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Preface

The synergy achieved in the field of new material technologies regarding the shaping of the
structure and properties of the surface of materials is the result of the integration of many
fields of science and technology. Many research centres in the country and in the world are
continuing their efforts to thoroughly learn and describe phenomena occurring on the sur‐
face of solid bodies. Due to the development of nanotechnology in many applications such
as medicine or electronics, the definition of horizontal millimetre structure, or even micro‐
metres is not enough, because continuous technological progress creates the need to image
details of smaller and more accurate dimensions. This need is met by the dynamically devel‐
oping scanning tunnel microscopy (STM) and atomic force microscopy (AFM) methods.

Among many tools associated with nanotechnology, none is so well recognized and simple
in terms of construction assumptions than the atomic force microscope, also called a micro‐
scope of close interactions. Despite the simplicity of the basic assumptions regarding opera‐
tion, the design of this microscope is not at all trivial, and high-quality modern systems
contain the latest technological solutions. Over the past two decades, the atomic force micro‐
scope has evolved from a highly specialized device into a computer-controlled microscope
that can be placed on the table. During this time, the number of possible applications for this
device has also increased significantly, and the development of research techniques associat‐
ed with it continues. As a result, a device was created enabling surface imaging in three di‐
mensions, but also an interactive tool that gives the opportunity to manipulate and interfere
with the structure of the sample at the level of individual molecules.

This book introduces readers to the latest achievements in the field of near-interaction micro‐
scopy, presents the possibilities of using SPM microscopes both for testing and modifying the
surface of materials at the atomic scale. It constitutes an interesting literature position for both
research communities in the fields of chemistry, physics, biology and materials engineering.

Prof. Tomasz Tański, Dr. Bogusław Ziębowicz, and Dr. Marcin Staszuk
Division of Materials Processing Technology, Management, and

Computer Techniques in Materials Science
Institute of Engineering Materials and Biomaterials

Silesian University of Technology
Gliwice, Poland
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1. Introduction

Forming part of the group of scanning probe microscopy, the atomic force microscopy (AFM) 
allows to imaging of surface topography of all groups of engineering materials with very 
high resolution, relative to all three axes. AFM enables of obtaining very large magnifica-
tions up to 108 and resolution of 0.1 nm in the x, y, and 0.01 nm axes in the z axis. Compared 
to classic scanning electron microscopy (SEM), it allows to imaging of dielectric material 
surfaces without the need for applying conductive layers and allows the determination of 
surface roughness parameters without the need for additional tests. Therefore, this method 
is still being developed and is recognized in many areas of science and technology. The spe-
cial significance of AFM is emphasized in the research on the surface quality of functional 
materials, using the possibility of surface analysis at the nanometric level. The field of AFM 
applications, due to the enormous possibilities unavailable to other research techniques, is 
constantly expanded [1–4].

The idea of AFM is based on the use of interatomic short-range interactions whose intensity 
depends on the surface topography of the test sample subjected to the research. The analysis 
of the surface in terms of the shape and location of characteristic points most often carried out 
by means of AFM is in three modes [5–7].

It enables very accurate imaging of the surface topography of the static-contact mode (the 
microscopy of repulsive interactions), in which the distance between the atoms of the probe 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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and atoms of the exanimated surface is in the range of 1 Å and the pressing force of the probe 
is in the range of 10-11 to 10-7 N. However, the limitation of the use of the mode in the case of 
materials with low hardness (thin organic layers) is the need to apply low-pressure forces by 
danger of damaging the sample [5].

In the dynamic-resonance mode (long-range attraction microscopy—van der Waals forces, 
magnetic forces, electrostatic forces), i.e., noncontact mode, the probe is located 1–10 nm from 
the sample surface. The mode provides lower resolution of images than in the contact mode; 
however, it can be used to analyze the surface of materials with very low hardness and easily 
deformable [6].

In intermittent-contact mode (resonant microscopy of repulsive interactions), the probe intro-
duces oscillation at a frequency close to the resonant frequency (50–500 kHz) at a distance 
enabling the analysis of interactions of both long-range forces and short-range forces and the 
blade periodically comes into contact with the surface of the sample [7].

A common feature of all available modes is the method of image creation as a result of measur-
ing the forces occurring between the microprobe and the surface under test. The microsphere 
is placed on a springy lever (beam) which is bent under the influence of interatomic forces. 
Deflection of the beam is processed by the photodetector for a current signal, which allows 
obtaining a surface image of the sample. Due to the specificity of surface imaging, AFM is 
effective for virtually all groups of engineering materials. This method has no limitations due 
to the mechanical, optical, or electrical properties of the materials [3–5, 8].

In the case of ceramic layers with high hardness, the use of AFM provides detailed information 
on the morphology of the surface layers obtained in PVD and CVD (chemical vapor deposi-
tion) processes produced as coatings, among others on ceramic tool materials. For example, the 
analysis of Ti (C, N) + Al2O3 + TiN coating surfaces allows to show a topography characteristic 
of the subsurface Al2O3 layer consisting of numerous polyhedra. In this case, the used atomic 
force microscopy enabled the imaging of the nanodimensional structures and the precise mea-
surement of the height of the structural surface elements by profile analysis which is unachiev-
able by the use of other surface observation techniques, e.g., scanning electron microscopy [9].

An extremely important element of a properly conducted surface topography survey is the 
analysis of results containing the appropriate interpretation of processes and phenomena 
occurring on the surface of the material being tested. AFM image analysis is carried out using 
programs dedicated to specific hardware applications used to analyze and measure basic 
parameters of the image surface, such as quantitative measurements of surface features in 
selected areas, statistical data such as geometric area, surface area, and the ratio of surface 
area to geometric surface.

The use of AFM is developed in particular in the fields of material engineering in which very 
precise measurement of surface quality is necessary due to both the most modern methods of 
obtaining surface structures and the specific use of obtained materials. For this reason, AFM is 
often used in the research of dental materials and, in particular, the layers of materials used in 
dentistry produced by the most modern methods providing very high-dimensional accuracy 
and surface quality. The ALD (atomic layer deposition) method plays an important role in 
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dental prosthetics as one of the most modern coating techniques. ALD is a variant of the CVD 
(chemical vapor deposition) that allows the coating deposition of very accurately reflecting the 
topography of the substrate and ensures control of the thickness of the deposited coating with 
accuracy to the layer of atomic thickness, which allows coating complex-shaped surfaces [3].

In the case of layers of materials used in dentistry produced using the ALD method, the appli-
cation of AFM for surface layer morphology tests is an important supplement to the surface 
quality tests carried out so far. It is extremely important to examine the roughness of the 
created layers, the low value of which makes it practically impossible to use a different test 
method. An important issue is also the ability to determine the quality of the layer made with 
very high magnification [4, 9].

The area of application of AFM is also surface investigations of materials whose physical 
properties (e.g., lack of electrical conductivity, low hardness) make it difficult to analyze with 
other methods, and determination of surface morphology is extremely important due to their 
potential application.

Atomic force microscope enables detailed analysis of topography of thin organic layers or com-
posites with organic matrix and micro- and nanostructure fillers. The results of the analysis of 
topographic images obtained using this method allow to obtain detailed information on the 
state of the surface, damage on the nanoscale, and lumps of material deposited with possible 
agglomerates in the case of nanoparticle-strengthened composites. One of the basic advantages 
of AFM from the point of view of organic materials research is the possibility of imaging with 
a very large magnification surfaces of nonconductive materials. The complementary method 
of examining the surface of materials can be scanning electron microscopy (SEM) in the case of 
nonconductive organic materials forces coating their surface with thin conductive layers (gold, 
silver, and aluminum, among others) in order to perform the test [3, 4, 8, 9].

In addition, in case if thin layers with nanometric thickness (less than 100 nm) are from 
organic materials of mostly very low density, the embedding of the conductive layer can 
cause a significant decrease in the accuracy of imaging, e.g., in the form of fractures of addi-
tional conductive material. The necessity of depositing thin conductive layers on the surface 
of organic material also makes it impossible to carry out further research on a thin organic 
layer forming, for example, a heterojunction p-n due to a change in the optical properties of 
the system. In addition, thin layers of organic materials are easily degraded under the influ-
ence of the electron beam used in SEM. This makes the AFM an irreplaceable imaging method 
that provides an image of the surface of organic materials with the resolution capability of 
the order of a single atom. The low mechanical strength and, in particular, the low abrasion 
resistance, thin organic layers, and nanocomposites with an organic matrix make that in the 
research of this type of materials, the noncontact mode is most often used. In addition, in the 
case of composite layers with nanofillers, due to the high tendency to form agglomerates with 
sizes above 1 μm, the use of noncontact imaging avoids the risk of damage to the probe [3, 9].

An extremely important advantage of AFM is the ability to describe quantitative surface qual-
ity by determining roughness coefficients. The quantitative analysis of the surface topogra-
phy of layers is carried out based on surface unevenness parameters. The basic parameters 
describing surface topographies are RMS (rough mean square) and Ra parameter. The RMS 
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parameter is defined as the standard deviation from the mean value calculated from the area 
based on the point grid (characterized by the height of Zi) according to the formula 1:

  RMS =  √ 
_____________

    1 __ n   ⋅  ∑ 
i=1

  
n
      ( Z  i   −  Z ¯  )    

2
     (1)

where n is the number of points, Zi is the height of each point for the z coordinate, and   Z ¯    is the 
average value of the sample height for the z coordinate.

AFM also allows thickness measurement of thin organic layers, which is extremely conve-
nient especially for materials with low hardness. Methods that use the determination of layer 
thickness based on measurement of optical properties require complex calculations or are 
relatively time-consuming. Using AFM, thickness measurement is simpler and faster. The 
measurement consists in removing the material of the layer up to the substrate material. Then, 
the measurement of surface topography at the boundary of the layer and the substrate is 
conducted. Through the linear analysis of the height change value in the topographic profile, 
it allows to specify the layer thickness. However, the accuracy of the test should depend on 
the total exposure of the substrate and the selection of a representative place thickness test. 
Therefore, especially in the case of layers with complex topography, it is necessary to perform 
measurements several times in order to determine the statistical average [9].

Author details

Tomasz Tański*, Bogusław Ziębowicz, Paweł Jarka and Marcin Staszuk

*Address all correspondence to: tomasz.tanski@polsl.pl

Division of Materials Processing Technology, Management, and Computer Techniques in 
Materials Science, Institute of Engineering Materials and Biomaterials, Silesian University of 
Technology, Gliwice, Poland

References

[1] Reifenberger R. Fundamentals of Atomic Force Microscopy. Word Scientific; 2015

[2] Binnig G, Quate CF, Gerber CH. Atomic force microscope. Physical Review Letters. 1986; 
9(96):930-933

[3] Haustad G. Atomic Force Microscopy Understanding Basic Modes and Advanced 
Applications. Wiley; 2012

[4] Jand KD. Atomic force microscopy of biomaterials surfaces and interfaces. Surface 
Science. 2001;3(491):303-332

[5] Voigtjander B. Scanning Probe Microscopy. Springer; 2015

Atomic-force Microscopy and Its Applications6

[6] Morita S, Giessibl FJ, Meyer E, Wiesendanger R. Noncontact Atomic Force Microscopy. 
Springer; 2015

[7] Prater CB et al. Tapping Mode Imaging: Applications and Technology. Santa Barbara: 
Digital Instruments; 1997

[8] Kruk T. Atomic force microscopy (AFM). The Laboratory. 2013;18(1):40-50

[9] Ziębowicz B, Staszuk M, Jarka P. Surface analysis using an atomic force microscope. The 
Laboratory. 2018;18(1):18-22

Introductory Chapter: Why Atomic Force Microscopy (AFM) is One of the Leading Methods…
http://dx.doi.org/10.5772/intechopen.80446

7



parameter is defined as the standard deviation from the mean value calculated from the area 
based on the point grid (characterized by the height of Zi) according to the formula 1:

  RMS =  √ 
_____________

    1 __ n   ⋅  ∑ 
i=1

  
n
      ( Z  i   −  Z ¯  )    

2
     (1)

where n is the number of points, Zi is the height of each point for the z coordinate, and   Z ¯    is the 
average value of the sample height for the z coordinate.

AFM also allows thickness measurement of thin organic layers, which is extremely conve-
nient especially for materials with low hardness. Methods that use the determination of layer 
thickness based on measurement of optical properties require complex calculations or are 
relatively time-consuming. Using AFM, thickness measurement is simpler and faster. The 
measurement consists in removing the material of the layer up to the substrate material. Then, 
the measurement of surface topography at the boundary of the layer and the substrate is 
conducted. Through the linear analysis of the height change value in the topographic profile, 
it allows to specify the layer thickness. However, the accuracy of the test should depend on 
the total exposure of the substrate and the selection of a representative place thickness test. 
Therefore, especially in the case of layers with complex topography, it is necessary to perform 
measurements several times in order to determine the statistical average [9].

Author details

Tomasz Tański*, Bogusław Ziębowicz, Paweł Jarka and Marcin Staszuk

*Address all correspondence to: tomasz.tanski@polsl.pl

Division of Materials Processing Technology, Management, and Computer Techniques in 
Materials Science, Institute of Engineering Materials and Biomaterials, Silesian University of 
Technology, Gliwice, Poland

References

[1] Reifenberger R. Fundamentals of Atomic Force Microscopy. Word Scientific; 2015

[2] Binnig G, Quate CF, Gerber CH. Atomic force microscope. Physical Review Letters. 1986; 
9(96):930-933

[3] Haustad G. Atomic Force Microscopy Understanding Basic Modes and Advanced 
Applications. Wiley; 2012

[4] Jand KD. Atomic force microscopy of biomaterials surfaces and interfaces. Surface 
Science. 2001;3(491):303-332

[5] Voigtjander B. Scanning Probe Microscopy. Springer; 2015

Atomic-force Microscopy and Its Applications6

[6] Morita S, Giessibl FJ, Meyer E, Wiesendanger R. Noncontact Atomic Force Microscopy. 
Springer; 2015

[7] Prater CB et al. Tapping Mode Imaging: Applications and Technology. Santa Barbara: 
Digital Instruments; 1997

[8] Kruk T. Atomic force microscopy (AFM). The Laboratory. 2013;18(1):40-50

[9] Ziębowicz B, Staszuk M, Jarka P. Surface analysis using an atomic force microscope. The 
Laboratory. 2018;18(1):18-22

Introductory Chapter: Why Atomic Force Microscopy (AFM) is One of the Leading Methods…
http://dx.doi.org/10.5772/intechopen.80446

7



Section 2

The Atomic-force Microscopy Study



Section 2

The Atomic-force Microscopy Study



Chapter 2

Characterization of Single Polymer Molecules

Milad Radiom

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77999

Provisional chapter

Characterization of Single Polymer Molecules

Milad Radiom

Additional information is available at the end of the chapter

Abstract

This chapter offers an overview of the use of atomic force microscopy (AFM) in polymer
studies. Soft AFM cantilevers with sharp tips are useful for their relatively high spatial
resolution, a few nm, and force resolution, a few tens of pN. AFM imaging is used to
characterize conformational properties of single polymer chains at solid-liquid interfaces.
AFM force microscopy gives molecular elasticity as well as interaction forces of single
polymer chains with solids. Recent technical developments have made possible the char-
acterization of time-resolved mechanical properties of single polymer chains, including
the relaxation time and internal friction. AFM force microscopy with biomolecules,
supramolecules, and mechanophores reveals the forces required for, and the kinetics of,
conformational transitions and chemical reactions in these molecules at the single-chain
and single bond levels.

Keywords: AFM imaging, atomic force microscopy, mechanochemistry, molecular
conformations, molecular elastic response, single molecule force microscopy,
single molecules

1. Introduction

From the time of its invention in 1986 [1], atomic force microscopy (AFM) has been influential
in polymer studies mainly at the nanoscale. The imaging mode of AFM has been used to
visualize polymer chains [2, 3], while the force microscopy mode to measure their elasticity,
internal friction, and adhesion forces [4–7]. Moreover, the long-established theories of polymer
mechanics and dynamics could be reevaluated and retuned to better interpret the new results
obtained from AFM measurements [8, 9]. Alongside theories, computational chemistry
methods have been adopted to evaluate relevant experimental parameters from ab initio or
molecular dynamics calculations, or to model the force response of polymers with conforma-
tional transition, for example polysaccharides [10, 11].
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In imaging application, polymer chains are generally adsorbed from a dilute solution. The
dilute condition results in thin polymer films where the chains are isolated. The polymers are
deposited on flat solids such as mica, silica (due to roughness, silica is used with thick poly-
mers such as dendronized polymers), gold (for example, gold deposited on mica), or highly
oriented pyrolytic graphite (HOPG). The individual chains are then imaged using noncontact
or intermittent contact imaging modes [12–17]. Analysis of AFM images provides useful
information on conformations and sizes of polymer molecules, and conformational transitions
because of changing chemical environment [3, 18–21]. Examples of AFM images of double-
stranded DNA [3] and four generations of a dendronized polymer [22] are shown in Figure 1
(a) and (b). Analysis of DNA images shows the effect of chemical environment, solution as
well as solid substrate, on DNA conformation and length. Processing of the AFM images of
dendronized polymers show that chains thicken with generation of dendronization, while
their conformations persist over longer distances.

In a seminal work, Gaub and coworkers showed that AFM can be used to manipulate proteins
at single molecule level [4]. This research led to the use of AFM in polymer studies involving
the extension and manipulation of single polymer chains. The measurements are realized by
adsorbing a polymer film on solid from a dilute to moderately concentrated polymer solution.
The tip of the AFM cantilever is then brought into contact with the solid and retracted. This
process results in occasional extension of a single chain. The solid substrate and the AFM tip
can be functionalized to chemically bind the polymer chains, or to tune between extension and
desorption interactions [5, 6]. To model the force versus extension profiles, the polymer chain is
modeled with a continuous curve, or as a series of discrete segments that are freely jointed or
jointed at fixed bond angles with rotational freedom [26]. These models normally incorporate a
characteristic length corresponding to entropic elasticity of the polymer and a characteristic
elasticity constant corresponding to deformation of bond angles. Examples of AFM force
microscopy of poly(ethylene glycol) (PEG) [23] and single-stranded DNA [11] are shown in
Figure 1(c) and (d). In both cases, one observes that the force increases monotonically with
extension. This is because the polymer chain loses its entropy during elongation causing a
restoring force on AFM cantilever. Unlike the response of single-stranded DNA, PEG force
response shows conformational transition in electrolyte solution. The transition is absent in
non-hydrogen bonding hexadecane.

Among other developments, AFM single molecule force microscopy was combined with
electrochemistry to obtain sequential extension-oxidation-relaxation giving a thermodynamic
cycle with a single chain of a redox polymer [27]. Using two AFMs in parallel configuration, a
correlation force microscope (CFM, or correlation force spectroscopy, CFS) was developed and
used to measure the dynamics of single polymer chains, namely elasticity and relaxation time
[7, 28]. Furthermore, by laterally dragging single polymer chains that are covalently bound to
AFM tip and adsorbed onto solid, nanoscale friction mechanisms were investigated using a
single polymer chain probe [29, 30].

AFM is also used to activate chemical reactions and conformational transitions at single polymer
chain level. In this case, the polymers contain force-sensitive units, which are activated by
application of mechanical force. Moreover, to measure the strength of chemical bonds, one may
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incorporate a functional group at free end of polymer and investigate specific interactions
between the group and the AFM tip or the solid. Investigation of chemical reactions at single-
chain or bond level using AFM has led to insights into forces and kinetics of various chemical
reactions and transitions, including complexation and coordination [31, 32], receptor-donor type
interactions [33], hydrogen bonding [34], and covalent bonding [35, 36]. An example of mecha-
nochemistry at single-chain level is shown in Figure 1(e). AFM force microscopy reveals that the
force of opening benzocyclobutene ring is about 1400 pN in toluene, but reduces to 920 pN with
the help of an alkene lever arm in the structure of the polymer [24].

Figure 1. (a) AFM images of 500 base-pair DNA with the corresponding histograms of contour lengths. DNA deposited
on (3-aminopropyl)triethoxysilane modified mica resulted in the longest length, while when deposited on mica from a
solution containing Mg2+, it resulted in the shortest length. Middle range length was for when DNA was deposited on
mica from a solution containing Mn2+. Adapted with permission from Japaridze et al. [3]. Copyright © 2016 American
Chemical Society. (b) AFM image of generation 1–4 of a dendronized polymer that has two terminal amines per monomer
adsorbed on mica. The image shows thickening and longer conformational persistence of the polymers with generation.
Adapted with permission from Zhang et al. [22]. Copyright © 2011 American Chemical Society. (c) Force versus extension
response of single-stranded DNA chains. The DNA was adsorbed on a gold-coated surface and extended in Tris buffer.
Reprinted figure with permission from Hugel et al. [11]. Copyright (2005) by the American Physical Society. (d) Force
versus extension response of poly(ethylene glycol) (PEG) polymer chains. PEG was deposited on a gold surface, and the
force measurements were carried out in either phosphate-buffered saline (PBS) or hexadecane. The solid line shows the
best fit to freely jointed chain (FJC) model, in the case of hexadecane, or two-state FJC model, in the case of PBS. Reprinted
figure from Oesterhelt et al. [23] (e) Ring opening of benzocyclobutene with AFM force microscopy at a force of about 920
pN. Polymers containing benzocyclobutene units were absorbed on a silica. Measurements were performed in toluene.
Adapted with permission from Wang et al. [24] Copyright © 2015 American Chemical Society. (f) Force versus extension
response of poly(isoprene) with 88 kDa PS side chains in water and on hydrogen-terminated diamond showing steplike
desorption response, and spikelike extension and detachment response. Adapted with permission from Kienle et al. [25].
Copyright © 2014 American Chemical Society.
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Below, I have illustrated AFM application in polymer studies with specific examples. Sche-
matics of the AFM applications in imaging, force microscopy, and other modes are shown in
Figure 2. The structures of some of the polymers used in the experiments are summarized in
Figure 3. The polymers are poly(2-vinyl pyridine) (P2VP), poly(styrene) (PS), poly(ethylene)
(PE), poly(ethylene glycol) (PEG), and a triblock copolymer of poly(exo-N-(2-aminoethyl)-5-
norbornene-2,3-dicarboximide) and poly(exo-N-hexyl-5-norbornene-2,3-dicarboximide) (P1).

Figure 2. Schematics of AFM imaging of isolated polymer chains, mechanochemistry with AFM, AFM force microscopy
of single polymer chains to obtain their elasticity or adhesion forces, and schematic of correlation force spectroscopy (CFS
is a variant of AFM) to obtain dynamical mechanical properties of single polymer chains.

Figure 3. Chemical structure of a triblock copolymer of poly(exo-N-(2-aminoethyl)-5-norbornene-2,3-dicarboximide) and
poly(exo-N-hexyl-5-norbornene-2,3-dicarboximide) (P1) [37], poly(2-vinyl pyridine) (P2VP), poly(ethylene glycol) (PEG),
poly(styrene) (PS), and poly(ethylene) (PE). The side blocks of P1 are about 11 monomers long (m ≈ 11) and the middle
block 544 monomers long (n ≈ 544). The side blocks contain amine, which enhances bonding of the polymer ends to
epoxy-functionalized AFM tip and solid. The covalent bonding helps pull the polymer to high forces of about 1 nN. P2VP
is positively charged at pH 3.0.
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2. Molecular conformations obtained from AFM imaging

Conformation of a single polymer chain may be interpreted in terms of average of spatial
correlations between unit vectors n tangent to the chain. In the framework of wormlike chain
(WLC) model, the average function is of the form:

n 0ð Þ � n sð Þh i ¼ exp � s
2ℓp

� �
, (1)

where s is the length, and ℓp is the characteristic decay length of the correlations, or the
persistence length. Image analysis software has been developed that tracks the imaged chains
and quantify their persistence lengths using Eq. (1) [38].

The correlations generally decay rapidly for thin and flexible polymers, but persist longer for
thick and semiflexible polymers, such as double-stranded DNA, which have inherent bending
rigidity [3, 18]. For charged polymers such as polyelectrolytes, the persistence length has a
contribution from intramolecular electrostatic repulsion, which tends to expand the chain. This
contribution may be controlled by pH and the ionic strength of an electrolyte solution. Odijk,
Skolnik and Fixman (OSF) theory predicts that the electrostatic contribution decays rapidly
with inverse of the ionic strength [39, 40]. However, experiments and simulations generally
find a slower decay [18, 41, 42].

Figure 4 shows two AFM images of poly(2-vinyl pyridine) (P2VP) polymer chains. The dilute
polymer films were prepared as follows. A solution at pH 3.0 was initially prepared by
addition of HCl to deionized water. The ionic strength of this solution is approximately 1 mM.
To this solution, appropriate amount of NaCl was added to set the ionic strength to 100 mM.

Figure 4. AFM images of poly(2-vinyl pyridine) (P2VP) adsorbed on mica at different ionic strength 1 and 100 mM and at
pH 3.0. At this pH, P2VP is positively charged. At low ionic strength, the molecules form extended random coils due to
intramolecular electrostatic repulsion. At high ionic strength, the electrostatic repulsion is screened, and the molecules
form partially collapsed coils.
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polymer films were prepared as follows. A solution at pH 3.0 was initially prepared by
addition of HCl to deionized water. The ionic strength of this solution is approximately 1 mM.
To this solution, appropriate amount of NaCl was added to set the ionic strength to 100 mM.

Figure 4. AFM images of poly(2-vinyl pyridine) (P2VP) adsorbed on mica at different ionic strength 1 and 100 mM and at
pH 3.0. At this pH, P2VP is positively charged. At low ionic strength, the molecules form extended random coils due to
intramolecular electrostatic repulsion. At high ionic strength, the electrostatic repulsion is screened, and the molecules
form partially collapsed coils.
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Two P2VP solutions were prepared by dissolving the polymer in 1 and 100 mM solutions to a
concentration equal to 0.1 mg/L. At pH 3.0, P2VP is positively charged due to protonation of
nitrogen in pyridine rings. To form a dilute P2VP polymer film on mica, 20 mL from 1 or
100 mM polymer solutions were adsorbed on freshly cleaved mica for 40 s. The polymer
solution was then replaced with larger volume of the polymer-free electrolyte solution. The
adsorbed polymer chains were imaged in amplitude-modulation intermittent contact mode.
Silicon tips with nominal tip radius < 10 nm, spring constant in the range of 0.07–0.15 N/m,
were used for this purpose. A scan rate of 4.88 Hz with free oscillation amplitude (FOA) of
about 10 nm and an amplitude set-point of about 76% of FOA were used. The imaging was
carried out at a temperature of 25�C. The image at 1 mM solution shows that the polymer
chains form extended random coils on mica. This conformation is due to intramolecular
electrostatic repulsion between positively charged monomers. At 100 mM, however, the poly-
mer chains are partially collapsed. The collapse is due to screening of the intramolecular
electrostatic repulsion. This observation suggests that, at the lower ionic strength, the electro-
static repulsion contributes largely to the overall conformational persistence of P2VP chains.
Similar trends have been observed as a function of pH [2].

3. AFM force microscopy of single polymer chains

3.1. Molecular elasticity

From an analysis of the force versus extension response of single polymer chains, one may
interpret their elasticity. The elasticity has two contributions: one from the loss of entropy and
the other from the deformation of bond angles [23]. Bond angle deformation results in polymer
length increasing beyond its contour length (the unperturbed length of polymer chain). The
polymer length increases by about 10% at a force of about 2 nN [43].

