface quality as a key factor for the increasing of efficiency, the mechanical properties and
failure behavior of the composites. Tian et al. studied interfacial interaction of three kinds fibrillar
silicate/elastomer nanocomposites (FS/NR) by combination of quantitative nanomechanical
technique and atomic force microscopy (AFM-QNM). These nanocomposites exhibited excellent
performance, which their mechanical properties and Young’s modulus were quantitatively
determined via AFM-QNM. Interfacial thickness and Young’s modulus of the modified FS/NR
composites were higher than unmodified-FS/NR composites. This could be ascribed to presence
of chemical bonds and physical entanglement between modified-FS and NR matrix and between
unmodified-FS and NR matrix, respectively. This research can provide to deep comprehend the
interface of nanofiber reinforced composites, and it can help to design of interfacial high
performance rubber composites [53]. Hyperbranched polyglycerols (hbPGs) are highly
biocompatible materials due to their high molecular weight. Various analytical techniques were
used to characterize the synthesized materials, which have also been explored for drug delivery
applications [54-55]. Atomic Force Microscopy (AFM) offers a powerful tool to measure the
Young's modulus, adhesion force in molecular bonds, and surface chemical state of hbPGs, making
them an attractive polymer for drug delivery. A study reported that the Young's modulus of hbPGs
strongly increased when deposited on a mica substrate, which was attributed to the formation of

intramolecular hydrogen bonds [56].

Textile wastewater often contains dyes and other chemicals that need to be removed before
discharge to protect the environment. Membrane technology, including ultrafiltration (UF) and
nanofiltration (NF), is a promising approach for this purpose due to its economic viability, high
removal efficiency, and minimal environmental impact. However, these membranes can suffer

from fouling, reducing their effectiveness. Modifying the membranes with nanoparticles presents
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a new way to improve their surface properties and mitigate fouling. Sakarkar et al. investigated
the use of six different polyvinyl alcohol (PVA)/titanium dioxide (TiO2) composite membranes
coated on polyvinylidene fluoride (PVDF) for dye removal from textile wastewater using the dip-
coating method. They compared the mechanical properties of these composite membranes. Their
results showed that the root mean square roughness of the pure PVDF membrane was 1.067 nm,
while the composite membrane containing 12 wt% PV A displayed a significantly higher roughness

of 120 nm [57].

Moreover, using the SEM, AFM, FTIR, XRD and contact angle results, the interactions between
TiO, nanoparticles and PVA in the coating were detected, which led to changed surface
morphologies and increased hydrophilicity of the membranes [57].

Some researches were done on polymers and unbiologic science. Fang et al. studied the Young’s
modulus of the membranes of Natural oil bodies (OBs) such as soybean, sesame, and peanut via
AFM. They showed that membrane structure and surface molecular conformation can lead to differ
between the mechanical properties of the various OBs. Higher protein/oil ratio in Obs can provide
smaller size, stronger mechanical traits with more stability, that these properties are benefit in the

membrane in industrial applications [58].

Diamond-like carbon (DLC) films, valuable for their semiconducting properties, were successfully
deposited on Si substrates using helicon wave plasma chemical vapor deposition (HW-PCVD)
with Ar/CH4 mixtures at room temperature. These films exhibit high biocompatibility, hardness,
chemical resistance, electrical resistivity, and low friction coefficients, making them suitable for

various electronic applications.
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The influence of CH4 flow rate (ranging from 5 to 25 sccm) on the surface energy of the DLC
films was investigated using Atomic Force Microscopy (AFM). It was found that the films
achieved the highest Young's modulus of 11 GPa at a CH4 flow rate of 25 sccm, attributed to the
presence of C-C sp’ bonds. Interestingly, the AFM study also revealed that the DLC film surfaces

were relatively soft [59].

In fact, by increasing the PVA value, tensile strength and Young’s modulus of the coated
membranes were increased, due to agglomeration of the TiO2 nanoparticles in the composite which
can increase the roughness. In addition, dye removal has been more common for high molecular
weight dye molecules because they are trapped in small membrane pores.

The valorization of naturally resources can help solve environmental problems caused by the
excessive use of fossil resources. Lignin containing cellulose nanofibers (LCNFs) as
lignocellulosic resources can considered as a suitable option for using in the composites,
biomedical devices, filtration and packaging applications. Yang et al. produced LCNFs through
wheat residues and then it was inserted into a polyvinyl alcohol (PVA) matrix. The introduce of
LCNFs in the PVA composites films, resulted in significant improvements in tensile Strength,
Young's modulus, thermal resistance, surface properties and slight decrease in elongation at break.
So, LCNFs are expected to be a good candidate for various applications, including as additives to

composites, biomedical devices and so on [60].

Glass molding is an effective and green environmental method to make the optical elements such
as aspheric lenses. Optical elements are fabricated by various coating including metal or nitride on
various surfaces for glass molding applications [61-62]. A previous study by Li et al. investigated

the effect of Crx WyNz coatings on cemented carbide (WC-8Co) under thermal-mechanical cycles
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in a nitrogen atmosphere. CrxWyNz coatings were deposited on WC-8Co using plasma-enhanced
magnetron sputtering (PEMS) technology and then evaluated for their performance in a precision
glass molding machine (PGMM). Atomic Force Microscopy (AFM) was employed to determine

the mechanical properties of the coated surfaces.

The study found that increasing the W content in the CrxWyNz coatings led to a simultaneous
increase in Young's modulus and decrease in surface roughness. Additionally, the coatings offered
protection against oxidation reactions during the thermal-mechanical cycles, resulting in reduced
surface roughness in the contact area compared to the non-contact area. Overall, the study
concluded that Crx WyNz coatings (with 18 <x <27 and 24 <y < 28) represent a suitable protective

coating for this application [63].

Mechanical properties of titanium carbon nitride (TiCN) coatings were investigated by some
researchers in the past few years, because TiCN have higher hardness than commercial TiAIN and
TiN coatings [64]. Das et al. synthesized TiCN thin films on Si substrate by CVD technique under
different N, gas flow rate (6-15 sccm) and evaluated the performance of CVD method for the
growth of TiCN coating over machine apparatus at high temperatures. Various analysis was done
for identifying of morphological, structural, corrosion behavior and mechanical properties of the
coatings. AFM analysis was used for determination of surface roughness. Results indicated that
by increasing of N, flow rate, Hardness (H) and Young's modulus (E) and particle size were
increased. The nanoindentation result detected an increase in coating hardness and Young's
modulus by an increase in N> flow rate in the range of 23.85+1.87 to 27.88+1.86 sccm and 449.65

to 486.22 sccm, respectively. Increased N> flow rate gained in the decreased coatings roughness.
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Maximum surface roughness and Young's modulus was reported as 48.25 nm and 486.22 Gpa in

low and high flow rate, respectively [65].

Conclusion

Atomic force microscopy (AFM) has emerged as a powerful technique in both scientific and
industrial fields, enabling the study of various physical and structural properties of compounds at
the nanoscale. One key strength of AFM is nano-indentation, which allows for accurate
measurement of Young's modulus, providing valuable quantitative information about the
mechanical properties and nature of materials. This rapidly growing field of knowledge holds
immense potential for a deeper understanding of mechanical characteristics at the molecular and
atomic scales. Beyond its impressive mechanical characterization capabilities, AFM's ease of use
and non-destructive nature have cemented its position as a critical tool in biology and surface
science research. Furthermore, its versatility across diverse applications, combined with its
exceptional nanoscale resolution, makes AFM an increasingly popular choice in both research and

industrial settings.
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