The crucial step in interpretation of the elasticity of single polymer chains is the identification
of single-chain responses, namely that two or more chains are not simultaneously measured.
Oversight of this step would result in force responses that are stiffer than the response of an
individual chain. It is equally important to ensure that the ends of the polymer chain are
strongly adhered to the solid and the AFM tip; that is, the polymer does not slide over the tip
or the solid. Sliding would result in softer response than the pure elastic response of the chain.

The force versus extension response is generally interpreted in terms of freely jointed chain
(FJC) model [44]:

x ¼ L coth
ℓKF
kT

� �
� kT
ℓKF

þ F
K

� �
, (2)

where L is the contour length, k is the Boltzmann constant, and T is the absolute temperature.
The Kuhn length ℓK and the elasticity constant K represent the mechanical properties of single
chains. The FJC model has been successful in the analysis of extension responses of flexible
polymers, such as synthetic polymers [44].
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Figure 5 shows the force versus extension responses of poly(ethylene) (PE), which were collected
inmethyl benzoate and on silica [43]. Polymer solution with concentration 100 mg/L dissolved in
toluene was used for deposition. After a deposition period of about 40 s, the polymer-coated
silica was rinsed multiple times with toluene to remove loosely bound polymer chains. Thereaf-
ter, repeated extension-retraction cycles of the AFM tip to and from polymer coated substrate
results in the force-extension responses of single polymer chains. After modeling the individual
force responses with the FJC, the extension length of each response was normalized to the fitted
contour length. The figure displaying the force versus relative extension profiles shows that the
responses from different chains agree reasonably well. The overlap of the profiles asserts that the
responses were obtained from single chains. An average Kuhn length ℓK ¼ 0:6� 0:1 nm and an
elasticity constant K ¼ 24� 3 nN were obtained for PE.

Figure 6 shows the force versus relative extension responses of P2VP and PS. P2VP responses
were collected in 1 mM, pH 3.0 solution and on mica. Sample preparation was like that
explained for AFM images in Figure 4. Nanohandling technique was employed to ensure the
placement of AFM tip on one end of the adsorbed polymers [5]. An average Kuhn length
ℓK ¼ 0:5� 0:1 nm and elasticity constant K ¼ 9:5� 0:2 nN were obtained for P2VP. Sample
preparation in AFM measurements with PS was like that explained for PE. Measurements in
solvents of different quality for PS show that the Kuhn length increases with solvent quality.
For example, the Kuhn length increases from a value of about 0.27 nm in ethanol to a value of
about 0.43 nm in toluene. This finding is akin to swelling of PS chains in the respective
solvents. Results show an elasticity constant equal to about 21 nN, which remains the same in
all solvents.

Figure 5. (a) Force versus extension responses of poly(ethylene) (PE) obtained from single molecule force microscopy
with AFM. Measurements were performed in methyl benzoate and on silica. (b) Force versus relative extension profiles of
the same retraction curves shown in (a) together with the freely jointed chain (FJC) curve. The overlap of the profiles
shows that the retraction curves are responses of single chains.
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3.2. Adhesion force of single polymer chains

To obtain adhesion interaction forces between single polymer chains and solids, the polymer
chains are generally covalently bound to the AFM tip [6, 25, 45]. The polymer chains are
brought in contact with the solid. During contact, a single polymer chain may adsorb onto the
solid. Upon retraction of the tip, the polymer chain desorbs resulting in a steplike (constant)
force response. This force response is then fitted to a sigmoidal model giving the desorption
force and length of the polymer-solid interaction.

An example of these studies is shown in Figure 1(f) [25]. The force versus extension response
of poly(isoprene) with 88 kDa PS side chains in water and on hydrogen-terminated diamond
shows two force response behaviors. In one case, polymer chains desorb from solid, resulting
in steplike response. If two or more polymer chains desorb simultaneously, additional steps
are observed in the response. Thereby, the last step is due to the final desorbed polymer chain.
The second response behavior involves polymers being extended before detachment from the
solid. The desorption force of polymer chains from solid may generally be tuned by the
chemical environment of the polymer, polymer chemistry, and the adsorption time on the solid
[6, 25].

3.3. Dynamical mechanical properties of single polymer chains

Elasticity of single polymer chains is only one property that defines their response to force. The
other property is the relaxation time, or the time it takes for the polymer chain to respond to
the force. Lessons from nature, e.g., wing flapping of hummingbirds, tongue projection of
salamanders, or eye retraction of slugs, show that these responses are not infinitely fast but
take time. This is especially important for end-tethered polymers [46].

Figure 6. Force versus relative extension responses of (a) poly(2-vinyl pyridine) (P2VP) and (b) poly(styrene) PS obtained
from single molecule force microscopy with AFM together with the freely jointed chain (FJC) curve. Experiments with
P2VPwere performed in pH 3.0 solution, and with PS in good solvents, such as toluene, to poor solvents, such as ethanol.
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Experiments that measure the elasticity and the relaxation time of single polymer chains
generally use the thermal fluctuations of an AFM cantilever [47, 48], or externally drive the
cantilever by magnetic or acoustic forces [49]. Recently, a correlation force spectroscopy (CFS)
is developed that employs two AFM cantilevers in antiparallel configuration as shown in
Figure 7(a). The advantage of using two cantilevers in CFS, as compared with one cantilever
in AFM, is that in AFM, the proximity of the cantilever to the solid increases the hydrodynamic
friction due to thin film lubrication. The increase in the hydrodynamic force (or the hydrody-
namic friction coefficient) increases the Brownian forces—a result of fluctuation-dissipation

Figure 7. (a) Two AFM cantilevers in antiparallel configuration in a correlation force spectroscopy (CFS) apparatus. In the
measurements, thermal fluctuations of the top and bottom cantilevers are collected simultaneously and correlated.
(b) Correlation of two cantilevers’ fluctuations results in a lower hydrodynamic friction in CFS than the hydrodynamic
friction on a single cantilever in AFM. (c) Spring contact of single-stranded DNA measured by CFS and AFM in the force
range from about 5 to 50 pN. Solid line is a fit of wormlike chain model (model may be found in Ref. [47]), resulting in
persistence length equal to about 2.6 nm. (d) Relaxation time of single-stranded DNA measured by CFS in the force range
from about 5 to 50 pN. Solid line is a linear fit (model in Ref. [50]), resulting in a constant value of about 31 μs for the
relaxation time.
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theorem [51]. Brownian forces result in thermal noise that is the major source of noise in AFM
force spectroscopy measurements. Because of the thermal noise and the high hydrodynamic
force, AFM force resolution is reduced, and polymer chains may only be examined accurately
when extended to high forces. To reduce the high force limit, in AFM applications discussed in
the above sections 3.1 and 3.2, one applies a low-pass filter to cantilever deflection signal and
thereby discards the time-related or dynamical data. Placement of two AFM cantilevers in the
configuration shown in Figure 7(a) reduces the hydrodynamic friction and the Brownian
forces. Figure 7(b) shows a comparison between the hydrodynamic friction coefficient
between AFM and CFS. In all separations (in AFM, tip-solid separation, in CFS, tip-tip separa-
tion), CFS has a lower hydrodynamic friction coefficient. Similarly, the Brownian forces or the
thermal noise are lower in CFS than in AFM. Thereby, CFS has a higher force resolution. CFS
also gives the dynamical mechanical properties of single molecules where no filtering is applied
in the data analysis [7, 51].

In the measurements, a single polymer chain is tethered between two tips, then extended to a
force and clamped. During the clamp period, thermal fluctuations of the top and bottom
cantilevers are collected simultaneously. Dynamical mechanical properties of single polymer
chains are obtained from an analysis of the time correlations between the two thermal fluctu-
ations. Figure 7(c) and (d) show the stiffness and the relaxation time of end-tethered single-
stranded DNA in the force range from 5 to 50 pN, respectively, [28]. One observes that the
stiffness of the chain increases with the force, while the relaxation time remains almost con-
stant equal to about 30 μs. Constant relaxation time is consistent with theory [50].

4. Mechanochemistry at the level of single polymer chains

The force versus extension response of biopolymers, such as double-stranded DNA and vari-
ous proteins, supramolecules, and polymers containing force-sensitive units, namely
mechanophores, generally shows a different behavior. In these polymers, specific structural
changes or chemical reactions occur, which are triggered by the application of mechanical
force [31–34, 52–55]. The process involves force reducing the energy barrier of transition by
an amount FΔx, where Δx is a length scale associated with the transition length [56]. The
reduction in the energy barrier facilitates the transition. For example, the rate of transition
increases by a factor exp FΔxð Þ. It has been shown that reactions that do not occur thermally
may be triggered by the application of mechanical force [24, 57].

Mechanically induced isomerization of cis carbon-carbon double bonds to trans conformation
in polymer P1 is shown in Figure 8 [37]. Experiments were realized by adsorbing polymer
chains from a solution with concentration 100 mg/L dissolved in dimethyl sulfoxide (DMSO).
The deposition period was 2 hr, after which the solid was rinsed multiple times with DMSO to
remove loosely bound chains. Finally, DMSO was added to the solid before the measurements.
Figure 8 shows the force versus extension responses of polymer P1, which differ from the force
behaviors of PE, P2VP, and PS in Figures 5 and 6. In the latter, the force increases with
extension until the chain breaks from either the AFM tip or the solid. As shown in Figure 8, a
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single chain of polymer P1 is tethered between the AFM tip and the solid even after the
isomerization. The force response of P1 contains a sudden increase in the extension that is
due to the isomerization of some cis monomers in the backbone of P1 to trans conformation.
When isomerization occurs, the force shows a sudden reduction that is due to relaxation of
stress on the chain because of extension increase. The force where the isomerization occurs is
denoted by Fct and has an average value of about 800 pN. The isomerization force is lower than
the force of breaking of covalent bonds and rings, 1–2 nN [57, 58].

5. Conclusions

AFM started as a power imaging technique and soon found its way in the diverse field of
polymer studies. In this chapter, the focus was placed on those studies that are at the level of
single polymer chains, that is nanoscale. AFM imaging in noncontact mode or intermittent
contact mode may be used to obtain conformations and sizes of individual polymer chains.
The chains ought to be adsorbed from dilute polymer solutions and on atomically flat solids.
AFM force microscopy may be used to obtain the elasticity of single polymer chains. The
molecular elasticity in this case is interpreted in terms of an entropic elasticity, which can be
tuned by the solvent, and an elasticity term that is due to deformation of bond angles. In the
case of force-sensitive polymers, AFM may be used to apply force, and thus trigger specific
chemical reactions or conformational transitions in the polymer at the level of single chains
and even single bonds. Technical development in AFM has resulted in techniques such as
correlation force spectroscopy, which is employed to obtain the dynamical mechanical proper-
ties of single polymer chains. Finally, one should note that AFM has also been used to charac-
terize the mechanical properties, such as adhesion, friction, and compression support, of dense
polymer films and polymer brushes. This level of investigation is not single-molecule level and
thereby was not included in this chapter.

Figure 8. Force versus extension responses of polymer P1 showing isomerization event. The onset of cis-to-trans isomer-
ization is shown by a sudden kink in the response profile and is denoted by the isomerization force Fct . The isomerization
force has an average value of about 800 pN.
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Abstract

An important aspect of any crime scene investigation is to detect, secure and analyze trace
evidence. In forensic examinations where topographic characterization is important like in
fingermark, textile and document forgery examinations, the atomic force microscopy
(AFM) imaging technique can be of value. However, it is the force spectroscopy that could
make AFM a versatile tool in crime investigations. Particularly, the ability to measure
changes in mechanical properties of forensic trace material over time makes this technol-
ogy in potential interesting for forensic examinations. The usefulness of force measure-
ments to evaluate the elasticity of red blood cells (RBCs) in relation to the age of a
bloodstain is an interesting example. With minimally invasive AFM technology, time-
dependent alterations in the viscoelasticity of RBCs that occur during the aging of blood-
stains can be featured. A discrimination between traces left by the perpetrator and other
persons that have been present at the crime scene will thus be enabled. A recently
obtained proof-of-concept demonstrating the usefulness of AFM for age estimation of
bloodstains will be described. Additionally, the usefulness of AFM imaging and force
spectroscopy for human hair, document forgery, textile fiber, fingermark and gunshot
and explosive residue examinations will be discussed.

Keywords: forensic, atomic force, crime, red blood cell, textile, fingermark, explosives,
forgery

1. Introduction

During a crime scene investigation (CSI), it is essential to detect, secure and interpret biological
and nonbiological traces [1, 2]. The physical and chemical procedures for these forensic exam-
inations can be performed in the laboratory but are also carried out more and more at the scene
of the crime. Especially, the biological traces that can be used for DNA-profiling are important.
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and nonbiological traces [1, 2]. The physical and chemical procedures for these forensic exam-
inations can be performed in the laboratory but are also carried out more and more at the scene
of the crime. Especially, the biological traces that can be used for DNA-profiling are important.
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Crucial condition thereby is the use of non- to minimally invasive methods. Key information
regarding offenses may thus be established and contribute to the reconstruction of crimes.

Today different nanotechnologies such as the application of nanoscale powders, high-
resolution transmission and scanning electron microscopy (HRTEM, HRSEM) and atomic
force microscopy (AFM) are available for forensic investigations [3, 4]. However, forensic trace
characterization at the nanoscale may not necessarily yield relevant forensic information as
explained by Inman and Rudin with the principle of divisible matter [5, 6]. Relevant forensic
materials thus need to be found and interpreted preferable at the dimension at which they are
created. Nanoscale, extremely detailed information may be superfluous and not related to
evidence. Nevertheless, it has been demonstrated that high-resolution scanning probe AFM
has interesting forensic applications [7, 8]. This chapter focuses on the forensic potential of
AFM with special focus on the force measurements, known as force spectroscopy (FS). First,
AFM imaging and FS are briefly explained. Second, the forensic potential of AFM imaging and
FS is evaluated with special attention to age determination of bloodstains. Third, a conclusion
is provided based on the effectiveness and usefulness of the information provided by this
technology in relation to the system of criminal justice.

2. Principles of AFM

An AFM consists of a cantilever with a tip at the end, together named the probe, a piezo-
electric XY- and Z- scanner, a laser and a photo-diode detector system (see Figure 1) and can be
operated in different modes. In the contact mode, the tip is dragged across the surface at
constant force, in the intermittent contact mode the cantilever is oscillating and the tip will be
repulsed at the lowest oscillation point and get out of contact at the upper part of the oscilla-
tion, in the non-contact mode the cantilever is oscillating close to the sample but without
contacting its surface and in the force modulation mode the tip is oscillating while remaining
in contact with the sample surface [9].

2.1. AFM imaging

Briefly, a sample is scanned by the tip (mostly sharp and made of silicon or silicon nitride)
parallel to the sample surface (with the XY-scanner) while interactions between sample and
probe are experienced. These interactions concern attractive and repulsive forces between
molecules of the sample and tip thereby causing deflections of the cantilever toward or away
from the sample that results in a deflection of the laser beam and can be recorded by a photo-
diode system (see Figure 1). As the deflection of the cantilever is directly proportional to the
force, a feedback system is usually employed. With this feedback system, the height of the
cantilever is adjusted in order to maintain a constant deflection (force) while moving parallel to
the surface. In this way an image of the topography of a sample, a height image, is created, and
quantitative surface roughness can be determined from height images. In another type of
imaging, phase imaging, the phase shift between the driving signal and the cantilever signal
as it interacts with the surface is recorded during intermittent contact AFM or noncontact
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AFM. In intermittent contact, in AFM mode, the cantilever is oscillating and the tip is repulsed
at the lowest oscillation point and get out of contact at the upper part of the oscillation. The
phase lag is caused by the energy dissipation in the cantilever because of the experienced
interaction forces between probe and sample. Dissipation differs for different materials; there-
fore, the phase image can provide extensive information on differences in sample composition,
particularly on flat surfaces.

2.2. Force spectroscopy

In case of force measurements, the probe is moved vertically toward the sample and subse-
quently retracted. As the tip further approaches the surface attractive, mostly van der Waals,
forces become significant. These interactions result in a “snap-to-contact” of the tip with the
sample followed by a deflection away caused by repulsive molecular interactions. In this regime,
the sample is indented on purpose. From the resulting force-distance curve (FD, see for a
schematic representation Figure 2), cantilever properties and contact area nanomechanical prop-
erties such as a material’s modulus of elasticity, the Young’s modulus (YM), can be quantitatively
obtained. The YM is a mechanical property that indicates the force per unit area that is needed to
compress or stretch an elastic material. Stiffer materials have larger YM. This contact stiffness can

Figure 1. Illustration (kindly provided by JPK Instruments AG) of the basic components of an AFM, the probe, piezo-
electric scanner, the laser, sample and photo-diode detector system. Depending on the roughness of the surface and type
of measurements, the tip can be pyramid-shaped (commonly made of silicon or silicon nitride) with a curvature radius
ranging from 2 nm to 2 μm or spherical (0.5–2.5 μm in diameter and mostly made of titanium or silica). Force interactions
between tip and surface molecules will result in a deflection of the cantilever that is recorded as the deflection of a laser
beam aligned to the back of the cantilever. Quadrant photo-diodes (with optically active areas A, B, C and D) will then
convert the laser signals into an electrical output signal that is proportional to the deflection of the cantilever.
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repulsed at the lowest oscillation point and get out of contact at the upper part of the oscilla-
tion, in the non-contact mode the cantilever is oscillating close to the sample but without
contacting its surface and in the force modulation mode the tip is oscillating while remaining
in contact with the sample surface [9].
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Briefly, a sample is scanned by the tip (mostly sharp and made of silicon or silicon nitride)
parallel to the sample surface (with the XY-scanner) while interactions between sample and
probe are experienced. These interactions concern attractive and repulsive forces between
molecules of the sample and tip thereby causing deflections of the cantilever toward or away
from the sample that results in a deflection of the laser beam and can be recorded by a photo-
diode system (see Figure 1). As the deflection of the cantilever is directly proportional to the
force, a feedback system is usually employed. With this feedback system, the height of the
cantilever is adjusted in order to maintain a constant deflection (force) while moving parallel to
the surface. In this way an image of the topography of a sample, a height image, is created, and
quantitative surface roughness can be determined from height images. In another type of
imaging, phase imaging, the phase shift between the driving signal and the cantilever signal
as it interacts with the surface is recorded during intermittent contact AFM or noncontact
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phase lag is caused by the energy dissipation in the cantilever because of the experienced
interaction forces between probe and sample. Dissipation differs for different materials; there-
fore, the phase image can provide extensive information on differences in sample composition,
particularly on flat surfaces.

2.2. Force spectroscopy

In case of force measurements, the probe is moved vertically toward the sample and subse-
quently retracted. As the tip further approaches the surface attractive, mostly van der Waals,
forces become significant. These interactions result in a “snap-to-contact” of the tip with the
sample followed by a deflection away caused by repulsive molecular interactions. In this regime,
the sample is indented on purpose. From the resulting force-distance curve (FD, see for a
schematic representation Figure 2), cantilever properties and contact area nanomechanical prop-
erties such as a material’s modulus of elasticity, the Young’s modulus (YM), can be quantitatively
obtained. The YM is a mechanical property that indicates the force per unit area that is needed to
compress or stretch an elastic material. Stiffer materials have larger YM. This contact stiffness can
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electric scanner, the laser, sample and photo-diode detector system. Depending on the roughness of the surface and type
of measurements, the tip can be pyramid-shaped (commonly made of silicon or silicon nitride) with a curvature radius
ranging from 2 nm to 2 μm or spherical (0.5–2.5 μm in diameter and mostly made of titanium or silica). Force interactions
between tip and surface molecules will result in a deflection of the cantilever that is recorded as the deflection of a laser
beam aligned to the back of the cantilever. Quadrant photo-diodes (with optically active areas A, B, C and D) will then
convert the laser signals into an electrical output signal that is proportional to the deflection of the cantilever.
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be retrieved from the FD curves that can be measured at slow rate [force-volume (FV)] [10], at
high rate [11], via pulsed-force mode [12], peak force [13] or from the change in resonance
frequency of the cantilever (contact-resonance AFM) [14] and by amplitude modulation [15].
Other mechanical properties that can be derived from FD curves are visco-elasticity, adhesion
forces and energy (the area of the attractive part of the retract FD-curve) [16]. Additionally, FD-
curve modifications induced by electrostatic charges can be investigated [17]. Electrical signals
based on the conductivity through sample and tip may be monitored as well while the tip is
moving over the sample [9]. It may be noticed that for mechanical studies with lateral resolution
a sharp silicon or silicon nitride tip can be used but a spherical, colloidal probe may render more
specific data on material-material mechanical interactions like forensically relevant adhesion
interactions between gunshot and explosive residues and textile fibers [18].

3. Forensic potential of AFM imaging

As demonstrated in several studies, little research has been carried out into the forensic
possibilities of AFM imaging [7, 18]. Subjects that have been investigated concern human hair
analysis [19–24], document forgery [25–28], textile fibers [29, 30], fingermarks [31], gunshot
and explosive residues [32, 33]. It is important to discriminate between those studies that have
actually used this technique from a forensic point of view from those that employed AFM only
to examine materials that may be present as traces at a crime scene. In case of forensic traces
relevant micro- to nanosized regions are not visible at macro-level and thus difficult to detect.
Even though AFM is a minimally invasive technique, an important condition for the preserva-
tion of evidence, the small scan area of usefully not more than 100 � 100 μm strongly limits a
forensic application. In this respect, HRTEM/SEM mediated investigations could be more

Figure 2. Schematic representation of idealized FD curves showing the approach and retract curve. A: the tip is
approaching the sample surface; B: van der Waals attractive forces are experienced resulting in a snap-to-contact of the
tip with the sample and indentation; C: deflection of the tip away from the sample; D: retraction of the tip; E: withdrawal
of the tip from the sample. The larger the deflection of the cantilever, the stiffer the sample (see the slope of part C).
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useful if it were not that the required sample treatments for electron microscopy imaging have
been proven responsible for surface modifications of the samples [34]. Also, electron micro-
scopes operate in the majority of cases in high vacuum conditions. Atomic force microscopy
does not require any specific form of sample preparation and operates in ambient conditions.
In this section, important (potential) forensic applications of AFM imaging will be introduced
and analyzed based on key articles from the field. In comparison with other currently available
techniques, the value of AFM imaging to a CSI will be explored.

3.1. Hair analysis

Forensic hair analyses may be used for genotyping but also to provide information on past
drug exposure. Current forensic hair analyses are mostly performed with ultra-high perfor-
mance liquid chromatography–tandem mass spectrometry (UHPLC–MS/MS). Most of the
general hair examinations with AFM imaging focused on the influence of chemicals, as for
instance present in hair care products, on the surface structure of hair. Durkan et al., for
instance, showed a reduction in hair surface roughness after washing with a number of
shampoos to typically below 10 nm (AFM Cambridgenano CN6000 SPM). This reduction was
proven to be directly related to the type of product used [19]. In some cases, isolated deposits
were left behind but how long they remained visible was, unfortunately, not investigated.
Actual toxicological hair investigations using AFM imaging have not been reported so far.
However, unless combined to Raman spectroscopy AFM may not be able to give a chemical
identity of drugs or other hair deposits and therefore just play a minor role in toxicological hair
investigations. Another difficulty of AFM imaging in a forensic hair examination is lack of a
reference hair sample with representative physical properties. Variations in characteristics
depend on the origin of the hair, the region within the origin (thus the age of the hair),
differences in the hair producing follicles, environmental conditions and personal care habits.
This subject has also been acknowledged by Gurden et al. in 2004 (AFMNanoScope IIIa; spring
constant 0.06 N/m; loading force 3.6 nN) who tried to solve this problem with a classification of
hair properties based on several cuticular descriptors calculated from the height images of
various hair parts [21]. These cuticular descriptors provide a range of information on hair
surface properties, and thus the possibility to correlate hair structure characteristics to envi-
ronmental conditions the hairs have been exposed to. The forensic relevance of this has never
been established but probably requires a more extensive database including not only imaging
data but mechanical hair properties as well. Jeong et al. have given an interesting contribution
to this subject by studying the effects of aging on normal Korean hair diameter and surface
features with AFM (AFM NANOStation II; non-contact mode; frequency 146–236 kHz; spring
constant 1–98 N/m) [23]. Any information that may contribute to estimating the age of a
forensic trace is extremely valuable. The value of this lies in the fact that a trace deposition
time can link a suspect to the time a crime has been committed. Interestingly, Jeong et al.
discovered an increase in hair diameter in the first 20–30 years followed by a decrease with
further age increase. For the cuticular descriptors, surface roughness increased also signifi-
cantly with age. However, the presented results showed a large variation and thus low
precision. It may be noticed that gender had no influence on the hair diameter of the Korean
participants. The hair surface area studies of Tomes et al. with both SEM and AFM (AFM
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useful if it were not that the required sample treatments for electron microscopy imaging have
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and analyzed based on key articles from the field. In comparison with other currently available
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mance liquid chromatography–tandem mass spectrometry (UHPLC–MS/MS). Most of the
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were left behind but how long they remained visible was, unfortunately, not investigated.
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hair properties based on several cuticular descriptors calculated from the height images of
various hair parts [21]. These cuticular descriptors provide a range of information on hair
surface properties, and thus the possibility to correlate hair structure characteristics to envi-
ronmental conditions the hairs have been exposed to. The forensic relevance of this has never
been established but probably requires a more extensive database including not only imaging
data but mechanical hair properties as well. Jeong et al. have given an interesting contribution
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forensic trace is extremely valuable. The value of this lies in the fact that a trace deposition
time can link a suspect to the time a crime has been committed. Interestingly, Jeong et al.
discovered an increase in hair diameter in the first 20–30 years followed by a decrease with
further age increase. For the cuticular descriptors, surface roughness increased also signifi-
cantly with age. However, the presented results showed a large variation and thus low
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Veeco; resonance frequency 300 kHz; spring constant 42 N/m) resulted in only little difference
in quality of surface profiles obtained with these techniques [22]. For forensic hair imaging, the
minimally invasive AFM technique may thus be preferred over SEM even though large hair
surfaces may limit its effectiveness. The forensic relevance of the preservation of evidence
weighs in this case heavier.

3.2. Document forgery

Document forgery involves the illegal altering, erasing or extension of its contents. The mini-
mally invasive character of AFM imaging when compared to SEM fits well to this subject.
Competitive less invasive techniques in this case are FTIR, Raman spectroscopy, near infrared
hyperspectral imaging and digital technologies [35–37]. With respect to this subject, it is
interesting that the study of Kasas et al. (Nanoscope IIIa) on line crossings produced with dot
matrix printers and different ball-point pens on plain paper reported qualitatively the same or
better AFM results when compared to SEM. Similar superior AFM quality over SEM in
crossing line investigations has been reported by Chen et al. [27]. They demonstrated different
roughness and maximum height values for commonly used paper (duplicator, copper print-
ing, glassine and Kraft paper) samples whereby crossing lines were applied with three differ-
ent types of oil-based pens (AFM Bruker; resonance frequency: 146–236 KHz; spring constant:
21–98 N/m). However, the number of scans in the 5 � 5 μm areas and the number of these
spots were not given and significances in paper surface roughness could therefore not be
given. Additionally, the authors provided amplitude images. These types of images normally
show how the tip is deflected when encountering the sample’s topography while the feedback
system is trying to keep the amplitude constant. Because the deflection and amplitude images
are actually the error signals, good amplitude (deflection) images will only be obtained in case
of minimized deflection signals. Although this research proved the usefulness of AFM imaging
to detect crossing lines in general, the overall paper surface roughness could hamper the
detection of erased, partially erased streaks or slightly printed ink patterns. It is also important
to realize that changes in height profiles of ink streaks on documents may result from absorp-
tion of the ink by the paper substrate. The impact of this phenomenon may vary for different
types of paper and hinder a correct interpretation of the height images. Moreover, when only
AFM imaging is applied in these types of investigations a clear evidence of counterfeit can
never be provided. A chemical identification of the ink with for instance Raman spectroscopy
is thereby indispensable to deliver the final crucial decisive information. A combination of
AFM and Raman spectroscopy has therefore more forensic potential as demonstrated by
Bradao et al. [28]. This investigation focused on the authentication of banknotes (US dollar,
Euro and Brazilian real) on the basis of asymmetry and kurtosis for the evaluation of paper
roughness. Based on these parameters AFM (spring constant 42 N/m, resonance frequency
285 kHz) could, in most of the cases, discriminate the paper that was used for the
counterfeiting compared to that of the authentic banknote (based on scans from different
banknote locations). As stated by Ellen, AFM imaging may provide useful information on
crossing lines and thus on document forgery and the order of text application [26]. However,
further research is warranted to confirm the same degree of usability for rougher paper or
documents that have been exposed to extreme environmental conditions. Moreover, current
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optical document examinations also focus on the chemical identity of crossing. The chemical
heterogeneity that could be present in fraudulent documents could be well characterized with
AFM phase imaging particularly in combination with infrared or Raman spectroscopy for
chemical ink analysis.

3.3. Textile fibers

Current forensic textile investigations comprise microscopic, chemical and/or mechanical ana-
lyses. Although the value of forensic textile investigations concerns more, the mechanical
properties of textile fibers under various environmental and weathering conditions [29]. AFM
height images may deliver height, valley and mean square roughness values for different types
of textiles. This subject has been investigated by Canetta et al. (JPK Bio AFM, Au-coated Si3N4

cantilever, spring constant: 0.03 N/m) in a study on environmentally stressed and weathered
textile fibers [30]. An important result of this research is that the surface roughness differed
significantly for all investigated textile fibers (natural cotton, wool and man-made viscose) and
that it showed a time and environment dependent increase. Atomic force microscopy imaging
may thus be used to distinguish the effect of different environmental effects on fibers and is
thereby complementary to other microscopy techniques like scanning SEM and environmental
scanning electron microscopy (ESEM). However, a forensic textile investigation requires also
information on the chemical identity of textile fibers. Additional noninvasive techniques such
as surface-enhanced Raman scattering, Raman microspectroscopy, FTIR or photodiodearray
spectrophotometry are therefore still needed. As these techniques can provide both nature and
color of the textile fibers [38], AFM imaging will not play a crucial role in forensic textile
investigations. Unless combined to Raman spectroscopy, AFM imaging can only add comple-
mentary information on textile characteristics and degradation patterns.

3.4. Fingermarks

A fingermark is an impression of friction ridges of a human finger that consists of exogenous
and endogenous compounds. In a CSI visualization of latent fingermarks is important because
the patterns of ridges of a human fingermark are very characteristic and therefore a powerful
biometric feature for a person’s identification. A chemical identification of the fingermark
components and their metabolites render additional donor information such as personal habits
and health condition. The various physical, chemical and instrumental techniques [39–43] for
fingermark visualization and analysis focus on improving the contrast between the ridges and
the surface underneath, surface characteristics and the presence and identification of particular
contaminants [44, 45]. The subject of age determination of a fingermark is also with respect to
forensic fingermark research an important but not yet solved issue [46–48]. Atomic force
microscopy imaging could highlight specific details of fingermark ridges and substrate surface
provided that the roughness of the surface on which the fingermark was deposited does not
increase the height of the fingermark ridges. This problem was indeed experienced in the
study of Goddard et al. (AFM Veeco; resonance frequency 250–350 kHz; spring constant 20–
80 N/m) [31]. In their study that focused on localized brass surface erosion processes in relation
to fingermark ridge evaluation, the authors noticed how the high roughness of the brass
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weighs in this case heavier.
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Document forgery involves the illegal altering, erasing or extension of its contents. The mini-
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interesting that the study of Kasas et al. (Nanoscope IIIa) on line crossings produced with dot
matrix printers and different ball-point pens on plain paper reported qualitatively the same or
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ing, glassine and Kraft paper) samples whereby crossing lines were applied with three differ-
ent types of oil-based pens (AFM Bruker; resonance frequency: 146–236 KHz; spring constant:
21–98 N/m). However, the number of scans in the 5 � 5 μm areas and the number of these
spots were not given and significances in paper surface roughness could therefore not be
given. Additionally, the authors provided amplitude images. These types of images normally
show how the tip is deflected when encountering the sample’s topography while the feedback
system is trying to keep the amplitude constant. Because the deflection and amplitude images
are actually the error signals, good amplitude (deflection) images will only be obtained in case
of minimized deflection signals. Although this research proved the usefulness of AFM imaging
to detect crossing lines in general, the overall paper surface roughness could hamper the
detection of erased, partially erased streaks or slightly printed ink patterns. It is also important
to realize that changes in height profiles of ink streaks on documents may result from absorp-
tion of the ink by the paper substrate. The impact of this phenomenon may vary for different
types of paper and hinder a correct interpretation of the height images. Moreover, when only
AFM imaging is applied in these types of investigations a clear evidence of counterfeit can
never be provided. A chemical identification of the ink with for instance Raman spectroscopy
is thereby indispensable to deliver the final crucial decisive information. A combination of
AFM and Raman spectroscopy has therefore more forensic potential as demonstrated by
Bradao et al. [28]. This investigation focused on the authentication of banknotes (US dollar,
Euro and Brazilian real) on the basis of asymmetry and kurtosis for the evaluation of paper
roughness. Based on these parameters AFM (spring constant 42 N/m, resonance frequency
285 kHz) could, in most of the cases, discriminate the paper that was used for the
counterfeiting compared to that of the authentic banknote (based on scans from different
banknote locations). As stated by Ellen, AFM imaging may provide useful information on
crossing lines and thus on document forgery and the order of text application [26]. However,
further research is warranted to confirm the same degree of usability for rougher paper or
documents that have been exposed to extreme environmental conditions. Moreover, current
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optical document examinations also focus on the chemical identity of crossing. The chemical
heterogeneity that could be present in fraudulent documents could be well characterized with
AFM phase imaging particularly in combination with infrared or Raman spectroscopy for
chemical ink analysis.

3.3. Textile fibers

Current forensic textile investigations comprise microscopic, chemical and/or mechanical ana-
lyses. Although the value of forensic textile investigations concerns more, the mechanical
properties of textile fibers under various environmental and weathering conditions [29]. AFM
height images may deliver height, valley and mean square roughness values for different types
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cantilever, spring constant: 0.03 N/m) in a study on environmentally stressed and weathered
textile fibers [30]. An important result of this research is that the surface roughness differed
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the patterns of ridges of a human fingermark are very characteristic and therefore a powerful
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components and their metabolites render additional donor information such as personal habits
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fingermark visualization and analysis focus on improving the contrast between the ridges and
the surface underneath, surface characteristics and the presence and identification of particular
contaminants [44, 45]. The subject of age determination of a fingermark is also with respect to
forensic fingermark research an important but not yet solved issue [46–48]. Atomic force
microscopy imaging could highlight specific details of fingermark ridges and substrate surface
provided that the roughness of the surface on which the fingermark was deposited does not
increase the height of the fingermark ridges. This problem was indeed experienced in the
study of Goddard et al. (AFM Veeco; resonance frequency 250–350 kHz; spring constant 20–
80 N/m) [31]. In their study that focused on localized brass surface erosion processes in relation
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surface in a 70 � 70 μm scan area hampered the analysis of the ridges of a fingermark. In this
particular research, these problems were solved by successfully polishing the brass surfaces.
However, as stated by the authors themselves, this solution is far from realistic. Apart from the
obstacle the surface roughness is giving, the inability of AFM to provide chemical information
on the components of a fingermark further limits its forensic usefulness. Spectroscopy tech-
niques that operate in a nondestructive manner seem to have more value in case of forensic
fingermark examinations. Vibrational spectroscopy techniques like FTIR and conventional
Raman are examples of methods that offer in a nondestructive manner a specificity for molec-
ular identification that is comparable to mass spectrometry [41, 43]. The latter has nevertheless
excellent selectivity and sensitivity in identifying unknown fingermark components but is
highly destructive. Even AFM phase imaging cannot offer similar forensic effectiveness. This
type of imaging can, unhindered by surface roughness, admittedly provide information on
different materials and provide physicochemical mapping of exogenous substances present on
fingermarks (for instance, gunshot or explosive residues or compounds that can be associated
with sexual assaults) but fails in chemically identifying them. There is, however, still one
application of AFM imaging that remains to be explored but could be potentially interesting
in a forensic examination, the investigation and deconvolution of overlapping fingermarks
and/or bloodstains.

3.5. Gunshot and explosive residues

Inorganic gunshot and explosive residues can provide important information in the forensic
reconstruction of shooting incidents and are usually analyzed with neutron activation analysis
(NAA) [49], atomic absorption spectrometry (AAS)-based methods [50, 51], inductively
coupled plasma (ICP) [52], and SEM combined to energy dispersion analysis (SEM–EDX)
[53]. Organic gunshot and explosive residues can be analyzed with gas chromatography
(GC), GS-MS, or HPLC [54]. Additionally, time-of-flight secondary ion mass spectrometry
(TOF–SIMS), ablation-ICP/MS and Raman micro-spectroscopy have been reported for both
inorganic and organic gunshot and explosive residue characterization [55, 56]. To clarify the
chemical identity of these residues, it is an extremely important element in CSIs that involve
firearms. Consequently, AFM imaging will only have any value when combined to one of the
indicated techniques. Such a combination of technologies has been reported to be successful to
evaluate shooting distances based on the shape and size of GSR (Quesant Q-Scope 250
Nomad) [57]. D’Uffizi et al. explored micromechanical and micromorphological features of
gunshot residue particles deposited on bullets and hands of a shooter and collected with
double-sided tape. In combination with SEM-energy-dispersive spectroscopy and selected-
area X-ray photoelectron spectroscopy, the role of AFM height and phase imaging in this
investigation was only modest [32]. The only forensic gunshot and explosive investigation in
which AFM imaging could provide sufficiently powerful information regards physicochemical
characterization of gunshot and explosive residues that have been detected on hairs and in-
between the ridges of fingermarks as demonstrated in several publications [21, 33]. In this
respect, the study of Oxley et al. (Digital Instrument Dimension 31,000) proved that various
chemical hair treatments (water, acetonitrile, KOH and KMnO4) all resulted in a decrease in
surface roughness. However, no information was given on the recovery time, thus the duration
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of the observed decrease in roughness [33]. Moreover, finding the right location will still be
difficult and time-consuming.

4. Forensic potential of force spectroscopy

In contrast to the limited value of AFM imaging in a CSI, FS can in fact play a crucial role in
these investigations. The power of this AFM application concerns the possibility to measure
forces at the nano-level and consequently calculate mechanical characteristics of materials and
changes of these properties over time. Changes in mechanical characteristics of forensic trace
material as function of time render the possibility to estimate the age of the trace. Yet there is
little forensically mediated research on this subject. Investigations in this area have mainly
focused on age determination of bloodstains [58–61] and to a lesser extent on hair [19, 20, 23,
62, 63], gunshot and explosive residues, [64] and pressure sensitive adhesives [65–67]. Based
on key articles from the field, the application of FS in forensic hair, gunshot and explosive
residue and pressure sensitive adhesives examinations will be discussed followed by more
extensive attention to age determination of bloodstains.

4.1. Hair

As demonstrated by Durkan et al. force measurements (AFM Cambridgenano CN6000 SPM;
spring constant 0.2 N/m) proved 20% increase in adhesive force and four times higher adhesion
energy on hair deposits as compared to the bare hair surface with 6 nN adhesion force. The hair
deposits in this study resulted fromwashing of the hairs with various shampoos. No data were
available on statistical significance of these findings. More forensically interesting is the study
of Jeong et al. that demonstrated the usefulness of AFM force measurements by showing age-
dependent hair stiffness. The stiffness increased up to 30 years and then decreased again. The
average adhesion force of the hairs, however, showed no age dependence. As also noticed by
the authors, their data may not be representative for all hairs and hair parts. Force-distance and
friction measurements between individual hair strands have been documented byMax et al. for
direct quantification of hair-hair (other types of fiber) interactions in the range of 10–100 mm
diameter (AFM Atomic Force F&E, MFP-3D; spring constant 1.2–8.5 N/m) [62]. DelRio and
Cook have also provided interesting data of hair samples (untreated virgin hairs and condi-
tioned and bleached hairs) [18]. They reported an indentation modulus of 2.4 � 1.1 GPa and
1.8 � 0.9 GPa for respectively the virgin and the bleached hairs. For the conditioned hairs, the
modulus of indentation varied between 0.05 and 0.5 GPa depending on the position along the
hair. All the measurements were performed on a 5 by 5 μmarea but the number of indentations
was not mentioned. Although all these investigations are interesting from a physical point of
view, the forensic usefulness of mechanical hair parameters will be limited because of the
numerous environmental and personal conditions affecting these parameters and thus the
accuracy of the overall measurement. However, modeled in a Bayesian network, mechanical
properties may be related to environmental conditions and used to calculate complex likeli-
hood ratios and thus increase their usefulness in a CSI.
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inorganic and organic gunshot and explosive residue characterization [55, 56]. To clarify the
chemical identity of these residues, it is an extremely important element in CSIs that involve
firearms. Consequently, AFM imaging will only have any value when combined to one of the
indicated techniques. Such a combination of technologies has been reported to be successful to
evaluate shooting distances based on the shape and size of GSR (Quesant Q-Scope 250
Nomad) [57]. D’Uffizi et al. explored micromechanical and micromorphological features of
gunshot residue particles deposited on bullets and hands of a shooter and collected with
double-sided tape. In combination with SEM-energy-dispersive spectroscopy and selected-
area X-ray photoelectron spectroscopy, the role of AFM height and phase imaging in this
investigation was only modest [32]. The only forensic gunshot and explosive investigation in
which AFM imaging could provide sufficiently powerful information regards physicochemical
characterization of gunshot and explosive residues that have been detected on hairs and in-
between the ridges of fingermarks as demonstrated in several publications [21, 33]. In this
respect, the study of Oxley et al. (Digital Instrument Dimension 31,000) proved that various
chemical hair treatments (water, acetonitrile, KOH and KMnO4) all resulted in a decrease in
surface roughness. However, no information was given on the recovery time, thus the duration
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forces at the nano-level and consequently calculate mechanical characteristics of materials and
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little forensically mediated research on this subject. Investigations in this area have mainly
focused on age determination of bloodstains [58–61] and to a lesser extent on hair [19, 20, 23,
62, 63], gunshot and explosive residues, [64] and pressure sensitive adhesives [65–67]. Based
on key articles from the field, the application of FS in forensic hair, gunshot and explosive
residue and pressure sensitive adhesives examinations will be discussed followed by more
extensive attention to age determination of bloodstains.

4.1. Hair

As demonstrated by Durkan et al. force measurements (AFM Cambridgenano CN6000 SPM;
spring constant 0.2 N/m) proved 20% increase in adhesive force and four times higher adhesion
energy on hair deposits as compared to the bare hair surface with 6 nN adhesion force. The hair
deposits in this study resulted fromwashing of the hairs with various shampoos. No data were
available on statistical significance of these findings. More forensically interesting is the study
of Jeong et al. that demonstrated the usefulness of AFM force measurements by showing age-
dependent hair stiffness. The stiffness increased up to 30 years and then decreased again. The
average adhesion force of the hairs, however, showed no age dependence. As also noticed by
the authors, their data may not be representative for all hairs and hair parts. Force-distance and
friction measurements between individual hair strands have been documented byMax et al. for
direct quantification of hair-hair (other types of fiber) interactions in the range of 10–100 mm
diameter (AFM Atomic Force F&E, MFP-3D; spring constant 1.2–8.5 N/m) [62]. DelRio and
Cook have also provided interesting data of hair samples (untreated virgin hairs and condi-
tioned and bleached hairs) [18]. They reported an indentation modulus of 2.4 � 1.1 GPa and
1.8 � 0.9 GPa for respectively the virgin and the bleached hairs. For the conditioned hairs, the
modulus of indentation varied between 0.05 and 0.5 GPa depending on the position along the
hair. All the measurements were performed on a 5 by 5 μmarea but the number of indentations
was not mentioned. Although all these investigations are interesting from a physical point of
view, the forensic usefulness of mechanical hair parameters will be limited because of the
numerous environmental and personal conditions affecting these parameters and thus the
accuracy of the overall measurement. However, modeled in a Bayesian network, mechanical
properties may be related to environmental conditions and used to calculate complex likeli-
hood ratios and thus increase their usefulness in a CSI.
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4.2. Gunshot and explosive residues

Apart from the topography of organic and inorganic particles present in gunshot residues and
explosives, mechanical properties of these particles have a forensic value as well. With respect to
this subject, Xu et al. have described an interesting nanoscale characterization of mock explosive
materials, a study that fully explored the technical options of dynamic AFM such as phase
imaging, force volume imaging, and Kelvin probe force microscopy (KPFM) with resonance
enhancement (AFM Asylum Research MFP-3D AFM; spring constant 10.97 N/m; resonance
frequency 147.53 kHz) [64]. Physical properties of components of explosive residues such as the
density of the simulant, simulant to the explosive HMX and polymeric binder were mapped over
10 � 10 μm areas to understand the formation of hotspots and their local structure in relation to
the processing method. This enabled mapping of local mechanical dissipation, elastic modulus,
adhesion and the “effective” local dielectric constant of amock explosive 900-21 sample (mechan-
ical substitute for the plastic-bonded explosive PBX 9501). The authors used the phase lag
between the excitation force and tip response for a nanoscale quantitative analysis of their sample
and emphasized the importance of measuring this phase lag. To make the phase images more
useful for quantitative mapping, conversion into energy dissipation maps was included. If the
amplitude of the cantilever is kept constant, the phase shift is related to the energy dissipated in
the tip-sample contact and phase data can thus provide energy dissipationmaps [68]. The energy
dissipation during one oscillation cycle by the tip on the sample was calculated according to the
well-established method described by Martinez and Garcia [69]. To create adhesion and YM
maps, FV mapping was employed based on Hertz contact model calculations. When compared
to energy dissipation, adhesion or YMmaps, the dielectric property map revealedmore localized
spatial features: fine and large crystals appeared to have the same dielectric constant while the
binder region was characterized by a much higher dielectric constant. This study clearly demon-
strated AFMmultiparameter functionality resulting in a variety of physicochemical properties of
compound mixtures. Particularly, the interfacial regions between crystalline zones of complex
composite materials such as explosive residues were indicated as important areas where impuri-
ties, unreacted molecules, additives and binders form a heterogeneous structure. The study of
DelRio and Cook also investigated adhesion forces of explosive particles on different fabric types
using a colloidal probe [18]. The results showed for two fabrics similar modulus of indentation
(29.0� 8.0MPa for cotton and 30.7� 7.0MPa for rayon) that differed from the values given in the
literature (3 and 11 GPa for respectively cotton and rayon fibers) [70]. The authors ascribed the
differences to variations in surface roughness and work of adhesion. This example illustrates the
difficulty in quantifying mechanical properties based on AFM and determining the “true” value
of a mechanical property. Some of the choices that can be made for in a given AFMmeasurement
and the probes may influence the outcome of mechanical measurements and thus need to be
correctly interpreted to insure the forensically desired accuracy and precision.

4.3. Pressure sensitive adhesives

Pressure sensitive adhesives (PSA) usually consist of a polymeric base with appropriate plas-
ticizers and tackifiers and are, unfortunately, also employed in criminal activities such as
assault, rape and hijacking to immobilize and blindfold victims and in the preparation of
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homemade explosives. Typically, PSA investigations involve physical fiber characterization
and chemical analysis of the adhesive additional to the search for fingermarks and DNA. A
physical fit of free tape ends may constitute important evidence in the reconstruction of a
crime and link a suspect to a scene of crime [71]. Current methods for PSA examinations of
physical characteristics include polarized light microscopy, GS-MS [72], FTIR [72, 73], SEM
[74], X-ray fluorescence spectrometry (XRF) [75], and ICP [76]. As PSA manufacturing and
effectiveness depends on the cohesive and viscoelastic properties of the applied polymers,
AFM may certainly play a role in forensic PSA examinations. In 2000, Paiva et al. applied
AFM (AFM Autoprobe M5) in a PSA investigation for surface adhesion measurements on
7 months old polyethylene-propylene blends with different concentrations of the tackifier n-
butyl ester of abietic acid [65]. A two-phase morphology was found for the blends at compo-
sitions exceeding 15 wt% tackifier. This resulted in two different types of behavior as demon-
strated via nanoindentation measurements: a viscoelastic response in the tackifier-rich
domains versus a more highly dissipative response in the matrix. In 2001, the same group
used AFM to investigate PSA aging [67]. Apart from the polyethylene propylene/n-butyl
abietate blends combinations of polyisoprene/n-butyl abietate and polyisoprene/pentalyn H
were investigated after 2 weeks and 18 months with various tackifier concentrations. The
microindentations in their study used a glass hemisphere probe (3 mm in diameter) and a
maximum load of 25 mN while the nanoindentations were performed with a conical tip with a
curvature radius of 10 nm. Adhesion measurements provided information on blend changes
over time. While these changes appeared to be significant for the miscible polyisoprene/n-
butyl abietate and polyisoprene/pentalyn H systems adhesion properties were not affected
for the immiscible polyethylene propylene/n-butyl abietate samples. Moreover, adhesive stiff-
ness revealed a more pronounced increase (elasticity reduction) as function of the tackifier
concentrations in the miscible systems than in the immiscible system. This stiffening degrades
the adhesive effectiveness of the films that could prove an interesting feature in a forensic
investigation. Canetta et al. also presented different nanostructural and nanomechanical prop-
erties of a variety of adhesive tapes: three visually indistinguishable different, transparent OPP
packaging tapes, the visually distinguishable brown packaging, and green electrical insulation
tape (AFM NTEGRA; spring constant 45 N/m; resonance frequency 330 kHz) [66]. All tapes
showed the existence of two phases: a hard low energy dissipative phase and a soft phase
which exhibits more energy dissipation. The authors correctly noticed that in case of adhesive
tapes with dispersed regions of higher and lower viscosity, the interaction of the AFM tip with
the surface may vary. Consequently, less energy will be dissipated on surface regions with
lower viscosity while in the more viscous areas enhanced energy dissipation occurs. For both
the visually distinguishable and indistinguishable tapes, AFM measurements demonstrated
statistical differences in the maximum adhesive force of the particles to the tip, the maximum
distance of deformation of these particles and the adhesion energy. Atomic force microscopy
can certainly give relevant nanomechanical information in a forensic PSA investigation that
may not easily be clarified with other available techniques provided that the effect of environ-
mental conditions on PSA is documented as well. Paiva et al. have also made a start with this
and proved a decrease of elastic modulus with increasing relative humidity, estimated with
Hertzian contact mechanics (Autoprobe CP scanning probe microscope operating in lateral
force microscopy mode using the signal access module) [65].
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of a mechanical property. Some of the choices that can be made for in a given AFMmeasurement
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assault, rape and hijacking to immobilize and blindfold victims and in the preparation of

Atomic-force Microscopy and Its Applications36

homemade explosives. Typically, PSA investigations involve physical fiber characterization
and chemical analysis of the adhesive additional to the search for fingermarks and DNA. A
physical fit of free tape ends may constitute important evidence in the reconstruction of a
crime and link a suspect to a scene of crime [71]. Current methods for PSA examinations of
physical characteristics include polarized light microscopy, GS-MS [72], FTIR [72, 73], SEM
[74], X-ray fluorescence spectrometry (XRF) [75], and ICP [76]. As PSA manufacturing and
effectiveness depends on the cohesive and viscoelastic properties of the applied polymers,
AFM may certainly play a role in forensic PSA examinations. In 2000, Paiva et al. applied
AFM (AFM Autoprobe M5) in a PSA investigation for surface adhesion measurements on
7 months old polyethylene-propylene blends with different concentrations of the tackifier n-
butyl ester of abietic acid [65]. A two-phase morphology was found for the blends at compo-
sitions exceeding 15 wt% tackifier. This resulted in two different types of behavior as demon-
strated via nanoindentation measurements: a viscoelastic response in the tackifier-rich
domains versus a more highly dissipative response in the matrix. In 2001, the same group
used AFM to investigate PSA aging [67]. Apart from the polyethylene propylene/n-butyl
abietate blends combinations of polyisoprene/n-butyl abietate and polyisoprene/pentalyn H
were investigated after 2 weeks and 18 months with various tackifier concentrations. The
microindentations in their study used a glass hemisphere probe (3 mm in diameter) and a
maximum load of 25 mN while the nanoindentations were performed with a conical tip with a
curvature radius of 10 nm. Adhesion measurements provided information on blend changes
over time. While these changes appeared to be significant for the miscible polyisoprene/n-
butyl abietate and polyisoprene/pentalyn H systems adhesion properties were not affected
for the immiscible polyethylene propylene/n-butyl abietate samples. Moreover, adhesive stiff-
ness revealed a more pronounced increase (elasticity reduction) as function of the tackifier
concentrations in the miscible systems than in the immiscible system. This stiffening degrades
the adhesive effectiveness of the films that could prove an interesting feature in a forensic
investigation. Canetta et al. also presented different nanostructural and nanomechanical prop-
erties of a variety of adhesive tapes: three visually indistinguishable different, transparent OPP
packaging tapes, the visually distinguishable brown packaging, and green electrical insulation
tape (AFM NTEGRA; spring constant 45 N/m; resonance frequency 330 kHz) [66]. All tapes
showed the existence of two phases: a hard low energy dissipative phase and a soft phase
which exhibits more energy dissipation. The authors correctly noticed that in case of adhesive
tapes with dispersed regions of higher and lower viscosity, the interaction of the AFM tip with
the surface may vary. Consequently, less energy will be dissipated on surface regions with
lower viscosity while in the more viscous areas enhanced energy dissipation occurs. For both
the visually distinguishable and indistinguishable tapes, AFM measurements demonstrated
statistical differences in the maximum adhesive force of the particles to the tip, the maximum
distance of deformation of these particles and the adhesion energy. Atomic force microscopy
can certainly give relevant nanomechanical information in a forensic PSA investigation that
may not easily be clarified with other available techniques provided that the effect of environ-
mental conditions on PSA is documented as well. Paiva et al. have also made a start with this
and proved a decrease of elastic modulus with increasing relative humidity, estimated with
Hertzian contact mechanics (Autoprobe CP scanning probe microscope operating in lateral
force microscopy mode using the signal access module) [65].
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4.4. Age determination of bloodstains

The most interesting forensic application of FS concerns undoubtedly the estimation of the age of
a bloodstain at a crime scene. The need for estimating the deposition time of a trace of blood,
linking a suspect to the time a crime has been committed, has attracted much attention world-
wide over the years. Although many studies have focused on blood as the key trace at a crime
scene, it is currently still not possible to provide an accurate determination of the age of a
bloodstain. Except for hyperspectral imaging (HSI), technologies explored were all characterized
as invasive and thus less attractive for forensic applications. Even though HSI is a promising
technology deviations of the true age of bloodstains compared to the age determined with HSI
already increase within a few days (for an actual age of 2 days, the absolute error is 2.7 days)
[77]. An innovative and minimally invasive method for age determination of blood traces at a
crime scene is thus highly needed. Force spectroscopy could provide estimations for bloodstain
ages based on temporal changes in the elasticity of red blood cells (RBCs) [7, 8, 58–61]. One of the
first FS researches related to this subjects was performed in 2007 by Strasser et al. (AFM
Topometri Accurex; spring constant 80 N/m; resonance frequency 405 kHz) [59]. However,
indentation areas were not correlated to specific RBCs, and thereby the condition of elasticity
also neglected. On the contrary, the more extensive study ofWu et al. (AFM Veeco Autoprobe CP
Research; frequency 72–96 kHz; spring constant 3 N/m (tapping mode); frequency 255–315 kHz;
spring constant 0.9 N/m (contact mode)) showed a time-dependent, surface-dependent (glass
and mica) and temperature-dependent (controlled 25�C, 76% humidity vs. uncontrolled outdoor
21–34�C, 38–87% humidity) increase of surface adhesive forces of RBCs between 5 and 30 days
[58]. This result is indicative for an increase in stiffness of these cells over time. Chen and Cai
(AFM AutoProbe CP; spring constant: 2.8 N/m) also observed time-dependent cellular changes
in blood cells on a mica carrier in air [61]. Apart from the effects of temperature and humidity on
the elasticity of RBCs, the influence of drugs has been investigated as well. The extensive study
of Girasole et al. (contact mode spring constant 0.032 or 0.064; tapping mode spring constant
5 N/m) demonstrated that in vitro treatment of RBCs with the drug nifedipine, used in cases of
cardiovascular disorders, caused dramatic morphological cellular changes that depended pre-
dominantly on the drug concentration and to a lesser extent on the exposure time [60]. The YM
values calculated for the nifedipine-treated cells compared to control, native dehydrated RBCs,
phenylhydrazine and formalin treated cells were respectively 96�14 kPa, 98�17kPa, 150�23kPa
and 191�28kPa. Additional to the YM and shape of RBCs the authors emphasized the impor-
tance of other smaller, though significant age markers that can be found on the surface of RBCs
such as, for example, spicules and crenatures. The YM measurements in this study were carried
out carefully using the Hertz model adjusted for a four-sided pyramidal shape of the indenter as
given by Sneddon [78] and Bilodeau [79] (see Eq. 1), a maximum load of close to 2.5 nN and an
observed indentation depth of 50–60 nm.

F ¼ C02δ2E
π 1�ν2ð Þtan α

(1)

In this equation, F is the applied force (N), E is the YM (Pa), ν is the Poisson’s ratio (typically 0.5
for elastic bodies), α is the apical tip angle and the coefficient, C0 (1.46) is the specific
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contribution of Bilodeau in the case of pyramidal tips. After the study of Girasole in 2012, it
still took approximately 5 years before Smijs and Galli paid serious attention to the age
determination of bloodstains using FS (AFM JPK instruments AG; frequency 300 kHz; spring
constants 25.2–67.5 N/m) [8]. They applied FS combined to the Hertz model (see Eq. 2) to
investigate the elasticity of randomly selected RBCs from the peripheral zone of 4- to 8-day-old
bloodstains under controlled laboratory conditions.
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In this equation, F represents the applied force (N), r the tip radius (m), E the Young’s Modulus
(Pa), ν the Poisson ratio and δ the deformation at maximum load (m). Special attention was
paid to the condition of the silicon probes when continuously used to indent RBCs. An
important conclusion of this study was that, based on 256 � 256 indentations/RBC, the elastic-
ity of six RBCs from a 5-day-old bloodstain appeared homogenous over the cell (see
Figure 3A) with a mean Young’s modulus of 1.6 � 0.4 GPa (see Figure 3B). Differences in
RBC YM were significant but because of the large number of YM, data significance is here
mainly caused by the size of the sample rather than by the chosen level of significance and thus
leading to the detection of extremely small differences. Moreover, the authors showed that the
eta-squared (η2) effect size appeared to be 0.065. This means that the spreading between the
data was for only 6.5% caused by the RBC itself. At the same time, this finding illustrates the
complexity of age determination of a bloodstain in a forensic setting where a variety of
environmental as well intrinsic blood and bloodstain factors affect the stiffening of RBCs.

Then authors noticed extremely blunting of their silicon tip resulting from many RBC inden-
tations (from the original radius of 8–200 nm after a total of two sapphire calibrations and six
RBC (256 � 256/cell) indentations. The contact area thus changes resulting in differences in
physics at that nano-level. The authors solved this problem by checking the tip’s radius before

Figure 3. A representative example of an elasticity map (A) of a RBC and the mean YM (� SD, B) calculated for six RBCs.
All RBCs were randomly chosen from the peripheral zone of a 5-day old bloodstain (6.5–7 mm in diameter, obtained from
3 μL capillary blood). The arrows in A indicate areas with artifacts probably based on a sharp fall of the tip at the edge of
the RBC. The blood drop was passively deposited on a glass surface in a Petri-dish, dried (23.9 � 0.5�C and 35 � 7%
relative humidity, n = 7) and measured after 5 days (27�C, 36% relative humidity). AFM (JPK Instruments AG) specifica-
tions: sapphire calibrated silicon tip (Olympus), spring constant 38.75 N/m; frequency 300 kHz; maximum load: 548 to 874
nN; indentation depths: 12 to 16 nm, [8]. Copyright © 2017 Smijs T.
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4.4. Age determination of bloodstains
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out carefully using the Hertz model adjusted for a four-sided pyramidal shape of the indenter as
given by Sneddon [78] and Bilodeau [79] (see Eq. 1), a maximum load of close to 2.5 nN and an
observed indentation depth of 50–60 nm.
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3 μL capillary blood). The arrows in A indicate areas with artifacts probably based on a sharp fall of the tip at the edge of
the RBC. The blood drop was passively deposited on a glass surface in a Petri-dish, dried (23.9 � 0.5�C and 35 � 7%
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and after RBC indentations. Up to a radius increase to approximately 100 nm, corrected radii
were applied to the Hertz model. However, the authors rightfully recognized the shortcomings
of this technique when it comes to an application on a real crime investigation with an
unknown bloodstain with RBCs of unknown stiffness. A problem related to this, and also
acknowledged by the authors, is the fast increasing stiffness of the RBCs over time and thus the
need for an ever-stronger cantilever in order to assure indentation. These things were particu-
larly noticed when RBC stiffness’s of a bloodstain aging between 4 and 8 days was investi-
gated (see Figure 4A and B).

AFM specifications for A: sapphire calibrated silicon tips (Micromash) with spring constants
ranging from 45.5 N/m, 55.8 N/m and 55.1 for respectively day 4, day 5, 6 and day 7, 8;
frequency: 300 kHz; maximum load: 3018 –3414 nN; indentation depths: 20–45 nm. Statistical
data analysis (A) was performed with One-Way Repeated Measures Anova (IBM SPSS statistics
20) with a critical level of significance of p = 0.05 and based on YM values calculated with the
Hertz model (Poisson ratio: 0.5; corrected radii: 20 nm for day 4 data, 70 nm for day 5 data,
133 nm for day 6 data, 75 nm for day 7 data, 130 nm for day 8 data) for 43,046 to 44,272 FD curves
per cell. Given are the mean YM values/cell (� SD). Size effect η2 for the factor day is 0.810.
Calculated size effects for day 5 vs. 6, 6 vs. 7, and 7 vs. 8 were respectively 0.195, 0.727 and 0.597.

Presented mean YM in B (Hertz model, Poisson ratio: 0.5) were based on force measurements
of three RBCs (equality variance proven, Mauchly’s test) from the peripheral zone of the stain.
AFM specifications: sapphire calibrated silicon tips (Olympus and Micromash) with spring
constants of 25.2–67.5 N/m; frequency: 300 kHz; maximum load: 548–3905 nN; indentation
depths: 8–63 nm.

Similar to other researchers, Smijs and Galli also found irregular values for the YM of RBCs
between 2 and 4 days old. Wu et al. ascribed these fluctuations to a collapse of the cell, a feature
that was also noticed by Girasole et al. Moreover, both Smijs et al. and Girasole noticed stiff
spicules and crenatures on the surface of the RBCs [8, 60]. Smijs and Galli concluded from their
study that additional experiments using similar but also realistic forensic conditions with

Figure 4. Representative changes in YM (� SD) of RBCs selected from the peripheral zone of a bloodstain between 4 and
8 days old (A) and changes in elasticity (YM � SD) of cells from different 3- to 8-day-old bloodstains (B) [8]. Copyright ©
2017 Smijs T.
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optimized AFM probes, such as those with a more robust tip, so that the tip radius remains
constant during the measurements, are needed. As the mechanism of RBC stiffening in a
bloodstain is not completely known, it may be important to investigate not only the influence
of external factors but also intrinsic RBC and bloodstain properties.

5. Conclusion

This chapter focused on the usefulness of AFM technology in forensic investigations. Impor-
tant forensic examination subjects such as fingermarks, textile fibers, document forgery, gun-
shot and explosive residues and PSA have been discussed. Special attention was paid to age
determination of bloodstains.

The forensic power of minimally invasive AFM is undoubtedly the ability to measure
mechanical characteristics of trace materials such as elastic modulus, adhesion forces,
energy dissipation and dielectric properties. Moreover, current AFM systems deliver syn-
optic mapping of these characteristics and FD curves for each pixel. Particularly, the ability
to measure changes in mechanical properties of forensic traces over time makes this tech-
nology potentially interesting for a CSI. The increase of the YM of RBCs over time as
measure for the age of a bloodstain is an excellent example of the forensic usefulness of
FS. This information could provide valuable insights regarding the time of death of a
victim or link a suspect to the scene at the time the crime was committed. Temporal forensic
information can also be used to support or refute statements of victims, suspects and
witnesses, especially when the defense states that the forensic evidence at hand is not
related to the crime.

Less forensic value can be ascribed to AFM imaging. There are several reasons for this. The
roughness of a surface on which a forensic trace has been deposited can hamper a proper
examination of a height image. Although this problem could partially be solved by using
phase imaging, many forensic trace characterizations require a chemical identity as well. Phase
imaging will provide evidence only for the presence of different chemical substances but
cannot identify them. However, AFMs equipped with optical microscopy and Raman spec-
troscopy or surface enhanced Raman spectroscopy may pave the way for AFM imaging as
valuable tool for forensic examinations. Most promising in this respect is tip-enhanced Raman
spectroscopy using a gold-coated atomic AFM tip-substrate system [80].

To grasp the forensic applicability of AFM in actual casework, additional research as well as
laboratory and crime scene validation studies is required. The growing availability of fully auto-
matic AFM systems that operate outside isolation cabinets brings a forensic AFMapplication closer.
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Abstract

This chapter presents the results of experimental studies of the electrical, mechanical 
and geometric parameters of vertically aligned carbon nanotubes (VA CNTs) using 
scanning probe microscopy (SPM). This chapter also presents the features and difficul-
ties of characterization of VA CNTs in different scanning modes of the SPM. Advanced 
techniques for VA CNT characterization (the height, Young’s modulus, resistivity, 
adhesion and piezoelectric response) taking into account the features of the SPM 
modes are described. The proposed techniques allow to overcome the difficulties 
associated with the vertical orientation and high aspect ratio of nanotubes in deter-
mining the electrical and mechanical parameters of the VA CNTs by standard meth-
ods. The results can be used in the development of diagnostic methods as well as in 
nanoelectronics and nanosystem devices based on vertically aligned carbon nanotubes 
(memory elements, adhesive structures, nanoelectromechanical switches, emission 
structures, etc.).
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1. Introduction

Precise parameters of vertically aligned carbon nanotubes (VA CNTs) control geometric 
parameters, resistivity, Young’s modulus, adhesion, strength, and so on, and are a prereq-
uisite for the devices of nanoelectronics and nanosystems creation on their basis with repro-
ducible and stable characteristics [1–4]. However, the determination of these parameters in 
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the carbon nanotubes (CNTs) by standard diagnostic methods is difficult due to the vertical 
orientation and the high aspect ratio of the nanotubes.

Thus, the application of traditional experimental methods for determining mechanical parameters 
(direct tensile load, pulsed dynamic method, etc.) is complicated due to the size of the VA CNT and 
also because of the need to fasten nanotubes on the substrate. In addition, as shown by the analysis of 
published data, the Young’s modulus (one of the main mechanical parameters of CNTs) has a wide 
range of values in the range 0.4–6.85 TPa [5–13]. The values of the Young’s modulus obtained experi-
mentally are 2–3 times smaller [5, 7–10] calculated on the basis of theoretical models [11–13]. This 
may be due to the fact that the Young’s modulus of CNTs depends essentially on the thickness of the 
CNT wall, which in practice is several times larger than values used in theoretical calculations [14].

The most widely used methods for investigating the electrical properties of microstructures 
require the formation of contact areas of several micrometers in size at the tops of the VA 
CNTs. This fact significantly limits the possibilities of using these methods to determine the 
electrical parameters of individual vertically aligned nanotubes because of their small trans-
verse dimensions [15]. The work on quantitative evaluation and study of VA CNT adhesion to 
substrate is not numerous due to the complicated nature of interaction between the substrate, 
the catalytic center and the nanotube during the growth of the carbon nanotubes and also the 
need to manipulate individual nanotubes during experimental studies [16–18].

Thus, the tasks associated with development of new nanodiagnostic techniques to determine 
the geometric, mechanical and electrical parameters of VA CNTs are relevant in connection 
with the need to control and study parameters of individual vertically aligned carbon nano-
tubes, elements and devices on their basis and also in connection with requirements for devel-
opment of metrological support for nanotechnologies.

A promising method for developing such nanodiagnostic techniques is a scanning probe micros-
copy (SPM) method [19–25]. This method does not require additional fixation of VA CNTs, spe-
cial sample preparation and formation of contact areas on their tops. However, the determination 
of quantitative values of individual carbon nanotube parameters based on results obtained by 
SPM requires analysis of measurement process and development on its basis of techniques for 
determining parameters of CNTs taking into account the features of the SPM method.

This chapter describes unique techniques for determining the height, Young’s modulus, 
bending stiffness, resistivity and adhesion to a substrate of vertically aligned carbon nano-
tubes, based on the methods of scanning probe microscopy. Described techniques can be used 
for nanodiagnostics of parameters of individual vertically aligned carbon nanotubes and for 
creation of nanoelectronic elements and devices on their basis [1, 11, 21, 23, 25–29].

2. Scanning probe techniques for characterization of vertically 
aligned carbon nanotubes

2.1. Experimental samples and equipment

The experimental samples of vertically aligned carbon nanotubes were grown using the 
NANOFAB NTC-9 nanotechnology multi-functional complex (NT-MDT, Russia) using the 
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plasma-enhanced chemical vapor deposition (PECVD) method [2, 25, 30, 31]. A silicon 
wafer with a deposited titanium film and a nickel catalytic film with thicknesses of 20 and 
10 nm, respectively, was used as the initial substrate. Acetylene was used as the reaction 
gas. The growth of VA CNT arrays was carried out at a pressure of 4.5 Torr and a tem-
perature of 750°C. The growth parameters for experimental samples were characterized by 
the growth time, the acetylene feed rate and current flowing in the system. The structural 
analysis of the VA CNT arrays was conducted by the transmission electron microscopy 
(TEM) using Tecnai Osiris (FEI, Netherlands) and the Raman spectrometer Renishaw InVia 
Reflex (Renishaw plc, UK). Analysis of TEM images and Raman spectra showed that the 
experimental samples were multi-walled carbon nanotubes [3]. Surface investigations of 
the obtained VA CNT arrays were carried out using a scanning electron microscope (SEM) 
Nova Nanolab 600 (FEI Company, Netherlands).

Experimental studies of geometric, mechanical, electrical and adhesive properties of VA CNT 
arrays were carried out using the Ntegra probe nanolaboraty (PNL) (NT-MDT, Russia). To pro-
cess the experimental data, the ImageAnalysis application package was used. A commercially 
available silicon cantilever of the NSG 20 brand was used as the probe of the atomic force micro-
scope in developing the technique for determining the height of the VA CNT array. Investigations 
of the mechanical properties of carbon nanotube were carried out at Ntegra PNL by an integrated 
scanning hardness nanotester. The indenter was a diamond triangular pyramid of Berkovich 
with an angle at the vertex between the edge and height θ = 70°. Investigations of the electrical 
parameters of VA CNTs were carried out by scanning tunneling microscopy (STM) method in 
spectroscopy mode with a distance between the STM probe and the VA CNT top equal to 0.5 nm. 
A tungsten probe made by an electrochemical method was used as a STM probe. Experimental 
studies of the VA CNT adhesion to a substrate were carried out by atomic-force microscopy 
(AFM) in current spectroscopy mode, with a distance between CNT top and an AFM probe equal 
to 1 nm. Experimental studies of piezoelectric response of VA CNT were performed by the AFM 
method in force spectroscopy mode. A commercially available silicon cantilever with a platinum 
coating of NSG11/Pt brand with a tip radius of 20 nm was used as an AFM probe.

2.2. A technique for determining the height of a vertically aligned carbon nanotube 
array

One of the promising methods for studying nanoscale structures is the atomic force micros-
copy, which allows one to determine the parameters of nanostructures without special sample 
preparation and to modify them by probe nanolithography methods [25]. The main difficulty 
in the study of VA CNT arrays by the AFM method is the mobility of nanotubes in their inter-
action with the probe. In addition, at a high density of carbon nanotubes in the array, the depth 
of penetration of the AFM probe between the individual nanotubes is limited by the param-
eters of the probe itself (the radius of curvature and aspect ratio of tip sides), which can lead 
to the display on AFM images of nonindividual nanotubes in the array and their bundles [25].

The study of influence of AFM scanning mode (contact, semi-contact and noncontact) on the 
quality of the image obtained on the surface of VA CNT array (with a diameter D = 80 nm, 
length L = 2 μm and density of nanotubes in the array n = 30 μm−2) shows that the carbon 
nanotubes “detach” from substrate-surface VA CNTs in AFM contact mode (Figure 1a). As 
a result, the AFM contact mode cannot be used for nanodiagnostics and for determining the 
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Figure 2. The images of the VA CNT array obtained after scanning in a semi-contact mode with a pressing force of the 
AFM probe to surface more than 10 μN: (а) AFM images; (b) and (c) SEM images.

VA CNT geometric parameters [25]. The study of the VA CNT array in the semi-contact mode 
shows that the individual VA CNTs are combined into bundles when the probe is exposed 
(Figure 1b). The main disadvantage of AFM images of VA CNT array obtained in a semi-
contact mode is the presence of a number of scanning artifacts caused by the high mobility of 
nanotubes during mechanical contact with the probe, and as a consequence, the relatively low 
resolution of this AFM mode (Figure 1b).

In addition, a partial destruction of the VA CNT array is possible when scanning in a semi-
contact mode with a pressing force of the AFM probe to surface more than 10 μN and scan-
ning frequency more than 1 Hz (Figure 2).

The usage of the AFM noncontact mode at which the probe interacts with the array surface 
only due to van der Waals forces [32] made it possible to obtain AFM images of bundles 
of vertically aligned carbon nanotubes with a higher resolution, without explicit artifacts 
(Figure 1c). In the noncontact mode, the individual nanotubes were also combined into 
bundles with a diameter of about 300 nm (Figure 1c) under the action of van der Waals forces 
[25]. Statistical processing of AFM images showed that the maximum height of the bundle 
was 2.52 μm, the average height was 1.27 ± 0.35 μm and the density of individual VA CNT 
bundles in the array was about 1.68 μm−2 [25].

Figure 1. AFM images of the surface of the VA CNT array obtained by AFM: (a) in contact mode, (b) in semi-contact 
mode and (c) in noncontact mode [25].
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Thus, it has been shown that the optimal scanning mode for determination of the geometric 
parameters of vertically aligned carbon nanotubes is the AFM noncontact mode, which allows 
one to obtain AFM images with a higher resolution resolving and without destroying the VA 
CNT structure. The results obtained by the AFM noncontact mode correlate well with the 
values of the geometrical parameters of the VA CNT determined by the SEM method.

Based on the obtained results, a technique for measuring a VA CNT array height was devel-
oped. This technique was based on sequential scanning in contact, then in semi-contact or non-
contact modes of a VA CNT array with different areas [25]. So, the VA CNT array were scanned 
with an area of 10 × 10 μm2 and then 30 × 30 μm2 (Figure 3a, b). The analysis of the profilogram 
of the scanning area allowed to determine the maximum height of the VA CNT array equal to 
1.98 μm and the average height of VA CNTs in the array equal to 1.12 ± 0.45 μm (Figure 3c).

The developed technique for measuring the VA CNT array height allows to determine the 
height value with a higher reliability than a semi-contact or noncontact mode in that the 
measurement of this parameter is made relative to substrate’s surface and not the greatest 
penetration depth of the AFM probe into the array. Moreover, the developed technique makes 
it possible to obtain and automatically process a statistical set of the geometric parameters’ 
values of carbon nanotubes in contrast to the SEM method.

2.3. A technique for determining the Young’s modulus and bending stiffness of 
vertically aligned carbon nanotubes

One of the promising methods for determining the Young’s modulus of vertically aligned 
CNTs is the nanoindentation method based on indenting a solid needle (indenter) into the 
array by applying an external load and obtaining the dependence of the penetration depth 
of the indenter into the array from nanoindentation force [11, 22]. A schematic process of 
nanoindentation of a vertically aligned carbon nanotubes array is shown in Figure 4. Initially, 
the indenter is in the approached state, then the load is applied and the indenter interacts with 
the array surface and touches the first VA CNT at the depth h1; with a further increase in the 
load, the first nanotube begins to bend and the indenter touches the second tube at the depth 
h2 (Figure 4a). At a given depth h, the indenter interacts with the i-number of VA CNTs, each 
of which is deflected by a distance w0 (Figure 4b), depending on the initial touch depth of the 
indenter with the i-tube and the geometry of the indenter [13]:

Figure 3. Measuring a VA CNT array height based on developed technique: (a) SEM image, (b) AFM image and  
(c) profilogram along the line [25].
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Figure 2. The images of the VA CNT array obtained after scanning in a semi-contact mode with a pressing force of the 
AFM probe to surface more than 10 μN: (а) AFM images; (b) and (c) SEM images.

VA CNT geometric parameters [25]. The study of the VA CNT array in the semi-contact mode 
shows that the individual VA CNTs are combined into bundles when the probe is exposed 
(Figure 1b). The main disadvantage of AFM images of VA CNT array obtained in a semi-
contact mode is the presence of a number of scanning artifacts caused by the high mobility of 
nanotubes during mechanical contact with the probe, and as a consequence, the relatively low 
resolution of this AFM mode (Figure 1b).

In addition, a partial destruction of the VA CNT array is possible when scanning in a semi-
contact mode with a pressing force of the AFM probe to surface more than 10 μN and scan-
ning frequency more than 1 Hz (Figure 2).

The usage of the AFM noncontact mode at which the probe interacts with the array surface 
only due to van der Waals forces [32] made it possible to obtain AFM images of bundles 
of vertically aligned carbon nanotubes with a higher resolution, without explicit artifacts 
(Figure 1c). In the noncontact mode, the individual nanotubes were also combined into 
bundles with a diameter of about 300 nm (Figure 1c) under the action of van der Waals forces 
[25]. Statistical processing of AFM images showed that the maximum height of the bundle 
was 2.52 μm, the average height was 1.27 ± 0.35 μm and the density of individual VA CNT 
bundles in the array was about 1.68 μm−2 [25].

Figure 1. AFM images of the surface of the VA CNT array obtained by AFM: (a) in contact mode, (b) in semi-contact 
mode and (c) in noncontact mode [25].
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   w  0   =  (h −  h  i  ) tgθ.  (1)

On the other hand, the nanoindentation process can be considered using a micromechanical 
model. This model is based on the beam theory, according to which an individual vertically 
aligned nanotube is an elastic hollow cylindrical rod fixed at one end. In this case, the elastic 
deflection w0 of a carbon nanotube with an outer diameter D and a height L when an external 
load is applied is described by the equation [11]:

   w  0   =   T __ P   (  
tgkL

 ____ k   − L) ,  (2)

where P and T are the forces acting on the nanotube parallel and perpendicular to its axis, 
respectively (Figure 4a); k = (P/(YI)eff)1/2, (EI)eff is the effective bending stiffness of a VA CNT 
with an effective moment of inertia equal to Ieff ≈ πD4/64 [11].

Earlier, a method was developed for determining the mechanical parameters of a VA CNT 
based on the nanoindentation using a micromechanical model [11]. The main shortcoming 
of this method was the use of bending stiffness as a rigidity parameter of theoretical and 
experimental dependencies, from which the value of the Young’s modulus of the VA CNT is 
calculated [11] This fact significantly reduced the reliability of the obtained results. To elimi-
nate this shortcoming, we proposed a technique for determining the bending stiffness (EI)eff 
for each i-tube interacting with the indenter using experimental dependences [22, 28, 29]. For 
this the force P acting on one CNT was represented as [22]:

  P =  ( P  IND   −  P  i  )  cos θ / i,  (3)

where PIND is the indentation force representing the vector sum of the forces P and T (Figure 4a), 
Pi is the indentation force corresponding to the depth hi of touching of the i-tube and i is the 
number of nanotubes interacting with the indenter at the PIND. The values of the PIND and Pi 
forces are determined from the experimental dependences obtained in the nanoindentation 
process of the VA CNT array.

Figure 4. Schematics of the nanoindentation process of the VA CNT array: (a) the deflection of the first nanotube and the 
touching of the second nanotube of the indenter with increasing applied force; (b) the interaction of the indenter with i 
nanotubes at depth h [29].
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Thus, Young’s modulus is determined from the following expression based on the technique 
developed by us [22]:

  Y =   
64 ( P  IND   −  P  i  )  cos θ

  _____________ π  iD   2   k   2   .  (4)

The number of nanotubes i interacting with the indenter for a given indentation force is 
defined as the product of the total interaction area of the indenter S at penetration depth h 
and density of the VA CNTs in an array. The total area S is the sum of the cross-section area of 
the indenter Sind at depth h, the interaction area by the perimeter of indenter Sper and the cross-
sectional area of the nanotube SCNT. Due to the fact that the Berkovich indenter is a regular 
triangular pyramid with the angle at the vertex θ = 70°, the height of the triangle lying at the 
base of the pyramid is a = 1.5 h∙tg70° and the value of the edge of the base is c = 2a∙tg30°. The 
interaction area of the indenter S at the penetration depth h with one tube is [22]:

  S = i / n =  S  
ind 
  +  S  

per 
  +  S  

CNT
   = 9.853  h   2  + 14.355  hD  0   + 3.141  D  0  2  / 4.  (5)

This dependence allows us to determine not only the number of tubes interacting with the 
indenter at a depth h but also the depth hi at which the indenter touches the i-tube.

The technique proposed by us technique makes it possible to calculate the Young’s modulus 
of individual VA CNT directly from a set of the experimental dependences obtained in the 
nanoindentation process [22] The limits of applicability of the technique are determined by 
the aspect ratio of vertically aligned carbon and the nanotube deflection value. The maximum 
value of the deflection of CNTs in the nanoindentation process, in which the interaction of the 
indenter with the VA CNT array is still described by the beam theory, depends on the length 
of the carbon nanotube and is determined by the following expression [22]:

   w  max   =  (0.2L −  h  
1 
 ) tgθ,  (6)

where 0.2 L is the maximum penetration depth determined from the experimental dependences.

For the approbation of the developed technique, three experimental samples of VA CNT 
arrays with various geometric parameters were studied (Figure 5). Analysis of SEM images 
made it possible to estimate the diameter and height of carbon nanotubes, as well as the 
density of nanotubes in the array. The values of these parameters are presented in Table 1.

Using the obtained values of the geometric parameters of carbon nanotubes, their mechanical 
properties were investigated by the developed technique. The maximum value of an indenta-
tion force was 100 μN. The nanoindentation was carried out at six different points separated 
from each other by a distance of about 5 μm for each VA CNT array. Figure 6 shows the 
experimental dependences obtained for three arrays of VA CNT.

Analysis of the dependences showed that the curve of the penetration depth of the indenter 
into the array on the indentation force is nonlinear. Two sections of the curve can be distin-
guished: the elastic (from 0 to 250 nm for the first mass, from 0 to 175 nm for the second mass, 
and from 0 to 250 nm for the third one) and inelastic (from 250 to 330 nm for the first array, 
from 175 to 275 nm for the second one and from 250 to 600 nm for the third one) interaction. 
Therefore, only the first section of the curves was used to calculate the Young’s modulus of 
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   w  0   =  (h −  h  i  ) tgθ.  (1)

On the other hand, the nanoindentation process can be considered using a micromechanical 
model. This model is based on the beam theory, according to which an individual vertically 
aligned nanotube is an elastic hollow cylindrical rod fixed at one end. In this case, the elastic 
deflection w0 of a carbon nanotube with an outer diameter D and a height L when an external 
load is applied is described by the equation [11]:

   w  0   =   T __ P   (  
tgkL

 ____ k   − L) ,  (2)

where P and T are the forces acting on the nanotube parallel and perpendicular to its axis, 
respectively (Figure 4a); k = (P/(YI)eff)1/2, (EI)eff is the effective bending stiffness of a VA CNT 
with an effective moment of inertia equal to Ieff ≈ πD4/64 [11].

Earlier, a method was developed for determining the mechanical parameters of a VA CNT 
based on the nanoindentation using a micromechanical model [11]. The main shortcoming 
of this method was the use of bending stiffness as a rigidity parameter of theoretical and 
experimental dependencies, from which the value of the Young’s modulus of the VA CNT is 
calculated [11] This fact significantly reduced the reliability of the obtained results. To elimi-
nate this shortcoming, we proposed a technique for determining the bending stiffness (EI)eff 
for each i-tube interacting with the indenter using experimental dependences [22, 28, 29]. For 
this the force P acting on one CNT was represented as [22]:

  P =  ( P  IND   −  P  i  )  cos θ / i,  (3)

where PIND is the indentation force representing the vector sum of the forces P and T (Figure 4a), 
Pi is the indentation force corresponding to the depth hi of touching of the i-tube and i is the 
number of nanotubes interacting with the indenter at the PIND. The values of the PIND and Pi 
forces are determined from the experimental dependences obtained in the nanoindentation 
process of the VA CNT array.

Figure 4. Schematics of the nanoindentation process of the VA CNT array: (a) the deflection of the first nanotube and the 
touching of the second nanotube of the indenter with increasing applied force; (b) the interaction of the indenter with i 
nanotubes at depth h [29].
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Thus, Young’s modulus is determined from the following expression based on the technique 
developed by us [22]:

  Y =   
64 ( P  IND   −  P  i  )  cos θ

  _____________ π  iD   2   k   2   .  (4)

The number of nanotubes i interacting with the indenter for a given indentation force is 
defined as the product of the total interaction area of the indenter S at penetration depth h 
and density of the VA CNTs in an array. The total area S is the sum of the cross-section area of 
the indenter Sind at depth h, the interaction area by the perimeter of indenter Sper and the cross-
sectional area of the nanotube SCNT. Due to the fact that the Berkovich indenter is a regular 
triangular pyramid with the angle at the vertex θ = 70°, the height of the triangle lying at the 
base of the pyramid is a = 1.5 h∙tg70° and the value of the edge of the base is c = 2a∙tg30°. The 
interaction area of the indenter S at the penetration depth h with one tube is [22]:

  S = i / n =  S  
ind 
  +  S  

per 
  +  S  

CNT
   = 9.853  h   2  + 14.355  hD  0   + 3.141  D  0  2  / 4.  (5)

This dependence allows us to determine not only the number of tubes interacting with the 
indenter at a depth h but also the depth hi at which the indenter touches the i-tube.

The technique proposed by us technique makes it possible to calculate the Young’s modulus 
of individual VA CNT directly from a set of the experimental dependences obtained in the 
nanoindentation process [22] The limits of applicability of the technique are determined by 
the aspect ratio of vertically aligned carbon and the nanotube deflection value. The maximum 
value of the deflection of CNTs in the nanoindentation process, in which the interaction of the 
indenter with the VA CNT array is still described by the beam theory, depends on the length 
of the carbon nanotube and is determined by the following expression [22]:

   w  max   =  (0.2L −  h  
1 
 ) tgθ,  (6)

where 0.2 L is the maximum penetration depth determined from the experimental dependences.

For the approbation of the developed technique, three experimental samples of VA CNT 
arrays with various geometric parameters were studied (Figure 5). Analysis of SEM images 
made it possible to estimate the diameter and height of carbon nanotubes, as well as the 
density of nanotubes in the array. The values of these parameters are presented in Table 1.

Using the obtained values of the geometric parameters of carbon nanotubes, their mechanical 
properties were investigated by the developed technique. The maximum value of an indenta-
tion force was 100 μN. The nanoindentation was carried out at six different points separated 
from each other by a distance of about 5 μm for each VA CNT array. Figure 6 shows the 
experimental dependences obtained for three arrays of VA CNT.

Analysis of the dependences showed that the curve of the penetration depth of the indenter 
into the array on the indentation force is nonlinear. Two sections of the curve can be distin-
guished: the elastic (from 0 to 250 nm for the first mass, from 0 to 175 nm for the second mass, 
and from 0 to 250 nm for the third one) and inelastic (from 250 to 330 nm for the first array, 
from 175 to 275 nm for the second one and from 250 to 600 nm for the third one) interaction. 
Therefore, only the first section of the curves was used to calculate the Young’s modulus of 
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VA CNTs as the beam theory describes only small elastic deflections. Based on this, the total 
penetration depth of the indenter into the first array h was 250 nm, into the second one was 
175 nm and into the third one was 250 nm. The corresponding indentation forces of РIND were 
about 8, 10 and 3 μN, respectively (Figure 6).

Using the developed technique, the bending stiffness and Young’s modulus were determined 
for each i-nanotube of the VA CNT interacting with the indenter at a depth h and the average 
values of these parameters were obtained for each VA CNT arrays. The results are shown in 
Table 2. The obtained values of the mechanical parameters of the VA CNT correlate well with 
the literature data [5–7, 9, 11, 22, 28].

An analysis of the results showed that the Young’s modulus of a VA CNT increases with the 
increase in its length. This fact can be associated with decreasing the structural defects of the 
nanotube with increasing length. Analysis of the bending stiffness values showed that the value 
of this parameter increases with increasing diameter of the nanotubes. This is probably due to 
an increase in the number of inner layers in multi-walled carbon nanotubes and an increase 
in Van der Waals forces between layers, which leads to an additional resistance of the carbon 
nanotube to bending deformations during indentation [14].

Thus, the developed technique can be successfully used to measure the mechanical parameters 
of vertically aligned carbon nanotubes by the nanoindentation, as well as to study the effect 
of the geometric parameters of VA CNT on their Young’s modulus [22, 28]. The developed 
technique can be used to determine the mechanical properties of nanotubes and nanowires 
from other materials [21].

Parameter VA CNTs No 1 VA CNTs No 2 VA CNTs No 3

Height L, nm 650 1210 930

Diameter D, nm 44 36 51

Aspect ratio H 15 34 13

The VA CNTs density in array n, μm−2 82 72 69

Table 1. Geometric parameters of the VA CNTs determined by the SEM method.

Figure 5. SEM images of the investigated arrays of vertically aligned carbon nanotubes: (a) VA CNTs No 1, (b) VA CNTs 
No 2 and (c) VA CNTs No 3.
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2.4. A technique for determining the resistivity of vertically aligned carbon 
nanotubes

Scanning probe microscopy is a precision method for studying the electrical properties of 
horizontal carbon nanotubes [33–35]. However, the study of vertically aligned carbon nano-
tube has difficulties due to the mobility of nanotubes upon contact with the SPM probe and 
the formation of VA CNT bundles on the application of an electric field [36]. In addition, the 
determination of the VA CNT resistivity based on the current–voltage characteristics (CVC) 
obtained by the SPM method requires an analysis of the measuring process the CVCs and 
the development of a technique taking into account the features of the SPM [23]. Earlier, it 
was shown that the value of the VA CNT resistivity obtained on the basis of CVCs obtained 
by the AFM method is higher [23] than the value presented in the literature [37]. This is 
due to the influence of contact of the AFM probe on the VA CNT top and the appearance 
of additional resistance in the measuring system. In addition, as a result of preliminary 
scanning of the VA CNT array in an AFM semi-contact mode, nanotubes form bundles, 
which makes it difficult to localize the probe over an individual VA CNT top and to study 
its electrical properties. The determination of the resistance of an individual VA CNT by the 
scanning tunneling microscopy (STM) method allows to overcome these difficulties because 
the resistance of the tunnel contact of the STM probe with the VA CNT top at a voltage of 

Figure 6. Experimental dependences obtained by the nanoindentation of the VA CNT arrays.

Mechanical parameters VA CNTs No 1 VA CNTs No 2 VA CNTs No 3

Bending stiffness, N∙nm2

Young’s modulus, TPa

0.112 ± 0.004

1.15 ± 0.05

0.106 ± 0.005

1.29 ± 0.08

0.195 ± 0.007

0.59 ± 0.12

Table 2. The geometrical and mechanical parameters of the nanotubes in the VA CNT array determined by the AFM and 
the nanoindentation.

Scanning Probe Techniques for Characterization of Vertically Aligned Carbon Nanotubes
http://dx.doi.org/10.5772/intechopen.78061

57



VA CNTs as the beam theory describes only small elastic deflections. Based on this, the total 
penetration depth of the indenter into the first array h was 250 nm, into the second one was 
175 nm and into the third one was 250 nm. The corresponding indentation forces of РIND were 
about 8, 10 and 3 μN, respectively (Figure 6).

Using the developed technique, the bending stiffness and Young’s modulus were determined 
for each i-nanotube of the VA CNT interacting with the indenter at a depth h and the average 
values of these parameters were obtained for each VA CNT arrays. The results are shown in 
Table 2. The obtained values of the mechanical parameters of the VA CNT correlate well with 
the literature data [5–7, 9, 11, 22, 28].

An analysis of the results showed that the Young’s modulus of a VA CNT increases with the 
increase in its length. This fact can be associated with decreasing the structural defects of the 
nanotube with increasing length. Analysis of the bending stiffness values showed that the value 
of this parameter increases with increasing diameter of the nanotubes. This is probably due to 
an increase in the number of inner layers in multi-walled carbon nanotubes and an increase 
in Van der Waals forces between layers, which leads to an additional resistance of the carbon 
nanotube to bending deformations during indentation [14].

Thus, the developed technique can be successfully used to measure the mechanical parameters 
of vertically aligned carbon nanotubes by the nanoindentation, as well as to study the effect 
of the geometric parameters of VA CNT on their Young’s modulus [22, 28]. The developed 
technique can be used to determine the mechanical properties of nanotubes and nanowires 
from other materials [21].

Parameter VA CNTs No 1 VA CNTs No 2 VA CNTs No 3

Height L, nm 650 1210 930

Diameter D, nm 44 36 51

Aspect ratio H 15 34 13

The VA CNTs density in array n, μm−2 82 72 69

Table 1. Geometric parameters of the VA CNTs determined by the SEM method.

Figure 5. SEM images of the investigated arrays of vertically aligned carbon nanotubes: (a) VA CNTs No 1, (b) VA CNTs 
No 2 and (c) VA CNTs No 3.
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2.4. A technique for determining the resistivity of vertically aligned carbon 
nanotubes

Scanning probe microscopy is a precision method for studying the electrical properties of 
horizontal carbon nanotubes [33–35]. However, the study of vertically aligned carbon nano-
tube has difficulties due to the mobility of nanotubes upon contact with the SPM probe and 
the formation of VA CNT bundles on the application of an electric field [36]. In addition, the 
determination of the VA CNT resistivity based on the current–voltage characteristics (CVC) 
obtained by the SPM method requires an analysis of the measuring process the CVCs and 
the development of a technique taking into account the features of the SPM [23]. Earlier, it 
was shown that the value of the VA CNT resistivity obtained on the basis of CVCs obtained 
by the AFM method is higher [23] than the value presented in the literature [37]. This is 
due to the influence of contact of the AFM probe on the VA CNT top and the appearance 
of additional resistance in the measuring system. In addition, as a result of preliminary 
scanning of the VA CNT array in an AFM semi-contact mode, nanotubes form bundles, 
which makes it difficult to localize the probe over an individual VA CNT top and to study 
its electrical properties. The determination of the resistance of an individual VA CNT by the 
scanning tunneling microscopy (STM) method allows to overcome these difficulties because 
the resistance of the tunnel contact of the STM probe with the VA CNT top at a voltage of 

Figure 6. Experimental dependences obtained by the nanoindentation of the VA CNT arrays.

Mechanical parameters VA CNTs No 1 VA CNTs No 2 VA CNTs No 3

Bending stiffness, N∙nm2

Young’s modulus, TPa

0.112 ± 0.004

1.15 ± 0.05

0.106 ± 0.005

1.29 ± 0.08

0.195 ± 0.007

0.59 ± 0.12

Table 2. The geometrical and mechanical parameters of the nanotubes in the VA CNT array determined by the AFM and 
the nanoindentation.
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more than 1 V becomes insignificant and does not significantly affect the overall resistance 
of the system “STM probe/VA CNT/conductive layer/VA CNT array/contact.” In addition, 
the formation of VA CNT bundles does not occur during the preliminary scanning by the 
STM method [23].

The schematic and the equivalent circuit of the measuring system of the VA CNT by the STMs 
method are shown in Figure 7. According to Figure 7b, the total resistance of the system   R  tot  STM   
is [23]:

   R  tot  STM  =  R  0  STM  +  R  CNT/sub   + R  CNT   +     R  tun  ,  (7)

   R  0  STM  =  R  Me   +  R  CNTs/Me   + R  CNTs   +     R  CNTs/sub   +  R  sub   +  R  p  STM ,  (8)

where   R  0  STM   is the total resistance of the conductive layer Rsub, the contact materials RMe and the STM 
probe   R  p  STM  , as well as the array of nanotubes under contact RCNTs/Me + RCNTs + RCNTs/sub, determined 
by STM spectroscopy of the array area without the VA CNTs (Figure 7c, d); Rtun—resistance of 
the tunnel contact between the STM probe and VA CNT; RCNT + RCNT/sub is the total resistance of 
an individual vertically aligned carbon nanotube and the contact between the VA CNT and the 
conductive layer [23].

Earlier, it was shown that the contribution of the resistance of the tunnel contact decreases 
with increasing electric field strength and at large values of the strength one can take Rtun ~ 0 
[38], where the total resistance of the individual VA CNT and the contact to the conductive 
layer can be taken as [23]:

   R  CNT  STM  =  R  tot  STM  −  R  0  STM .  (9)

The resistance   R  tot  STM   was determined on the basis of the CVC obtained by STM spectroscopy 
on an individual VA CNT. The resistance   R  0  STM   was determined on the basis of the equivalent 
circuit for Rtun ~ 0 (Figure 7d) and the CVC obtained at the modified area of the VA CNT array. 
The resistivity of an individual VA CNT was defined as ρel =   R  СNT  STM  ∙S/L.

The experimental approbation of the proposed technique was carried out on an experimental 
sample of VA CNT array (D = 70–120 nm, L = 2.2 μm, n = 8 μm−2). The distance between the 

Figure 7. Measurement of the electrical parameters of the VA CNT by the STM method: (a, b) a schematic and equivalent 
circuit of measuring the total resistance; (c, d) a schematic and equivalent circuit without resistance of the VA CNT and 
its contacts [23].
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STM probe and the VA CNT top was 0.5 nm. To localize the probe at the VA CNT top, a pre-
liminary scanning of the array surface was performed using the STM method. The resulting 
STM image and the CVC of the VA CNT (solid line) are shown in Figure 8. The resistance of 
the “STM probe/conductive layer/VA CNT array/contact“ system (Figure 7c) was measured 
additionally to exclude the resistance of the STM probe, the conductive layer, the contact 
material and the nanotube array below it from the total resistance system. To measure this 
resistance, the VA CNT array was previously scanned in the AFM contact mode using the 
technique presented in Section 2.2. The CVC of the modified area is shown in Figure 8b 
(dashed line).

Analysis of the obtained STM image of the VA CNT array showed that individual nanotubes 
are not combined into bundles due to the low density of VA CNTs in the array (Figure 8a). 
It allows investigating the electrical properties of individual VA CNTs. The diameter of the 
VA CNT is 118 ± 39 nm. The height of the VA CNT is not displayed correctly on the STM 
image due to the peculiarities of measuring the VA CNT array by the STM [36]. Based on the 
CVC of the individual VA CNT (Figure 8b), it can be concluded that the individual VA CNT 
exhibits two conduction states: high resistance when the voltage is varied from 0 to 10 V and 
low resistance when the voltage varies from 10 to 0 V, which is due to the manifestation of 
a memristor effect in VA CNT [3, 26, 29, 39, 40]. The low-resistance state of the VA CNT was 
used to determine the resistance of the nanotube, since there is no additional resistance in VA 
CNT associated with the internal electric field in the nanotube [3, 40].

The resistance of   R  tot  STM   was determined on the basis of the CVC, an individual VA CNT in low-
resistance state, and was 108 kΩ (Figure 8b). The resistance   R  0  STM   was determined on the basis of 
the CVC obtained at the modified area of the VA CNT array (Figure 8b) and was 41 kΩ. From 
there, the total resistance of the individual VA CNT and the contact to the conductive layer   R  СNT  STM   
was 67 kΩ. It was previously shown that a transition electrical resistivity of the contact of the 
VA CNT with the conducting layer is about 118.6 kΩ nm2 (1.186∙10−9 Ω cm2) [23]. Therefore, the 
resistance of the contact for the VA CNTs under study changes in the range RCNTs/sub = 4.1–12.8 Ω. 
Thus, we have RCNTs/sub < <   R  СNT  STM   and this resistance weakly contributes to the resistance of VA 
CNTs determined by the STM technique. Taking into account the geometric parameters of VA 

Figure 8. Investigation of the VA CNT array by the STM method: (a) 3D STM image of the VA CNT array; and (b) CVCs 
of an individual nanotube (solid line) and substrate (dashed line) [23].
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more than 1 V becomes insignificant and does not significantly affect the overall resistance 
of the system “STM probe/VA CNT/conductive layer/VA CNT array/contact.” In addition, 
the formation of VA CNT bundles does not occur during the preliminary scanning by the 
STM method [23].

The schematic and the equivalent circuit of the measuring system of the VA CNT by the STMs 
method are shown in Figure 7. According to Figure 7b, the total resistance of the system   R  tot  STM   
is [23]:

   R  tot  STM  =  R  0  STM  +  R  CNT/sub   + R  CNT   +     R  tun  ,  (7)

   R  0  STM  =  R  Me   +  R  CNTs/Me   + R  CNTs   +     R  CNTs/sub   +  R  sub   +  R  p  STM ,  (8)

where   R  0  STM   is the total resistance of the conductive layer Rsub, the contact materials RMe and the STM 
probe   R  p  STM  , as well as the array of nanotubes under contact RCNTs/Me + RCNTs + RCNTs/sub, determined 
by STM spectroscopy of the array area without the VA CNTs (Figure 7c, d); Rtun—resistance of 
the tunnel contact between the STM probe and VA CNT; RCNT + RCNT/sub is the total resistance of 
an individual vertically aligned carbon nanotube and the contact between the VA CNT and the 
conductive layer [23].

Earlier, it was shown that the contribution of the resistance of the tunnel contact decreases 
with increasing electric field strength and at large values of the strength one can take Rtun ~ 0 
[38], where the total resistance of the individual VA CNT and the contact to the conductive 
layer can be taken as [23]:

   R  CNT  STM  =  R  tot  STM  −  R  0  STM .  (9)

The resistance   R  tot  STM   was determined on the basis of the CVC obtained by STM spectroscopy 
on an individual VA CNT. The resistance   R  0  STM   was determined on the basis of the equivalent 
circuit for Rtun ~ 0 (Figure 7d) and the CVC obtained at the modified area of the VA CNT array. 
The resistivity of an individual VA CNT was defined as ρel =   R  СNT  STM  ∙S/L.

The experimental approbation of the proposed technique was carried out on an experimental 
sample of VA CNT array (D = 70–120 nm, L = 2.2 μm, n = 8 μm−2). The distance between the 

Figure 7. Measurement of the electrical parameters of the VA CNT by the STM method: (a, b) a schematic and equivalent 
circuit of measuring the total resistance; (c, d) a schematic and equivalent circuit without resistance of the VA CNT and 
its contacts [23].
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STM probe and the VA CNT top was 0.5 nm. To localize the probe at the VA CNT top, a pre-
liminary scanning of the array surface was performed using the STM method. The resulting 
STM image and the CVC of the VA CNT (solid line) are shown in Figure 8. The resistance of 
the “STM probe/conductive layer/VA CNT array/contact“ system (Figure 7c) was measured 
additionally to exclude the resistance of the STM probe, the conductive layer, the contact 
material and the nanotube array below it from the total resistance system. To measure this 
resistance, the VA CNT array was previously scanned in the AFM contact mode using the 
technique presented in Section 2.2. The CVC of the modified area is shown in Figure 8b 
(dashed line).

Analysis of the obtained STM image of the VA CNT array showed that individual nanotubes 
are not combined into bundles due to the low density of VA CNTs in the array (Figure 8a). 
It allows investigating the electrical properties of individual VA CNTs. The diameter of the 
VA CNT is 118 ± 39 nm. The height of the VA CNT is not displayed correctly on the STM 
image due to the peculiarities of measuring the VA CNT array by the STM [36]. Based on the 
CVC of the individual VA CNT (Figure 8b), it can be concluded that the individual VA CNT 
exhibits two conduction states: high resistance when the voltage is varied from 0 to 10 V and 
low resistance when the voltage varies from 10 to 0 V, which is due to the manifestation of 
a memristor effect in VA CNT [3, 26, 29, 39, 40]. The low-resistance state of the VA CNT was 
used to determine the resistance of the nanotube, since there is no additional resistance in VA 
CNT associated with the internal electric field in the nanotube [3, 40].

The resistance of   R  tot  STM   was determined on the basis of the CVC, an individual VA CNT in low-
resistance state, and was 108 kΩ (Figure 8b). The resistance   R  0  STM   was determined on the basis of 
the CVC obtained at the modified area of the VA CNT array (Figure 8b) and was 41 kΩ. From 
there, the total resistance of the individual VA CNT and the contact to the conductive layer   R  СNT  STM   
was 67 kΩ. It was previously shown that a transition electrical resistivity of the contact of the 
VA CNT with the conducting layer is about 118.6 kΩ nm2 (1.186∙10−9 Ω cm2) [23]. Therefore, the 
resistance of the contact for the VA CNTs under study changes in the range RCNTs/sub = 4.1–12.8 Ω. 
Thus, we have RCNTs/sub < <   R  СNT  STM   and this resistance weakly contributes to the resistance of VA 
CNTs determined by the STM technique. Taking into account the geometric parameters of VA 

Figure 8. Investigation of the VA CNT array by the STM method: (a) 3D STM image of the VA CNT array; and (b) CVCs 
of an individual nanotube (solid line) and substrate (dashed line) [23].
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CNT, the resistivity of VA CNT was (8.32 ± 3.18)∙10−4 Ωm. The obtained value of the resistivity 
of multi-walled VA CNT correlates well with the literature data [41].

2.5. A technique for determining the adhesion of vertically aligned carbon nanotube 
to a substrate

The adhesion of VA CNT to a substrate Wa quantitatively characterized by the work of break-
ing the adhesive bond per unit area was assumed to be equal to the work of the internal elastic 
forces arising at the base of the VA CNT at the moment of detachment from substrate [42]:

   W  a   = σ   
Δ  L  0   ___  x  0      x  0   = σΔ  L  0  ,  (10)

where σ = kΔL0/S—mechanical stress arising in a VA CNT as a result of elongation; ΔL0 is a VA 
CNT elongation at the point x0 = 0.01 L at t = t0.

From a practical point of view, the adhesion strength and the corresponding detachment force 
(the maximum force that can be applied along the axis of the nanotube without detaching it 
from the substrate) are of great importance. These parameters allow optimizing the design 
and operating parameters of emitters and memory elements based on VA CNT to prevent 
a VA CNT detaching from the substrate. The adhesion strength f0 was defined as the force 
required for breaking the adhesive bond of the VA CNT with the substrate referred to the 
area of the adhesive contact. The value of adhesive strength is sensitive to the determination 
method and depends on the type of external load causing destruction of the adhesive contact. 
When applying a mechanical load to the VA CNT, the external force is expended on the defor-
mation of VA CNT (Fx) and the break of the adhesion bond with the substrate (Fa = Wa∙S/ΔL0), 
and the adhesion strength of the VA CNT bond to the substrate is determined as [42]:

   f  0   =  ( F  x   (L,  t  0  )  +  F  a  )  / S =  F  0   / S.  (11)

When applying an external electric field, the adhesive strength   f  
0
   '   is higher than adhesion 

strength f0 by applying a mechanical load due to the attraction force Fat(t) arising under the 
action of an external electric field which is expended not only on the deformation of VA CNT 
and the break of adhesive bond with the substrate but also on the polarization and creation of 
the conduction current VA CNT. The adhesive strength   f  

0
   '   is determined as [42]:

   f  0  '   =  F  at   ( t  0  )  / S.  (12)

Thus, the value of the maximum force that can be applied to the “VA CNT/substrate” system 
without its destruction will be different for devices functioning in the field of mechanical 
loads of high electric field.

Experimental studies of adhesion were carried out on a VA CNT array (D = 70—120 nm, 
L = 2.2 μm and n = 8 μm−2) when voltage pulses U were applied with an amplitude of 10 V to 
30 V and duration of 1 s. The detachment of the VA CNT from the substrate was fixed by the 
absence of current on the reverse branch of the CVC (with the voltage from the maximum value 
to zero) obtained in the “substrate/VA CNT/AFM probe” system in the AFM spectroscopy mode 
(Figure 9). The nanotube is retained on the surface of the AFM probe by the van der Waals forces 
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after removal of the external electric field [19]. This effect was used to create critical-dimension 
atomic-force microscopy (CD-AFM) probes by depositing a carbon nanotube from a VA CNT 
array on the tip [19]. As shown by experimental studies, the detachment of a vertically aligned 
carbon nanotube from the substrate did not occur at U = 10 V; a single nanotube was detached 
with a reproducibility of about 30% at U = 15 V; a constant detachment of one or two VA CNTs 
was recorded at U = 20 V; several nanotubes were detached at U > 20 V. The voltage at which 
the detachment of a single VA CNT from the substrate was observed was likely to vary with the 
diameter of the nanotube. It should be noted that only van der Waals forces (~ 15 nN [3]).

Further, a modeling of the VA CNT deformation under the action of an external electric field was 
carried out to determine the quantitative values of the adhesion of VA CNTs to the substrate [3, 29, 
40]. The results of the modeling showed that the VA CNT deformation increases with increasing 
voltage from 10 V to 30 V. So the elongation at the VA CNT base (x = 0.01 L) ΔL0 is 0.037, 0.0391, 
0.0404, 0.0419, 0.0441 and 0.0445 nm for a VA CNT with D = 70, 80, 90, 100, 110 and 120 nm, respec-
tively, at corresponding voltage at the detachment (Figure 10). The elongation at the VA CNT top 
(x = L) ΔLmax is 1.25, 1.31, 1.36, 1.41, 1.48 and 1.49 nm, respectively (Figure 10). An analysis of the 
dependence of the elongation of a vertically aligned carbon nanotube (at x = L) on its diameter 
showed that at a voltage of 15 V ΔLmax of the VA CNT with a diameter of 70 nm is 1.24 nm and the 
ΔLmax increases to 1.49 nm with an increase in the diameter of VA CNT to 120 nm. Thus, voltage at 
the detachment of a VA CNT with D = 80 nm is equal to 16.3 V; with D = 90 nm, U = 17.5 V; with 
D = 100 nm, U = 18.7 V; with D = 110 nm, U = 19.6 V and; with D = 120 nm, U = 20 V (Figure 10) [42].

Taking into account the results of modeling, the adhesion of VA CNT (D = 70—120 nm) Wa increases 
from 0.55 to 1.19 mJ/m2 with the increase in diameter according to Eq. (10). This fact probably con-
nected with the increase in the number of carbon atoms interacting with the substrate per unit 
area of the adhesive contact, when the diameter of the VA CNT is increased and as a result of the 
increase in the layers of the multi-walled carbon nanotube. The corresponding adhesion force Fa 
of the individual VA CNT with increasing diameter varied from 92.5 nN to 226.1 nN. According 
to Eq. (11), the adhesive strength of the VA CNT to the substrate f0 is 714.1 ± 138.4 MPa when a 

Figure 9. A CVC of the VA CNT during detachment from the substrate by AFM current spectroscopy.
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CNT, the resistivity of VA CNT was (8.32 ± 3.18)∙10−4 Ωm. The obtained value of the resistivity 
of multi-walled VA CNT correlates well with the literature data [41].

2.5. A technique for determining the adhesion of vertically aligned carbon nanotube 
to a substrate

The adhesion of VA CNT to a substrate Wa quantitatively characterized by the work of break-
ing the adhesive bond per unit area was assumed to be equal to the work of the internal elastic 
forces arising at the base of the VA CNT at the moment of detachment from substrate [42]:
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where σ = kΔL0/S—mechanical stress arising in a VA CNT as a result of elongation; ΔL0 is a VA 
CNT elongation at the point x0 = 0.01 L at t = t0.

From a practical point of view, the adhesion strength and the corresponding detachment force 
(the maximum force that can be applied along the axis of the nanotube without detaching it 
from the substrate) are of great importance. These parameters allow optimizing the design 
and operating parameters of emitters and memory elements based on VA CNT to prevent 
a VA CNT detaching from the substrate. The adhesion strength f0 was defined as the force 
required for breaking the adhesive bond of the VA CNT with the substrate referred to the 
area of the adhesive contact. The value of adhesive strength is sensitive to the determination 
method and depends on the type of external load causing destruction of the adhesive contact. 
When applying a mechanical load to the VA CNT, the external force is expended on the defor-
mation of VA CNT (Fx) and the break of the adhesion bond with the substrate (Fa = Wa∙S/ΔL0), 
and the adhesion strength of the VA CNT bond to the substrate is determined as [42]:

   f  0   =  ( F  x   (L,  t  0  )  +  F  a  )  / S =  F  0   / S.  (11)

When applying an external electric field, the adhesive strength   f  
0
   '   is higher than adhesion 

strength f0 by applying a mechanical load due to the attraction force Fat(t) arising under the 
action of an external electric field which is expended not only on the deformation of VA CNT 
and the break of adhesive bond with the substrate but also on the polarization and creation of 
the conduction current VA CNT. The adhesive strength   f  

0
   '   is determined as [42]:

   f  0  '   =  F  at   ( t  0  )  / S.  (12)

Thus, the value of the maximum force that can be applied to the “VA CNT/substrate” system 
without its destruction will be different for devices functioning in the field of mechanical 
loads of high electric field.

Experimental studies of adhesion were carried out on a VA CNT array (D = 70—120 nm, 
L = 2.2 μm and n = 8 μm−2) when voltage pulses U were applied with an amplitude of 10 V to 
30 V and duration of 1 s. The detachment of the VA CNT from the substrate was fixed by the 
absence of current on the reverse branch of the CVC (with the voltage from the maximum value 
to zero) obtained in the “substrate/VA CNT/AFM probe” system in the AFM spectroscopy mode 
(Figure 9). The nanotube is retained on the surface of the AFM probe by the van der Waals forces 
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after removal of the external electric field [19]. This effect was used to create critical-dimension 
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array on the tip [19]. As shown by experimental studies, the detachment of a vertically aligned 
carbon nanotube from the substrate did not occur at U = 10 V; a single nanotube was detached 
with a reproducibility of about 30% at U = 15 V; a constant detachment of one or two VA CNTs 
was recorded at U = 20 V; several nanotubes were detached at U > 20 V. The voltage at which 
the detachment of a single VA CNT from the substrate was observed was likely to vary with the 
diameter of the nanotube. It should be noted that only van der Waals forces (~ 15 nN [3]).

Further, a modeling of the VA CNT deformation under the action of an external electric field was 
carried out to determine the quantitative values of the adhesion of VA CNTs to the substrate [3, 29, 
40]. The results of the modeling showed that the VA CNT deformation increases with increasing 
voltage from 10 V to 30 V. So the elongation at the VA CNT base (x = 0.01 L) ΔL0 is 0.037, 0.0391, 
0.0404, 0.0419, 0.0441 and 0.0445 nm for a VA CNT with D = 70, 80, 90, 100, 110 and 120 nm, respec-
tively, at corresponding voltage at the detachment (Figure 10). The elongation at the VA CNT top 
(x = L) ΔLmax is 1.25, 1.31, 1.36, 1.41, 1.48 and 1.49 nm, respectively (Figure 10). An analysis of the 
dependence of the elongation of a vertically aligned carbon nanotube (at x = L) on its diameter 
showed that at a voltage of 15 V ΔLmax of the VA CNT with a diameter of 70 nm is 1.24 nm and the 
ΔLmax increases to 1.49 nm with an increase in the diameter of VA CNT to 120 nm. Thus, voltage at 
the detachment of a VA CNT with D = 80 nm is equal to 16.3 V; with D = 90 nm, U = 17.5 V; with 
D = 100 nm, U = 18.7 V; with D = 110 nm, U = 19.6 V and; with D = 120 nm, U = 20 V (Figure 10) [42].

Taking into account the results of modeling, the adhesion of VA CNT (D = 70—120 nm) Wa increases 
from 0.55 to 1.19 mJ/m2 with the increase in diameter according to Eq. (10). This fact probably con-
nected with the increase in the number of carbon atoms interacting with the substrate per unit 
area of the adhesive contact, when the diameter of the VA CNT is increased and as a result of the 
increase in the layers of the multi-walled carbon nanotube. The corresponding adhesion force Fa 
of the individual VA CNT with increasing diameter varied from 92.5 nN to 226.1 nN. According 
to Eq. (11), the adhesive strength of the VA CNT to the substrate f0 is 714.1 ± 138.4 MPa when a 

Figure 9. A CVC of the VA CNT during detachment from the substrate by AFM current spectroscopy.
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Figure 10. Dependence of the VA CNT elongation with a diameter of 70–120 nm (at x = L) on the voltage at time t = t0. The 
dotted line indicates an elongation at which the VA CNT can be detached from the substrate [42].

mechanical load is applied. The corresponding detachment force F0 varies from 1.93 to 10.33 μN 
depending on the diameter of the VA CNT (Figure 11, dependence 1).

The detachment force F0 exceeds the adhesion force Fa by tens of times due to the considerable 
internal elastic forces arising in VA CNT under tension. According to Eq. (12), the adhesion 
strength of the VA CNT to the substrate   f  

0
   '   is 1.43 ± 0.29 GPa when applying the external 

electric field. The corresponding detachment force is equal to the attractive force Fat(t0) at the 
moment of nanotube detachment from the substrate (varies from 3.83 μN to 20.02 μN for VA 
CNT with a diameter of 70–120 nm) (Figure 11, the dependence of 2) [42].

Figure 11. Dependence of the maximum force that can be applied along the axis of VA CNT without its detachment from 
the substrate, on the diameter of the nanotube: 1—When applying a mechanical load; and 2—When applying an external 
electric field. The points correspond to the values calculated on the basis of experimental and theoretical data; the solid 
line is the approximation of the obtained values [42].
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Thus, the adhesion strength of a VA CNT to the substrate when applying an external electric 
field   f  

0
   '   exceeds by almost two times the adhesion strength when applying mechanical load f0. 

It allows using a VA CNT with diameter from 70 to 120 nm grown by PECVD in the devel-
opment and creation of emitters and memory elements with an electric field strength up to 
1010 V/m. The calculated adhesion force and adhesion strength are well correlated with avail-
able literature data [17, 18], which confirms the reliability of the results obtained.

2.6. A technique for determining the piezoelectric response of vertically aligned 
carbon nanotubes

Recent work in the field of investigation of electromechanical properties of carbon nanostruc-
tures has shown the possibility of manifesting flexoelectric and piezoelectric effects in them 
[3, 43–46]. In this connection, an urgent task was the development of a technique for determin-
ing the piezoelectric response of vertically aligned carbon nanotubes because the use of the 
piezoresponse force microscopy in this case is difficult.

To study the piezoelectric response of VA CNT, we proposed a technique based on AFM 
power spectroscopy with parallel detection of a current flowing in the “lower electrode/VA 
CNT/AFM probe” system using an AFM oscilloscope. As a result, deformation of VA CNTs 
was formed in the AFM force spectroscopy mode by mechanical pressing of the probe to its 
top and the current value generated by VA CNT was detected at a known mechanical load. 
Schematic of the measurement process is shown in Figure 12a.

The results of study of the VA CNT array (D = 34 ± 3 nm, L = 370 ± 40 nm and n = 47 μm−2) 
on the basis of the proposed technique showed that the current in the “lower electrode/VA 
CNT/AFM probe” system did not flow when an AFM probe is approached to an individual 
nanotube; with increasing the pressing force of the probe from 0 to 0.5 μN, a current appeared 
the value of which varied from 0 to −24 nA, respectively; the current value decreased back to 
zero at the subsequent removal of the pressing force (Figure 12b).

To exclude the influence of the measurement system and the substrate on the measurement 
results, it is also necessary to carry out similar measurements on a substrate mechanically 
purified from VA CNT using the AFM contact mode. For this sample, the measurements of 

Figure 12. Study of the piezoelectric response of the VA CNT: (a) schematic of the measurement process; and (b) current-
time dependence of a VA CNT and the corresponding AFM force spectroscopy [46].
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Figure 10. Dependence of the VA CNT elongation with a diameter of 70–120 nm (at x = L) on the voltage at time t = t0. The 
dotted line indicates an elongation at which the VA CNT can be detached from the substrate [42].

mechanical load is applied. The corresponding detachment force F0 varies from 1.93 to 10.33 μN 
depending on the diameter of the VA CNT (Figure 11, dependence 1).

The detachment force F0 exceeds the adhesion force Fa by tens of times due to the considerable 
internal elastic forces arising in VA CNT under tension. According to Eq. (12), the adhesion 
strength of the VA CNT to the substrate   f  

0
   '   is 1.43 ± 0.29 GPa when applying the external 

electric field. The corresponding detachment force is equal to the attractive force Fat(t0) at the 
moment of nanotube detachment from the substrate (varies from 3.83 μN to 20.02 μN for VA 
CNT with a diameter of 70–120 nm) (Figure 11, the dependence of 2) [42].

Figure 11. Dependence of the maximum force that can be applied along the axis of VA CNT without its detachment from 
the substrate, on the diameter of the nanotube: 1—When applying a mechanical load; and 2—When applying an external 
electric field. The points correspond to the values calculated on the basis of experimental and theoretical data; the solid 
line is the approximation of the obtained values [42].
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Thus, the adhesion strength of a VA CNT to the substrate when applying an external electric 
field   f  

0
   '   exceeds by almost two times the adhesion strength when applying mechanical load f0. 

It allows using a VA CNT with diameter from 70 to 120 nm grown by PECVD in the devel-
opment and creation of emitters and memory elements with an electric field strength up to 
1010 V/m. The calculated adhesion force and adhesion strength are well correlated with avail-
able literature data [17, 18], which confirms the reliability of the results obtained.

2.6. A technique for determining the piezoelectric response of vertically aligned 
carbon nanotubes

Recent work in the field of investigation of electromechanical properties of carbon nanostruc-
tures has shown the possibility of manifesting flexoelectric and piezoelectric effects in them 
[3, 43–46]. In this connection, an urgent task was the development of a technique for determin-
ing the piezoelectric response of vertically aligned carbon nanotubes because the use of the 
piezoresponse force microscopy in this case is difficult.

To study the piezoelectric response of VA CNT, we proposed a technique based on AFM 
power spectroscopy with parallel detection of a current flowing in the “lower electrode/VA 
CNT/AFM probe” system using an AFM oscilloscope. As a result, deformation of VA CNTs 
was formed in the AFM force spectroscopy mode by mechanical pressing of the probe to its 
top and the current value generated by VA CNT was detected at a known mechanical load. 
Schematic of the measurement process is shown in Figure 12a.

The results of study of the VA CNT array (D = 34 ± 3 nm, L = 370 ± 40 nm and n = 47 μm−2) 
on the basis of the proposed technique showed that the current in the “lower electrode/VA 
CNT/AFM probe” system did not flow when an AFM probe is approached to an individual 
nanotube; with increasing the pressing force of the probe from 0 to 0.5 μN, a current appeared 
the value of which varied from 0 to −24 nA, respectively; the current value decreased back to 
zero at the subsequent removal of the pressing force (Figure 12b).

To exclude the influence of the measurement system and the substrate on the measurement 
results, it is also necessary to carry out similar measurements on a substrate mechanically 
purified from VA CNT using the AFM contact mode. For this sample, the measurements of 

Figure 12. Study of the piezoelectric response of the VA CNT: (a) schematic of the measurement process; and (b) current-
time dependence of a VA CNT and the corresponding AFM force spectroscopy [46].
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the substrate showed the absence of a piezoelectric response when it deformed. The current 
flowing in the measurement system was constant and amounted to about 60 pA, which can be 
attributed to the systematic error of the PNL Ntegra measurement system.

Thus, the developed technique allows us to experimentally estimate the value of a current gen-
erated by deforming a carbon nanotube as a result of a direct piezoelectric effect. The obtained 
results correlate with the experimental and theoretical studies carried out by us earlier [3, 44].

3. Conclusion

Thus, unique techniques for nanodiagnostics of geometric, mechanical, electrical and adhe-
sion properties of vertically aligned carbon nanotubes have been developed. The developed 
techniques were used for experimental investigations of the VA CNT. The obtained values 
of Young’s modulus, bending stiffness, resistivity and adhesion of VA CNTs correlate well 
with the published data [5–7, 9, 11, 17, 18, 22, 28, 41], which confirm the reliability of the 
developed techniques. The developed techniques do not require additional sample prepara-
tion and can be used as express techniques for quality control of grown VA CNTs and ele-
ments of nanoelectronics and nanosystems based on them. The obtained results can be used 
for the development of nanodiagnostic methods, as well as for the design and fabrication of 
resistive energy-efficient memory elements with a high density of cells, adhesive structures, 
nanoelectromechanical switches and emission structures based on vertically aligned carbon 
nanotubes. Application of the developed techniques at the stage of interoperational control of 
the technological process of manufacturing such devices will increase reproducibility of their 
parameters and stability of operation.

The results were obtained using the equipment of Research and Education Center and the 
Center for collective use “Nanotechnologies” of Southern Federal University.
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Abstract

This chapter reviews our results on the morphology, tribological, and local mechanical 
property investigations of new copoly(urethane-imide)s (coPUIs) and nanocomposites 
based thereof using atomic force microscopy (AFM) and nanoindentation (NI) methods. 
AFM in the contact mode of lateral forces revealed the presence of different contrast phases 
on the surface of synthesized films which depends on the chemical structure of monomers 
used. Single-walled carbon nanotubes (SWCNTs), carbon nanofibers, graphene, tungsten 
disulfide and tungsten diselenide were introduced into coPUI matrices. Dependencies of 
microhardness and modulus of elasticity on the depth of indentation have been obtained. 
It was found that for each synthesized coPUI, there is only one type of carbon nanomateri-
als that exerts the greatest influence on their characteristics. The improvement of mechani-
cal properties is found to mainly depend on the nature of the polymer matrix and filler. 
Our results showed that effective methods for improving of tribological characteristics can 
be either modification by SWCNTs (up to 1 wt.%) or heating at 30°C. Synthesized coPUI 
films and nanocomposites are very promising materials and can be used as thermoplastic 
elastomers for tribological applications, and their physical-mechanical properties can be 
controlled both by temperature and by mechanical action.
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1. Introduction

For the creation of new-generation polymer materials based on multicomponent systems, it 
is necessary to study the morphology, mechanical behavior, and various properties of these 
systems in the submicron and nanoscale range. It is known that surface layers of polymer 
objects exhibit significant differences in properties as compared with bulk material and play 
a decisive role in various applications especially if they are used as films and coatings [1].

In recent years, various probe methods have been successfully used for these purposes, 
among which the most popular are atomic force microscopy (AFM) and nanoindentation (NI) 
[2, 3]. Atomic force microscopy is an indispensable technique to study the various surface 
phenomena [4–6]. AFM allows not only to evaluate the roughness of the surface but also 
recognize the different localized phases and reveal the distribution of friction forces over the 
surface and evaluate the tribological characteristics of polymer materials in the micro- and 
nanoscale [6–9].

The aim of this work was to study the morphological, local mechanical, and tribological char-
acteristics of a series of novel multiblock (segmented) copolymers, containing rigid imide 
blocks and flexible blocks of polyurethanes—copoly(urethane-imide)s (coPUI)s and their 
nanocomposites—containing carbon nanofillers of different morphologies: single-walled 
carbon nanotubes (SWCNTs), vapor-grown carbon nanofibers (VGCF), and graphene as well 
as nanoparticles of transition metal chalcogenides—tungsten disulfide (WS2) and tungsten 
diselenide (WSe2). The synthesized materials were characterized down to the nanoscale level 
using AFM in contact and tapping modes, including the friction coefficient measurement [10] 
at the temperature range from 20 up to 120°C and multi-pass friction force determination till 
400 scanning fields, and NI method [11] for the local mechanical property evaluation as the 
dependence of the characteristics on the depth of an indenter penetration.

Multiblock (segmented) copolymers are the block copolymers containing a rigid block of 
monomer A and a flexible-chain polymer block (B)k ([A−(B)k]n). A characteristic feature of 
such copolymers is the microphase separation of blocks A and (B)k, since blocks A and (B)k are 
thermodynamically incompatible [12]. As a result, nano- and micro-regions are formed in the 
volume of the copolymer, in which segments (blocks) of the same chemical structure are con-
centrated. Thanks to the microphase separation of the rigid blocks (A) and flexible blocks of ali-
phatic ethers ((B)k), these copolymers acquire the properties of elastomers: their glass transition 
temperature (Tg) is in the negative temperature range on the Celsius scale, and the temperature 
dependencies of the elastic modulus at higher Tg are distinguished by a wide range of rubberlike 
elasticities, while the relative tensile elongation at room temperature is hundreds of percent [13].

Changing the chemical structure and the ratio of rigid and flexible blocks in coPUIs, one 
can change the structure, morphology, and mechanical and thermal properties of these 
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polymers [14–17]. Modification of multiblock coPUI with the introduction of carbon and 
chalcogenide nanosized additives aims to expand their temperature range without losing 
its elasticity. Finally, the new generation of thermoplastic elastomers for working in the 
extremal conditions based on multiblock coPUIs intended to be prepared which exhibit 
unique rubberlike elasticity in a wide range of temperatures and a higher heat resistance 
than thermoplastic polyurethanes [6, 9, 18–20]. Such materials are very promising for appli-
cation in airspace technique, shipbuilding and car industry, microelectronics, and mem-
brane technology [21, 22].

2. Experimental details

2.1. Materials

Chemical approaches to the synthesis of multiblock (segmented) copolyester-imides and 
copolyurethane-imides (coPUIs) are proposed in general form in previous works [23–25]. In 
these studies, macromonomers with terminal anhydride groups are used which are formed 
by terminating with tetracarboxylic acid dianhydrides of polyesters having terminal hydroxyl 
groups (in the case of copolyester-imides) or terminal isocyanate groups (in the case of 
copolyurethane-imides), respectively. Further, the expansion of the macromonomer chains 
is carried out using aromatic diamines which interact with their terminal anhydride groups. 
The polyacylation of diamines with macromonomer dianhydrides is carried out according to 
schemes known in the chemistry of polyimides.

For the synthesis of new family of multiblock coPUIs, the 1,3-bis-(3′,4-dicarboxy-phenoxy)ben-
zene dianhydride (R) (Tm = 163–165°C, LLC TekhChemProm, Yaroslavl) and diamine1,4′-bis-
(4′-aminophenoxy)diphenyl sulfone (diamine SOD) (Tm = 194–196°C, VWR International) with 
various ester fragments, as well as an aliphatic copolyester-poly(propylene glycol) (PPG) or 
poly(1,6-hexanediol/neopentyl glycol-alt-adipic acid) (Alt) (900) (Tm = 33°C, Mn = 900, Aldrich), 
secondarily terminated with 2,4-tolylene diisocyanate (TDI 2300) (Tm = 19.5–21.5°C, Mn = 2300, 
Aldrich), were used. The chemical structures of the coPUIs are presented in Schemes 1 and 2.

Depending on the chemical structure of flexible aliphatic and rigid aromatic blocks, the syn-
thesis of copolymers was carried out according to different schemes.

Synthesis of multiblock (segmented) coPUI (R-AltTDI-R)SOD (Scheme 1) includes four stages:

1. The stage of formation of a macromonomer with terminal toluene isocyanate groups 
(AltTDI).

2. The stage of formation of a macromonomer with terminal anhydride groups (R-AltTDI-R).

3. The step of polyacylation of diamine (expansion of the macromonomer chain) to form a 
prepolymer-copolyamide acid (R-AltTDI-R)SOD.

4. The stage of thermal imidization of the prepolymer (copolyamide acid) to form copolyure-
thane-imide (R-AltTDI-R)SOD.
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systems in the submicron and nanoscale range. It is known that surface layers of polymer 
objects exhibit significant differences in properties as compared with bulk material and play 
a decisive role in various applications especially if they are used as films and coatings [1].

In recent years, various probe methods have been successfully used for these purposes, 
among which the most popular are atomic force microscopy (AFM) and nanoindentation (NI) 
[2, 3]. Atomic force microscopy is an indispensable technique to study the various surface 
phenomena [4–6]. AFM allows not only to evaluate the roughness of the surface but also 
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nanocomposites—containing carbon nanofillers of different morphologies: single-walled 
carbon nanotubes (SWCNTs), vapor-grown carbon nanofibers (VGCF), and graphene as well 
as nanoparticles of transition metal chalcogenides—tungsten disulfide (WS2) and tungsten 
diselenide (WSe2). The synthesized materials were characterized down to the nanoscale level 
using AFM in contact and tapping modes, including the friction coefficient measurement [10] 
at the temperature range from 20 up to 120°C and multi-pass friction force determination till 
400 scanning fields, and NI method [11] for the local mechanical property evaluation as the 
dependence of the characteristics on the depth of an indenter penetration.

Multiblock (segmented) copolymers are the block copolymers containing a rigid block of 
monomer A and a flexible-chain polymer block (B)k ([A−(B)k]n). A characteristic feature of 
such copolymers is the microphase separation of blocks A and (B)k, since blocks A and (B)k are 
thermodynamically incompatible [12]. As a result, nano- and micro-regions are formed in the 
volume of the copolymer, in which segments (blocks) of the same chemical structure are con-
centrated. Thanks to the microphase separation of the rigid blocks (A) and flexible blocks of ali-
phatic ethers ((B)k), these copolymers acquire the properties of elastomers: their glass transition 
temperature (Tg) is in the negative temperature range on the Celsius scale, and the temperature 
dependencies of the elastic modulus at higher Tg are distinguished by a wide range of rubberlike 
elasticities, while the relative tensile elongation at room temperature is hundreds of percent [13].

Changing the chemical structure and the ratio of rigid and flexible blocks in coPUIs, one 
can change the structure, morphology, and mechanical and thermal properties of these 
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polymers [14–17]. Modification of multiblock coPUI with the introduction of carbon and 
chalcogenide nanosized additives aims to expand their temperature range without losing 
its elasticity. Finally, the new generation of thermoplastic elastomers for working in the 
extremal conditions based on multiblock coPUIs intended to be prepared which exhibit 
unique rubberlike elasticity in a wide range of temperatures and a higher heat resistance 
than thermoplastic polyurethanes [6, 9, 18–20]. Such materials are very promising for appli-
cation in airspace technique, shipbuilding and car industry, microelectronics, and mem-
brane technology [21, 22].

2. Experimental details

2.1. Materials

Chemical approaches to the synthesis of multiblock (segmented) copolyester-imides and 
copolyurethane-imides (coPUIs) are proposed in general form in previous works [23–25]. In 
these studies, macromonomers with terminal anhydride groups are used which are formed 
by terminating with tetracarboxylic acid dianhydrides of polyesters having terminal hydroxyl 
groups (in the case of copolyester-imides) or terminal isocyanate groups (in the case of 
copolyurethane-imides), respectively. Further, the expansion of the macromonomer chains 
is carried out using aromatic diamines which interact with their terminal anhydride groups. 
The polyacylation of diamines with macromonomer dianhydrides is carried out according to 
schemes known in the chemistry of polyimides.

For the synthesis of new family of multiblock coPUIs, the 1,3-bis-(3′,4-dicarboxy-phenoxy)ben-
zene dianhydride (R) (Tm = 163–165°C, LLC TekhChemProm, Yaroslavl) and diamine1,4′-bis-
(4′-aminophenoxy)diphenyl sulfone (diamine SOD) (Tm = 194–196°C, VWR International) with 
various ester fragments, as well as an aliphatic copolyester-poly(propylene glycol) (PPG) or 
poly(1,6-hexanediol/neopentyl glycol-alt-adipic acid) (Alt) (900) (Tm = 33°C, Mn = 900, Aldrich), 
secondarily terminated with 2,4-tolylene diisocyanate (TDI 2300) (Tm = 19.5–21.5°C, Mn = 2300, 
Aldrich), were used. The chemical structures of the coPUIs are presented in Schemes 1 and 2.

Depending on the chemical structure of flexible aliphatic and rigid aromatic blocks, the syn-
thesis of copolymers was carried out according to different schemes.

Synthesis of multiblock (segmented) coPUI (R-AltTDI-R)SOD (Scheme 1) includes four stages:

1. The stage of formation of a macromonomer with terminal toluene isocyanate groups 
(AltTDI).

2. The stage of formation of a macromonomer with terminal anhydride groups (R-AltTDI-R).

3. The step of polyacylation of diamine (expansion of the macromonomer chain) to form a 
prepolymer-copolyamide acid (R-AltTDI-R)SOD.

4. The stage of thermal imidization of the prepolymer (copolyamide acid) to form copolyure-
thane-imide (R-AltTDI-R)SOD.
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Synthesis of multiblock (segmented) coPUI (R-2300TDI-R)SOD includes three stages (Scheme 2)  
as described previously in our papers [6, 19, 23]:

1. The step of forming a macromonomer with terminal anhydride groups (R-2300TDI-R).

2. The step of diamine polyacylation (expansion of the macromonomer chain) to form a 
prepolymer-copolyamide acid (R-2300TDI-R)SOD.

3. The stage of thermal imidization of the prepolymer to form coPUI (R-2300TDI-R)SOD.

Thermal imidization of the obtained prepolymers in N-methyl-2-pyrrolidone (NMP) solution 
was carried out in an inert atmosphere (argon) at 165°C for 3.5 h. Dean-Stark packing was 

Scheme 1. Schematic representation synthesis of coPUI (R-AltTDI-R)SOD.

Scheme 2. Schematic representation synthesis of coPUI (R-2300TDI-R)SOD.
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used to remove the water that was emitted from the imidization (curing of the prepolymer) in 
the form of an azeotropic mixture with toluene. The temperature was then raised to 210°C to 
complete the imidization process.

To obtain nanocomposites, the polymer solutions prepared during the synthesis were used. 
In the first step, the prepared nanoparticle powder solutions in NMP—graphene, vapor-
grown carbon nanofibers (VGCF), single-walled carbon nanotubes (SWCNTs), tungsten 
disulfide, and tungsten diselenide (WS2 and WSe2, correspondingly)—were dispersed 
in NMP by ultrasound. Then, synthesized polymer solution was added and mixed on a 
mechanical stirrer for 4 h. The nanoparticles are taken so that, after removal of the solvent, 
the amount of nanoparticles in the polymer is the required amount of percent by weight. 
Solutions of the resulting mixture were applied to a glass, polyimide (PI) film, fluoroplastic, 
and aluminum substrates. The resulting polymer coatings were dried at 80°C for 12 h and, 
then, heated stepwise at 120, 140, 160, and 180°C for 1 h at each step. The thickness of the 
heated films ranged from 100 to 300 μm.

It is known that imide-containing film coatings display strong adhesion to various substrates 
[26]. Some film samples were prepared on aluminum substrates. The coating samples formed 
on aluminum substrates were immersed in concentrated hydrochloric acid to remove the 
substrate, and then the resulting films were repeatedly washed in distilled water. The nano-
composite films based thereon containing from 1 to 10 wt.% carbon nanofillers of different 
morphologies—SWCNT, VGCF, graphene, and WS2 and WSe2 nanoparticles—were prepared.

2.2. Methods

The surface morphology of the synthesized copolymer films was investigated by the AFM 
method on the AFM device NT-206 (produced by “Microtestmashiny ODO,” Belarus) using 
standard CSC38 and NSC11-type silicon probes with the radius of tip curvature less than 
10 nm and stiffness of cantilever 0.08 and 3 N/m produced by “MikroMasch” (Estonia). The 
roughness, coefficient of friction, and friction force in nano- and microscale of samples were 
evaluated. The surface roughness was estimated in scanning areas of 2 × 2, 5 × 5, and 10 × 10 μm.

The friction force and friction coefficient (Cfr) were determined using 20 × 20 μm scanning 
areas with silicon probe NSC11 of V-shaped type with stiffness of cantilever 3 N/m at the 
moving speed 1.55 μm/s. The tip radius was specially blunted by pre-scanning to curvature 
100 nm. Such preparation prevents the probe from further blunting and keeps the contact con-
dition stable [8]. Cfr is calculated from a ratio of the force of friction between two bodies and 
the normal force pressing them together and their measurement as described previously [8, 
10]. To measure the friction force, the AFM probe scans the surface in the so-called two-pass 
method [10]. During the first pass, the probe goes forward along the surface. When the probe 
returns back in the second pass, it moves according to the first line, which suits to the relief of 
the surface. During the forward and the back passes, the friction forces act from the surface on 
a tip, which cause the torsion of the cantilever besides the cantilever’s deflection in the normal 
direction. The angle of this twist depends on the value of friction force. To calculate the effect 
of frictional forces more precisely, the angle of twist when the probe is moved in the forward 
and backward directions is divided in half [7, 8].
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used to remove the water that was emitted from the imidization (curing of the prepolymer) in 
the form of an azeotropic mixture with toluene. The temperature was then raised to 210°C to 
complete the imidization process.

To obtain nanocomposites, the polymer solutions prepared during the synthesis were used. 
In the first step, the prepared nanoparticle powder solutions in NMP—graphene, vapor-
grown carbon nanofibers (VGCF), single-walled carbon nanotubes (SWCNTs), tungsten 
disulfide, and tungsten diselenide (WS2 and WSe2, correspondingly)—were dispersed 
in NMP by ultrasound. Then, synthesized polymer solution was added and mixed on a 
mechanical stirrer for 4 h. The nanoparticles are taken so that, after removal of the solvent, 
the amount of nanoparticles in the polymer is the required amount of percent by weight. 
Solutions of the resulting mixture were applied to a glass, polyimide (PI) film, fluoroplastic, 
and aluminum substrates. The resulting polymer coatings were dried at 80°C for 12 h and, 
then, heated stepwise at 120, 140, 160, and 180°C for 1 h at each step. The thickness of the 
heated films ranged from 100 to 300 μm.

It is known that imide-containing film coatings display strong adhesion to various substrates 
[26]. Some film samples were prepared on aluminum substrates. The coating samples formed 
on aluminum substrates were immersed in concentrated hydrochloric acid to remove the 
substrate, and then the resulting films were repeatedly washed in distilled water. The nano-
composite films based thereon containing from 1 to 10 wt.% carbon nanofillers of different 
morphologies—SWCNT, VGCF, graphene, and WS2 and WSe2 nanoparticles—were prepared.

2.2. Methods

The surface morphology of the synthesized copolymer films was investigated by the AFM 
method on the AFM device NT-206 (produced by “Microtestmashiny ODO,” Belarus) using 
standard CSC38 and NSC11-type silicon probes with the radius of tip curvature less than 
10 nm and stiffness of cantilever 0.08 and 3 N/m produced by “MikroMasch” (Estonia). The 
roughness, coefficient of friction, and friction force in nano- and microscale of samples were 
evaluated. The surface roughness was estimated in scanning areas of 2 × 2, 5 × 5, and 10 × 10 μm.

The friction force and friction coefficient (Cfr) were determined using 20 × 20 μm scanning 
areas with silicon probe NSC11 of V-shaped type with stiffness of cantilever 3 N/m at the 
moving speed 1.55 μm/s. The tip radius was specially blunted by pre-scanning to curvature 
100 nm. Such preparation prevents the probe from further blunting and keeps the contact con-
dition stable [8]. Cfr is calculated from a ratio of the force of friction between two bodies and 
the normal force pressing them together and their measurement as described previously [8, 
10]. To measure the friction force, the AFM probe scans the surface in the so-called two-pass 
method [10]. During the first pass, the probe goes forward along the surface. When the probe 
returns back in the second pass, it moves according to the first line, which suits to the relief of 
the surface. During the forward and the back passes, the friction forces act from the surface on 
a tip, which cause the torsion of the cantilever besides the cantilever’s deflection in the normal 
direction. The angle of this twist depends on the value of friction force. To calculate the effect 
of frictional forces more precisely, the angle of twist when the probe is moved in the forward 
and backward directions is divided in half [7, 8].
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Cfr was determined in several regimes: on one scan field for one line in the forward and backward 
direction and so on the multiple scans (200–400) in one place. The measurements were carried 
out both at room temperature and at a temperature of 120°C. The heating was carried out directly 
during the scanning process using a thermoplatform placed on the AFM table. The thermoplat-
form is equipped with heaters and a feedback system with sensors, which allows controlling the 
heating and automatically reducing the voltage, if necessary, to maintain the set temperature.

To determine the local mechanical properties of prepared films based on multiblock coPUI, a 
750 Ubi (Hysitron, USA) nanoindentator with a Berkovich indenter with a radius of curvature 
of R = 100 nm was used. Berkovich indenters are preferred than the Vickers geometry indent-
ers because the latter is prone to undesired “roof” tip imperfections.

Since the physical-mechanical properties of polymers depend not only on the chemical com-
position and macromolecule structure but also on their orientation in the material and the dis-
tribution of the unordered amorphous and partially ordered crystalline phases, they cannot be 
characterized by a single value of the elasticity modulus (E) or microhardness (H) [11]. In this 
study, the local mechanical properties were analyzed as a dependence of the characteristic on 
the depth of penetration into material. For each sample, not less than 100 indentation curves 
were performed with an increasing load of 50–5000 μN in 50 μN increments, and the depen-
dencies of the E and H on the depth of indentation were constructed from the results obtained.

In order to compensate the size effect of nanoindentation at shallow depths associated with 
the fact that at small penetration depths the Berkovich tip has the shape of a hemisphere 
rather than a pyramid, the nanoindentator was pre-calibrated according to a standard sample 
of fused quartz in a range of loads that were individually selected for each sample by the cor-
responding depths from 5 to 200 nm. This approach allows achieving a minimum standard 
deviation in the measurements of E and H.

3. Results and discussion

3.1. Carbon nanoadditive influence on the coPUI film morphology

Typical AFM 3D images of the coPUI matrices and nanocomposite surfaces are presented 
in Figures 1 and 2. It is clearly seen that both sides—free side and bottom side—of the syn-
thesized films significantly differ in the surface morphology. It can be concluded that their 
morphology and, also, the structure are extremely sensitive to the substrate surface nature as 
well as to the formation process. Hence, the effect of additive (graphene and SWCNTs) influ-
ence on the film structure is also large, which is confirmed by AFM images (Figures 1 and 2).  
In our work, special attention was paid to the definition of roughness parameters: Ra, arithme-
tic mean; Rq, rms surface roughness.

According to the AFM image, free surface of coPUI (R-2300TDI-R)SOD film (Figure 1a) at 
scanning area of 1.5 × 1.5 μm is smooth (Ra = 1.0 nm, Rq = 1.3 nm) and exhibits grain mor-
phology with a lot of pore nano- and meso-sizes. For scanning area of 2 × 2 μm, this film 
surface has a roughness Ra = 3.2 nm and Rq = 4.9 nm on the free surface and Ra = 3.1 nm and 
Rq = 4.0 nm on the surface adjacent to the substrate.
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Figure 1. 3D images of (a) the coPUI(R-2300TDI-R)SOD matrix (side 1, scanning area 1.5 × 1.5 μm) and nanocomposites 
based thereon, (b) with 1 wt.% graphene (side 1, scanning area 5 × 5 μm), (c) with 1 wt.% graphene (side 2, scanning area 
5 × 5 μm), (d) with 1 wt.% SWCNTs (side 1, scanning area 5 × 5 μm), and (e) with 1 wt.% SWCNTs (side 2, scanning area 
2 × 2 μm). Glass substrate.

Figure 2. 3D images of the nanocomposites based on (R-AltTDI-R)SOD matrix: (a) matrix (side 1, scanning area 2 × 
2 μm), (b) matrix with phase separation (side 1, scanning area 9 × 9 μm), (c) matrix with 1 wt.% VGCF (side 1, scanning 
area 5 × 5 μm), (d) matrix with 1 wt.% VGCF (side 2, scanning area 5 × 5 μm), (e) matrix with 1 wt.% SWCNTs (side 1, 
scanning area 3 × 3 μm), and (f) matrix with 1 wt.% SWCNT (side 2, scanning area 3 × 3 μm). Glass substrate.
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Cfr was determined in several regimes: on one scan field for one line in the forward and backward 
direction and so on the multiple scans (200–400) in one place. The measurements were carried 
out both at room temperature and at a temperature of 120°C. The heating was carried out directly 
during the scanning process using a thermoplatform placed on the AFM table. The thermoplat-
form is equipped with heaters and a feedback system with sensors, which allows controlling the 
heating and automatically reducing the voltage, if necessary, to maintain the set temperature.
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750 Ubi (Hysitron, USA) nanoindentator with a Berkovich indenter with a radius of curvature 
of R = 100 nm was used. Berkovich indenters are preferred than the Vickers geometry indent-
ers because the latter is prone to undesired “roof” tip imperfections.

Since the physical-mechanical properties of polymers depend not only on the chemical com-
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dencies of the E and H on the depth of indentation were constructed from the results obtained.

In order to compensate the size effect of nanoindentation at shallow depths associated with 
the fact that at small penetration depths the Berkovich tip has the shape of a hemisphere 
rather than a pyramid, the nanoindentator was pre-calibrated according to a standard sample 
of fused quartz in a range of loads that were individually selected for each sample by the cor-
responding depths from 5 to 200 nm. This approach allows achieving a minimum standard 
deviation in the measurements of E and H.

3. Results and discussion

3.1. Carbon nanoadditive influence on the coPUI film morphology

Typical AFM 3D images of the coPUI matrices and nanocomposite surfaces are presented 
in Figures 1 and 2. It is clearly seen that both sides—free side and bottom side—of the syn-
thesized films significantly differ in the surface morphology. It can be concluded that their 
morphology and, also, the structure are extremely sensitive to the substrate surface nature as 
well as to the formation process. Hence, the effect of additive (graphene and SWCNTs) influ-
ence on the film structure is also large, which is confirmed by AFM images (Figures 1 and 2).  
In our work, special attention was paid to the definition of roughness parameters: Ra, arithme-
tic mean; Rq, rms surface roughness.

According to the AFM image, free surface of coPUI (R-2300TDI-R)SOD film (Figure 1a) at 
scanning area of 1.5 × 1.5 μm is smooth (Ra = 1.0 nm, Rq = 1.3 nm) and exhibits grain mor-
phology with a lot of pore nano- and meso-sizes. For scanning area of 2 × 2 μm, this film 
surface has a roughness Ra = 3.2 nm and Rq = 4.9 nm on the free surface and Ra = 3.1 nm and 
Rq = 4.0 nm on the surface adjacent to the substrate.

Atomic-force Microscopy and Its Applications74

Figure 1. 3D images of (a) the coPUI(R-2300TDI-R)SOD matrix (side 1, scanning area 1.5 × 1.5 μm) and nanocomposites 
based thereon, (b) with 1 wt.% graphene (side 1, scanning area 5 × 5 μm), (c) with 1 wt.% graphene (side 2, scanning area 
5 × 5 μm), (d) with 1 wt.% SWCNTs (side 1, scanning area 5 × 5 μm), and (e) with 1 wt.% SWCNTs (side 2, scanning area 
2 × 2 μm). Glass substrate.

Figure 2. 3D images of the nanocomposites based on (R-AltTDI-R)SOD matrix: (a) matrix (side 1, scanning area 2 × 
2 μm), (b) matrix with phase separation (side 1, scanning area 9 × 9 μm), (c) matrix with 1 wt.% VGCF (side 1, scanning 
area 5 × 5 μm), (d) matrix with 1 wt.% VGCF (side 2, scanning area 5 × 5 μm), (e) matrix with 1 wt.% SWCNTs (side 1, 
scanning area 3 × 3 μm), and (f) matrix with 1 wt.% SWCNT (side 2, scanning area 3 × 3 μm). Glass substrate.
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For nanocomposites based on coPUI (R-2300TDI-R)SOD containing 1 wt.% graphene 
(Figure 1b,c), the great difference in morphology between free surface and surface adjacent to 
the substrate has been observed. The surface which was in contact with substrate (Figure 1c) 
looks more rough with roughness parameters Ra = 12.8 nm and Rq = 16.4 nm (for scanning 
area 5 × 5 μm) and Ra = 10.1 nm and Rq = 12.5 nm (for scanning area 2 × 2 μm). On the free 
surface of nanocomposite with 1 wt.% SWCNTs (Figure 1d), the ends of carbon nanotubes 
can be recognized. Again, the surface adjacent to the substrate is still rough and does not have 
homogeneous morphology like the free one (Figure 1e).

The significant difference in the topography of both coPUI nanocomposite film surfaces is 
clearly visible when comparing images in Figure 1b–e. Also, these surfaces exhibit a signifi-
cant difference in the roughness values (Table 1).

Nanocomposite films of (R-2300TDI-R)SOD +1 wt.% graphene (Figure 1b,c) display the dif-
ferent roughness values between the film surfaces. When adding graphene, the free surface 
relief becomes coarser. It is likely that graphene nanoparticles are concentrated on one of the 
surfaces.

On the other hand, nanocomposite film of (R-2300TDI-R)SOD +1 wt.% SWCNT (Figure 1d and 
e) displays the close roughness values on both surfaces: Ra = 26.1 nm on the free surface and 
Ra = 26.5 nm on the surface adjacent to the substrate (for scanning area 5 × 5 μm). When the 
scanning area is reduced to 2 × 2 μm, the roughness values become several times smaller: 
Ra = 6.3 nm on the free surface and Ra = 11.9 nm on the surface adjacent to the substrate (Table 1). 
It can be concluded that the SWCNT is homogeneously distributed in composite volume.

For coPUI (R-2300TDI-R)SOD with 1 wt.% VGCF, the different roughness values between 
both surfaces were determined: Ra = 5.1 nm on the free surface and Ra = 23.1 nm on surface 
adjacent to the substrate (for scanning area 5 × 5 μm). When the scan area is reduced to 2 
× 2 μm, the roughness values become Ra = 1.2 nm and Rq = 1.5 nm on the free surface and 
Ra = 13.8 nm and Rq = 18.0 nm on the surface adjacent to the substrate (Table 1).

Comparison of the roughness values for coPUI(R-2300TDI-R)SOD +1 wt.% VGCF films with 
all films of nanocomposites based on coPUI (R-AltTDI-R)SOD showed that they are about 
three times different (Table 1). Thus, additives significantly influence on the morphology for-
mation of these coPUI films and on their surface properties.

The example of the phase separation on the free surface of coPUI (R-AltTDI-R)SOD film is 
clearly seen in Figure 2b. In the mode of lateral force contrast, light spots surrounded by dark 
polymer matrix have been observed that indicates a significant difference in the tribological 
properties of the phases in this sample.

3.2. Substrate nature influence on the coPUI film morphology

Substrate nature influence on the polymer film morphology can be traced comparing the sur-
face morphology of coPUI (R-AltTDI-R) films prepared on three types of substrates: on a glass 
substrate, on the PI film substrate, and on a fluoroplastic substrate (Figures 3–5).

Figure 3 shows the AFM images of free surface (a–c) and surface adjacent to substrate (d–f) 
cast on a glass. A large number of pores with diameters from 50 to 200 nm are observed on both 
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surfaces, the pore depth at the free surface according to the profile (b) reaches ~2–8 nm, and at 
the surface to a glass substrate (e), it equals to 2–4 nm. The surface roughness differences are 
twofold (Ra = 0.9 nm and Rq = 1.1 nm for the surface adjacent to the substrate and Ra = 1.9 nm 
and Rq = 2.4 nm for the free surface). Therefore, both sides of the film look very similar.

Unlike a glass substrate, PI film substrate significantly changes surface topography (Figure 4). 
Thus, a lot of fine pores are not observed on the free surface. The surface adjacent to the sub-
strate (d–f) is sufficiently smooth (Ra = 0.2 nm and Rq = 0.3 nm); a nanodomain morphology 
and a rather large number of nanopores with a depth not exceeding 1 nm are observed.

In Figure 5, AFM images of the film cast on the fluoroplastic substrate are given. The free 
surface (a–c) becomes more loose and nonuniform, and the roughness value (Ra = 5.8 nm and 

Polymer Samples symbol Film 
side

Scanning area (2 × 2 μm2) Friction 
coefficients

Roughness (Ra, 
nm)

Roughness (Rq, 
nm)

(R-2300TDI-R)SOD 
{50}

50 1 3.2 4.9 0.164

2 3.1 4.0 0.167

50 + 1 wt.% VGCF 1 1.2 1.5 0.074

2 13.8 18.0 0.061

50 + 1 wt.% SWCNT 1 6.3 8.0 0.183

2 11.9 14.9 0.185

50 + 1 wt.% graphene 1 5.8 7.5 0.382

2 10.1 12.5 0.170

50 + 3 wt.% WS2 1 13.5 16.9 0.262

2 16.9 23.1 0.157

50 + 1 wt.% WSe2 1 9.3 14.2 0.158

2 12.2 15.8 0.068

(R-AltTDI-R)SOD {45} 45 1 5.2 9.6 0.055

2 6.2 7.9 0.065

45 + 10 wt.% WS2 1 3.4 4.9 0.179

2 13.9 16.5 0.101

45 + 10 wt.% WSe2 1 16.5 21.9 0.107

2 17.5 21.3 0.133

45 + 1 wt.% VGCF 1 10.8 13.2 0.066

2 14.1 18.1 0.071

45+ 1 wt.% SWCNT 1 6.8 11.4 0.065

2 25.4 31.1 0.063

45 + 10 wt.% graphene 1 52.1 64.6 —

2 14.4 18.2 0.092

Table 1. Comparison of the roughness and friction coefficient measurements using AFM in the contact mode for films 
and nanocomposites casted on a glass substrate.
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Figure 4. AFM images of coPUI (R-AltTDI-R)SOD film cast on a PI film substrate: free surface (a–c) and surface adjacent 
to the substrate (d–f); (a,d) height images, (b,e) profile, and (c,f) 3D image.

Figure 3.  AFM images of coPUI (R-AltTDI-R)SOD film cast on a glass substrate: free surface (a–c) and surface adjacent 
to the substrate (d–f); (a,d) height images, (b,e) profile, and (c,f) 3D image.
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Rq = 7.4 nm) is significantly increased. As in the previous case, the surface adjacent to the sub-
strate (d–f) has a nanodomain morphology and a large number of nanopores. Thus, it can be 
concluded that the nature of the substrate material on which the films are cast has a significant 
effect on the morphology of the sample.

3.3. Tribological characteristics of the coPUI films and nanocomposites

Friction coefficients (Cfr) of coPUIs based on (R-2300TDI-R)SOD and (R-AltTDI-R)SOD matri-
ces modified by carbon nanomaterials determined by AFM method on one field are presented 
in Figure 6. Cfr of matrices without additives differ threefold: 0.164–0.167 for (R-2300TDI-R)
SOD and 0.056–0.065 for (R-AltTDI-R)SOD.

The addition of VGCF reduces Cfr of (R-2300TDI-R)SOD matrix more than twice to 0.061–0.074 
and leaves Cfr of (R-AltTDI-R)SOD matrix at the low level about 0.066–0.071. The addition of 
SWCNT practically leaves Cfr of both matrices on the level of Cfr of pure matrices.

On the other hand, the addition of graphene increases Cfr of both matrices especially of 
(R-2300TDI-R)SOD. Thus, only the addition of VGCF to (R-2300TDI-R)SOD matrix improves the 
tribological properties of the surface. The excess of the quantity necessary for the modification, 
as in the case of coPUI with 10 wt.% graphene, can substantially worsen the surface properties.

Friction coefficients of coPUIs based on (R-2300TDI-R)SOD and (R-AltTDI-R)SOD matri-
ces modified by WS2 and WSe2 nanoparticles determined by AFM method on one field are 

Figure 5. AFM images of coPUI (R-AltTDI-R)SOD film cast on a fluoroplastic substrate: free surface (a–c) and surface 
adjacent to the substrate (d–f); (a,d) height images, (b,e) profile, and (c,f) 3D image.
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The addition of VGCF reduces Cfr of (R-2300TDI-R)SOD matrix more than twice to 0.061–0.074 
and leaves Cfr of (R-AltTDI-R)SOD matrix at the low level about 0.066–0.071. The addition of 
SWCNT practically leaves Cfr of both matrices on the level of Cfr of pure matrices.

On the other hand, the addition of graphene increases Cfr of both matrices especially of 
(R-2300TDI-R)SOD. Thus, only the addition of VGCF to (R-2300TDI-R)SOD matrix improves the 
tribological properties of the surface. The excess of the quantity necessary for the modification, 
as in the case of coPUI with 10 wt.% graphene, can substantially worsen the surface properties.
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presented on Figure 7. In general, WS2 and WSe2 nanoparticles degrade Cfr of the (R-2300TDI-R)
SOD and (R-AltTDI-R)SOD matrices due to a significant increase in roughness. WSe2 decreases 
twice the Cfr of (R-AltTDI-R)SOD matrix surface casted on a glass substrate.

The results of Cfr changing during multi-pass tribological AFM testing of coPUI (R-AltTDI-R)
SOD matrix as a dependence of “Cfr—number of scans” are presented in Figure 8 (black solid 
line). This measurement was performed at 20°С and normal load about 175 nN. Friction forces 
were determined in a range of 10–160 nN. Each point on the Cfr graph (black solid line) and 
the roughness graph (blue solid line) was obtained from a separate AFM sequential scanning 
field (Figure 8).

At the initial stage of Cfr graph up to 50 cycles, the growth of Cfr to a value 0.9 was determined 
(black solid line), and the roughness values simultaneously decreased (blue solid line). When 
the probe moves along the surface, the roughness is smoothed out (blue solid line). The low 
initial value of Cfr 0.1 can be explained by the fact of developed roughness. In this cause the 
contact of the probe with the surface occurs along the tops of the irregularities. In this case, 
the contact area of the probe and the surface are composed of a plurality of point contacts, 
and the frictional forces are lower than in case when the smoothed sample contacts with 
entire surface of the probe. The energy should be spent on the process of smoothing, and it 
needs to apply a greater lateral force for further movement. Therefore, Cfr grows on this side. 
In the process of friction, the irregularities are smoothed out, and after reaching a minimum 
of roughness, the Cfr decreases over the next 100 cycles to a stable value of 0.05 (black solid 
line). And then, the mechanism of elastic non-wear friction works.

Figure 6. Friction coefficients of coPUIs based on (R-2300TDI-R)SOD (50) and (R-AltTDI-R)SOD (45) matrices and 
composites with carbon nanofillers as determined by AFM method in the contact mode on one field: matrices 50 and 
45 without additives, matrices with 1 wt.% VGCF, matrices with 1 wt.% SWCNTs, and matrices with 1 wt.% graphene.
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Figure 7. Friction coefficients of coPUIs based on (R-2300TDI-R)SOD (50) and (R-AltTDI-R)SOD (45) matrices modified 
by WS2 and WSe2 nanoparticles, determined by AFM method in the contact mode on one field.

Figure 8. The results of coefficient of friction (Cfr) and roughness (Ra) changing during multi-pass tribological AFM 
testing of (R-AltTDI-R)SOD matrix: Cfr of pure matrix at 20°С and F normal = 175 nN (black solid line), Cfr of pure matrix 
at 30°С and F normal = 45 nN (black-dashed line), Cfr of matrix with WS2 at 20°С and F normal = 48 nN (green solid line), 
Cfr of matrix with WSe2 at 20°С and F normal = 54 nN (green-dashed line), and roughness (Ra) of pure matrix at 20°С and 
F normal = 175 nN (blue solid line).
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Figure 7. Friction coefficients of coPUIs based on (R-2300TDI-R)SOD (50) and (R-AltTDI-R)SOD (45) matrices modified 
by WS2 and WSe2 nanoparticles, determined by AFM method in the contact mode on one field.

Figure 8. The results of coefficient of friction (Cfr) and roughness (Ra) changing during multi-pass tribological AFM 
testing of (R-AltTDI-R)SOD matrix: Cfr of pure matrix at 20°С and F normal = 175 nN (black solid line), Cfr of pure matrix 
at 30°С and F normal = 45 nN (black-dashed line), Cfr of matrix with WS2 at 20°С and F normal = 48 nN (green solid line), 
Cfr of matrix with WSe2 at 20°С and F normal = 54 nN (green-dashed line), and roughness (Ra) of pure matrix at 20°С and 
F normal = 175 nN (blue solid line).
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When the same multi-pass tests are repeated at the room temperature about 30°C, the probe-
sample contact conditions change, which raises the initial value of Cfr to 0.3 instead of 0.1 at 
20°C (Figure 8, black-dashed line). Then, normal load was about 116 nN, and friction forces 
were determined in range 30–92 nN. The further stages of the curve also change somewhat. 
Cfr is stable at the beginning during the first 10 cycles, and then it increases smoothly to 0.8 
(black solid line). After reaching this value at 110 cycles as well as at 20°С, the curve decreases 
to a stable level about 0.25 (black solid line). The testing at 30°С places peculiarities on the Cfr 
graph: the growth of values is smoother, and the decrease is faster.

The results of coefficient of friction changing during multi-pass tribological AFM testing at 
30°С of (R-AltTDI-R)SOD matrix with WS2 and WSе2 nanoparticles are shown in Figure 8 
(green lines). As for the pure (R-AltTDI-R)SOD matrix, the results of testing at higher tem-
perature show the increased value of Cfr in comparison with the testing at 30°С (Figure 8, 
black-dashed line). The addition of WS2 keeps the value Cfr stable on the level 0.45 (green solid 
line). The addition of WSе2 leads to the increase of Cfr (green-dashed line).

Comparing the similar values of Cfr for (R-AltTDI-R)SOD matrix determined in regimes 
“multi-pass scan” and “one scan under heating,” it should be noticed that the influence of 
heating in a range of 75–85°С on the surface properties is similar to the influence of 200–400 
scans of multi-pass testing at 20°С [8]. This fact allows to make a conclusion that there is heat-
ing in this micro-contact equal to 75°С.

These results show that synthesized modified coPUI films are very promising for tribological 
applications, and their properties can be controlled both by temperature and by mechanical 
action.

The influence of heating on Cfr for (R-AltTDI-R)SOD with WSe2 addition has been shown 
in our previous work [8]. It was found that Cfr keeps stable at the level of 0.30–0.35 till 45°С. 
Then, it dramatically decreases up to 0.05 at 60°С and keeps stable till 70°С. Again, at 75°С it 
decreases till 0.01.

3.4. Nanoindentation of coPUI films

On the dependence of E on the depth of indentation for coPUI (R-2300TDI-R)SOD, two curves 
are characteristic for the material. It can be concluded that there is a less elastic phase on the 
surface layer and a more elastic phase in the depth—in bulk material (Figure 9, blue curves). 
In this case, the microhardness for coPUI (R-2300TDI-R)SOD has a unimodal distribution in 
values from 2 to 4 MPa, and one curve (Figure 9, red curves) is present on the plots of the 
microhardness versus the depth of indentation. Different markers denote the values obtained 
from different sides of the films. For microhardness they are very close, and for the elastic 
modulus completely coincide.

On the other hand, coPUI (R-AltTDI-R)SOD is characterized by unimodal distributions for 
both E and H (Figure 10). The transition from the surface to the depth of the sample decreases 
both for E from 6 to 3 GPa and for H from 400 to 200 MPa.

The performed studies of the samples of synthesized coPUI showed that the values of H and 
E measured on both sides of the films are practically the same, and when the dependencies 
obtained from different sides of the films coincide in one plot, for each coPUI they almost 
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completely coincide, forming exponential curves. The values of E and H for film cast on glass 
and fluoroplastic substrates are identical, despite the different microstructure of the surface, 
so hereinafter we consider the values obtained for films prepared on a glass substrate.

With the addition of 1 wt. % SWCNTs, the initial values of E and H for coPUI (R-2300TDI-R)
SOD practically do not change (Figure 11). For the “amorphous” phase on top of the film 
E is 25 MPa and from below 20 MPa. At the same time, H is on the top of 3 MPa and from 
the bottom 2 MPa. For the “partially ordered” phase, E varies from 11 to 14 GPa from the 
top, from 10 to 22 GPa from the bottom, and from the top and H from below from 1.5 to 

Figure 9. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of indentation 
for the coPUI (R-2300TDI-R)SOD without nanofillers.

Figure 10. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of 
indentation for the coPUI (R-AltTDI-R)SOD without nanofillers.
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completely coincide, forming exponential curves. The values of E and H for film cast on glass 
and fluoroplastic substrates are identical, despite the different microstructure of the surface, 
so hereinafter we consider the values obtained for films prepared on a glass substrate.

With the addition of 1 wt. % SWCNTs, the initial values of E and H for coPUI (R-2300TDI-R)
SOD practically do not change (Figure 11). For the “amorphous” phase on top of the film 
E is 25 MPa and from below 20 MPa. At the same time, H is on the top of 3 MPa and from 
the bottom 2 MPa. For the “partially ordered” phase, E varies from 11 to 14 GPa from the 
top, from 10 to 22 GPa from the bottom, and from the top and H from below from 1.5 to 

Figure 9. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of indentation 
for the coPUI (R-2300TDI-R)SOD without nanofillers.

Figure 10. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of 
indentation for the coPUI (R-AltTDI-R)SOD without nanofillers.
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2.5 MPa. The microstructure of the surface remains unstructured, which is characteristic for 
polymers in the amorphous state.

The amorphous phase on the upper surface of the film practically does not change. The depth 
of the “partially ordered” phase changes: it moves closer to the free surface (Figure 11). From 
below, the depth of the location of the “partially ordered” phase remained unchanged. For an 
amorphous phase from below, the values of E and H increased by a factor of 2: E was 20 MPa 
and became 40 MPa, and H was 2 MPa and became 4 MPa.

The greatest changes in the properties of coPUI (R-2300TDI-R)SOD were detected with the 
addition of 1 wt.% SWCNTs. The “partially ordered” phase (or moved to a depth greater than 
4 μm) completely disappeared from the top, and from the bottom, it was preserved and moved 
closer to the surface than in the coPUI without SWCNTs (Figure 12a). The E is 10–20 GPa. For 
an amorphous phase, the E film increased 10 times from the top—it was 35 MPa and became 
350 MPa. The H of the amorphous phase increased 23-fold: from 3 to 70 MPa. From the bot-
tom of the film, the values of H and E increased by 5 and 10 times: E was 20 MPa and became 
100 MPa, and H was 2 MPa and became 20 MPa. The microstructure of the surface is structured, 
with noticeable linear formations in perpendicular directions in the plane (Figure 12d and e).

The introduction of all types of nanofillers in an amount of 1 wt.% practically did not change 
the mechanical properties of the coPUI (R-AltTDI-R)SOD. In our experiments only the 
addition of graphene in an amount about 10 wt.% lowered the properties of this for coPUI 
(R-AltTDI-R)SOD by a factor of 1.5. In general, the material with 10 wt.% graphene is unstable 
due to the accumulation of excess graphene in the form of submicron-sized inclusions. The 
surface microstructure of the composite became nanostructured.

As a result, it was established that the coPUI (R-2300TDI-R)SOD and coPUI (R-AltTDI-R)SOD 
are radically different in the distribution of the elasticity modulus E: coPUI (R-2300TDI-R)SOD has a 
bimodal distribution (Figure 13a), and for coPUI (R-AltTDI-R)SOD, it is unimodal (Figure 13b).

Figure 11. Dependencies of elasticity modulus (blue curves) and microhardness (red curves) versus the depth of 
indentation for the coPUI (R-2300TDI-R)SOD with 1 wt.% SWCNTs.
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So, the dependencies of the modulus of elasticity and microhardness on the insertion depth 
for synthesized coPUI (R-2300TDI-R)SOD and (R-AltTDI-R)SOD showed that the investi-
gated coPUI differs dramatically in terms of the values of the physical-mechanical charac-
teristics and the type of their distribution. The wide range of values of E is typical for coPUI 
(R-2300TDI-R)SOD nanocomposites—up to 35 GPa within the surface layers—that may be 
explained by the presence of a partially ordered phase near the surface, which is extremely 
sensitive both to the synthesis conditions (the evaporation rate of the solvent) and to surface 

Figure 13. Types of elastic modulus distribution: (a) bimodal for coPUI (R-2300TDI-R)SOD and (b) unimodal for coPUI 
(R-AltTDI-R)SOD.

Figure 12. AFM images of the surface microstructure of the coPUI (R-2300TDI-R)SOD: (a) the initial matrix (free side), 
(b) matrix with 1 wt.% graphene (free side), (c) the side from the substrate, (d) matrix with 1 wt.% SWCNTs (free side), 
and (e) side from the substrate; scan area 1 × 1 μm.
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2.5 MPa. The microstructure of the surface remains unstructured, which is characteristic for 
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tom of the film, the values of H and E increased by 5 and 10 times: E was 20 MPa and became 
100 MPa, and H was 2 MPa and became 20 MPa. The microstructure of the surface is structured, 
with noticeable linear formations in perpendicular directions in the plane (Figure 12d and e).

The introduction of all types of nanofillers in an amount of 1 wt.% practically did not change 
the mechanical properties of the coPUI (R-AltTDI-R)SOD. In our experiments only the 
addition of graphene in an amount about 10 wt.% lowered the properties of this for coPUI 
(R-AltTDI-R)SOD by a factor of 1.5. In general, the material with 10 wt.% graphene is unstable 
due to the accumulation of excess graphene in the form of submicron-sized inclusions. The 
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As a result, it was established that the coPUI (R-2300TDI-R)SOD and coPUI (R-AltTDI-R)SOD 
are radically different in the distribution of the elasticity modulus E: coPUI (R-2300TDI-R)SOD has a 
bimodal distribution (Figure 13a), and for coPUI (R-AltTDI-R)SOD, it is unimodal (Figure 13b).
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gated coPUI differs dramatically in terms of the values of the physical-mechanical charac-
teristics and the type of their distribution. The wide range of values of E is typical for coPUI 
(R-2300TDI-R)SOD nanocomposites—up to 35 GPa within the surface layers—that may be 
explained by the presence of a partially ordered phase near the surface, which is extremely 
sensitive both to the synthesis conditions (the evaporation rate of the solvent) and to surface 

Figure 13. Types of elastic modulus distribution: (a) bimodal for coPUI (R-2300TDI-R)SOD and (b) unimodal for coPUI 
(R-AltTDI-R)SOD.

Figure 12. AFM images of the surface microstructure of the coPUI (R-2300TDI-R)SOD: (a) the initial matrix (free side), 
(b) matrix with 1 wt.% graphene (free side), (c) the side from the substrate, (d) matrix with 1 wt.% SWCNTs (free side), 
and (e) side from the substrate; scan area 1 × 1 μm.
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effects. Contrary, coPUI (R-AltTDI-R)SOD is characterized by greater uniformity of values 
(up to 4 GPa) and higher microhardness (up to 0.45 GPa). Again, this sensitivity makes it pos-
sible to vary the localization of the phase by introduction of carbon nanofillers. The greatest 
changes in the elastic properties of coPUI (R-2300TDI-R)SOD nanocomposites were detected 
with the addition of 1 wt.% SWCNTs.

4. Conclusions

The morphology, tribological, and local mechanical properties of new copolyurethane-imides 
(coPUIs) and nanocomposites based thereof were studied by AFM and NI methods. AFM 
method in the contact mode of lateral forces revealed the presence of different phases on the sur-
face of synthesized samples. A relationship has been established between the presence of various 
contrast phases and the chemical structure of the monomers used for synthesis. The ability to 
control the roughness at the nanoscale for coPUI films on a free surface and on the surface adja-
cent to substrate is established, using solid substrates of various natures. These characteristics 
are very important for obtaining materials with improved tribological properties. The AFM and 
NI methods have shown that the adhesion force and the specific surface energy for synthesized 
coPUIs increase exponentially with an increase in the normal loading during indentation.

The NI method established the phase separation of coPUI films, which leads to significantly 
different values of the microhardness on both sides of the copolymer films. The microhard-
ness on the free surface (facing to the air) is much higher than the microhardness of the sur-
face adjacent to the solid support. These results indicate the importance of controlling the 
microhardness of both film surfaces at nano- and microscales.

Dependencies of microhardness and modulus of elasticity on the depth of indentation have been 
obtained for initial coPUI (P-2300TDI-P)SOD and coPUI (R-AltTDI-R)SOD and nanocomposites 
based thereof containing SWCNTs, graphene, and carbon nanofibers. It was found in our case 
that for each synthesized coPUI, there is only one type of carbon nanomaterials that exerts the 
greatest influence on their characteristics. Thus, for coPUI (R-AltTDI-R)SOD, it is graphene, the 
introduction of which leads to an increase in the modulus of elasticity on the free surface up to 
4.14 GPa, and for coPUI (R-2300TDI-R)SOD, it is SWCNT, but in this case, the maximum values 
of the elastic modulus E = 42.82 GPa are observed on the surface adjacent to the substrate.

Analysis of the tribological characteristics of nanocomposites based on coPUI (P-2300TDI-P)
SOD showed that VGCF exerts the greatest effect on the decrease in Cfr and their introduction 
in amounts about 1 wt.% leads to a decrease in Cfr practically by a factor of 2. On the other 
hand, when VGCF is introduced into the coPUI (R-AltTDI-R)SOD, Cfr remains practically 
unchanged. And, when this coPUI is filled with graphene, an increase in Cfr is observed, appar-
ently because of a significant increase in the roughness of the surface of nanocomposite films.

Since the initial coPUI (P-2300TDI-P)SOD and coPUI (R-AltTDI-R)SOD films exhibit radi-
cally different values of the friction coefficient, Cfr = 0.362 and 0.174 for coPUI (P-2300TDI-P)
SOD and Cfr = 0.055 and 0.066 for coPUI (R-AltTDI-R)SOD, the introduction of WS2 or WSe2 
nanoparticles leads to different effects. Nanocomposites based on coPUI (R-2300TDI-R)SOD 
with both types of nanoparticles have lower Cfr values than the copolymer matrix, while WSe2 
nanoparticles have a greater effect on tribological properties of this coPUI and reduce the Cfr 
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more than twice. Conversely, the initial coPUI (R-AltTDI-R)SOD has a sufficiently low Cfr, 
and the introduction of nanoparticles WS2 and WSe2 leads to its almost doubling.

The efficiency of multi-pass scanning tests is shown for investigating the tribological prop-
erties of modified copolymer systems. It is found that coPUI (R-AltTDI-R)SOD and nano-
composites based thereof with SWCNT have the best tribological properties, while SWCNTs 
are uniformly distributed in the material and cause homogeneous structuring at the nano-
level. As a result of studying the tribological properties of coPUI film surface using AFM 
method with multi-pass scanning, it has been found that effective methods for improving 
these properties can be either modification by SWCNTs (up to 1 wt.%) or heating to 30°C.

Our results show that synthesized coPUI films and nanocomposites based thereof are very 
promising materials for tribological applications and their physical-mechanical properties 
can be controlled both by temperature and by mechanical action.
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Abstract

SEM is a powerful and efficient microscopy for the analysis of nanomaterials. Although 
this imaging technique is common and several standard methods exist for chemical analy-
sis, questions remain about the optimal magnification and voltage to be used. The chemi-
cal molecules are relatively sensitive to the electron beam. HMDS is as often as possible 
utilized for surface treatment at the covering of the photosensitive material on the wafer, 
and trimethylsilanol is created, together with alkali, by hydrolysis of HMDS. The best 
viewing condition to HMDS and reaction products of organosilicons. The greatest chal-
lenges of working with organosilicons molecules are imaging and characterizing features 
on such a small scale by SEM. The results support the conclusion that, contrary to what 
is usually recommended, it is best to determine the structure of organosilicon molecules 
without spectroscopy. It has been a convenient method for the emergence of the structure 
of HMDS and reaction products. Many micro/nanofabrication technologies have been 
invented and developed during the past decades. Indeed, some of them have already been 
widely applied in the cell biology study. In this section, we introduce and emphasize on 
several prominent technologies, such as soft lithography, electrospinning, nanostructured 
patterning technologies (including dip pen, e-beam writing, nanoimprint lithography, 
nanoshaving, and so on), and three-dimensional fabrications. Over the past decade, nano-
technology research has shown exciting evidence that key biological processes (e.g., osteo-
blast proliferation, osteoblast gene expression, and initial protein adsorption that control 
such events) can be easily manipulated by modifying the nanotopography of Ti implants. 
A table is also presented to highlight the pros and cons of different major technologies.

Keywords: siloxanes, organic molecules
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exist for chemical analysis, questions remain about the optimal magnification and voltage 
to be used. The chemical molecules are relatively sensitive to the electron beam. HMDS is 
as often as possible utilized for surface treatment at the covering of the photosensitive 
material on the wafer, and trimethylsilanol is created, together with alkali, by hydrolysis of 
HMDS. This study specifically represents the best imaging condition to HMDS and reaction 
products of organosilicons. The greatest challenges of working with organosilicon molecules 
are imaging and characterizing features on such a small scale by SEM. The results support the 
conclusion that, contrary to what is usually recommended, it is best to determine the structure 
of organosilicon molecules without spectroscopy. It has been a convenient method for the 
emergence of the structure of HMDS and reaction products.

The process of imaging of molecules is essential for researchers although the scale of small-
molecule chemistry has brought with it, challenges. Specifically, with organic compounds 
having recently been detailed by spectroscopy and diffraction techniques, advances in elec-
tron microscopy have made high-resolution images a possibility. The microscopy is capable 
of displaying numerous small materials, nanostructured structures, and chemical molecules 
while not sufficiently to illustrate molecular bonds.

Although organic molecular structures are displayed by developing microscopic techniques, 
many organic molecule structures are yet to be revealed. The examination of a molecule 
from its fragments is dependent upon the precise manipulation of these molecules. Organic 
structure characterization is primarily based upon microscopic techniques that are largely 
established upon electron or X-rays. To obtain an imaging experiment, there exists various 
techniques such as optical microscopy (OM), transmission electron microscopy (TEM), X-ray 
microscopy (XRM), scanning electron microscopy (SEM), energy disperse X-ray spectros-
copy (EDX), and atomic force microscopy (AFM). There is a wide earthly spectrum, from 
the morphology level to the atomic level. Each microscope has the ability to display only a 
restricted number of fields [1, 2]. The appropriate microscope should be selected for the best 
characterization. The imaging magnitudes of microscopes vary, as TEM, from approximate 
1 Å to 10 μm; STEM, from 1 Å to 100 μm; AFM, from 1 nm to 1 mm; SEM, from 1 nm to 1 mm; 
and OM, from 100 nm to 1 cm. Scanning electron microscopy is an essentially significant 
technique for image acquisition in the scientific field [3]. It is vital to be able to decipher the 
structure of nanosized and micro-dimensional materials for characterization of the materials 
and to interpret the formation and mechanism. Additionally, the imaging of organic mol-
ecules and biological specimens poses a serious challenge for researchers.

The applicability of ultraviolet spectroscopy to organosilicon compounds, utilizing mass, 
Raman, and other spectroscopy techniques [3]. Alkyl-substituted silanes and siloxanes are 
not ultraviolet absorbent. SEMs are primarily used to analyze the morphology of materials on 
the samples [4]. The SEM observation scale ranges from microns to nanometers. The decrease 
of beam damage and charging proves to have an adverse impact on organics. The previous 
research has shown that microscopy, along with spectrometry, is highly beneficial in identify-
ing organic components [1]. Unfortunately, these methods are destructive to the sample and 
make conduction of subsequent tests impossible. However, the nondestructive technique of 
low-voltage SEM enables the identification of organic components.
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1,1,1,3,3,3-Hexamethyldisilazane (HMDS) is used as a photoresist adhesion promoter in semi-
conductor applications. It is often possible to locate HMDS residues in SEM images. Silazanes 
as HMDS are generally moisture sensitive. In addition to appropriate adhesion and photo-
resist properties, surface dampness, in addition, is a central point. HMDS is well known as a 
versatile silylation reagent with the ability to block or protect Si─H, N─H, and O─H bonds. 
HMDS is converted into trimethylsilanol (TMS) and ammonia by the process of hydrolysis in 
aqueous mediums, as in the equation ((CH3)3Si)2NH + 2H2O ⇌ 2(CH3)3SiOH + NH3 or directly 
to hexamethyldisiloxane (HMDSO), and ammonia in an aqueous medium, as equation [5]

 ((CH3)3Si)2NH + H2O ⇌ ((CH3)3Si)2O + NH3 (1)

According to Donaldson Company, HMDS is able to be hydrolyzed in air to form TMS and 
ammonia at approximately 25°C, with 45% relative humidity (6–8). Sonnenfeld et al. [6] inves-
tigated atmospheric pressure dielectric barrier discharges, with HMDSO admixed into a com-
bination of a noble gas and a molecular gas (O2 or N2). The reaction and molecular structure 
arrangement is illustrated in Figure 1 [6].

HMDSO can be formed from a minimum number of reaction products, most likely trimeth-
ylsilanol, hexamethyldisilane, pentamethyldisiloxane, heptamethyltrisiloxane, and octame- 
thyltrisiloxane.

HMDS, as the silazanes, is similar to siloxanes, with ─NH─ replacing ─O─ and acquired in 
high yield and purity. As dependent on the molecular structure, in the Si─N pillar, Si(NH)3 
and Si(NH)2 are realized and the properties of the silazanes that are dependent on the molecu-
lar structure such as various functional groups (Si─H, Si─CH3, Si─CH═CH2) and degrees of 
branching [8, 9]. The silazanes, in a process called silylation, react readily with an active hydro-
gen on any organic chemical (e.g., alcohol, amine, or thiol). For example, hexamethyldisilazane 
is composed of two silicon atoms fused to the nitrogen atom. 1,1,1,3,3,3-Hexamethyldisilizane 
(HMDS) is used as a photoresist adhesion promoter in semiconductor applications.

Figure 1. Scheme of the proposed HMDSO reaction chemistry (left) [6]. Possible chemical structures of the identified 
reaction products in comparison with HMDSO (right) [7].
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The Si─O bond is a simple one, in both arrangement and cleavage, an important trait for 
manufactured science. Weak interactions, along with the simple arrangement and cleavage of 
Si─O bonded compounds, are used in the construction of supramolecular architectures. The 
chemistry of the Si─O bond formation is an interesting aspect for hydrolytic cleavage. The 
Si─O bond can also be compiled from a weak Si─H or Si─Si bond [10–12].

The residue or morphology of small chemical molecules remains unclear, as a result of a lack 
of high-throughput and high-resolution surface characterization methods. We demonstrate 
the revealed morphology of surface contaminants by SEM. This study introduces early-stage 
research about the ability to detect and characterize microscopic fixative residues of HMDS 
on a biofilm surface, by means of SEM. The results of this research reveal a new possible 
method of obtaining additional information from the commonly used organic molecules. The 
results attained from the SEM have proven to be a useful tool in detecting HMDS residues. 
Advancements in software may increase the abilities of currently available instruments, with 
microscopy images.

The samples were then dehydrated in a concentration of ethanol, ascending from 50 to 100%, 
and then dried in hexamethyldisilazane (HMDS, [(CH3)3Si]2NH, 98.5%; ABCR GmbH & Co. 
KG, Karlsruhe, Germany) solution overnight. After complete drying, the specimens were 
sputtered and coated with a thin layer of carbon. The specimen surfaces were examined under 
a scanning electron microscope XL 30 ESEM FEG, operating at 5 kV and under a magnifica-
tion rate ranging from 2.000- to 200.000-fold. Tilt angle, spot size, and scanning mode of the 
electron microscope remained constant for all samples examined. The material was inciden-
tally found when working on the biological surface. HMDS is a drying chemical used for the 
purpose of fixing scanning electron microscopy specimens.

2. The imaging of surface contaminant, HMDS

Identifying surface residues and contaminants on a biofilm or other biological surface 
using SEM imaging is seldom explored. One of the major challenges in resolving organic 
residues, which are the final fixation buffer on a biological surface, is caused by an overlay 
on top of the image, as both the contaminants and the biological surface are carbon-based 
materials. In Figure 2, HMDS, which is an SEM fixation buffer, appears on the 24 h biofilm 
formation surface in situ. The topographic contrast exists as a result of the uniformity of the 
contaminants.

Oral bacteria are visible on the rear surface, and organic residue appears at a lighter concen-
tration on the top surface. The residues therefore prevented the surface from being made 
visible. The contaminant could be HMDS, and their analogous counterparts as the prepared 
SEM sample’s fixations buffer contain Si.

The water on the biological surface was dried by the evaporation of hexamethyldisilazane. 
HMDS has been shown in Figure 3. During observation of the biological surface, HMDS and 
residues were measured on dental titanium by means of SEM. Specimens exhibited spontane-
ous separation during hydrolysis.
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Previous studies had established the same reported morphology for HMDS in this project. The 
results of this research concur with data obtained by EDX surface analysis, which reflected par-
ticle sizes in the range of 20–30 nm [13]. Previous experiments did not show details of HMDS and 
HMDSO photographed with an electron microscope. As a result of this, it will be a priority for 
future research and experimentation. Upon reviewing other studies, there is no visual information 
available about HMDS and HMDSO, although there exists much chemical information about it [14].

Figure 2. SEM fixative residues on 24 h in situ biofilm formation surface.

Figure 3. Closer view of the HMDS and related residues on the surface. The shapes of the molecules are seen to be 
different from each other.
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3. The imaging of HMDSO transforming into siloxanes

Siloxane molecules are cyclic siloxanes (D3, D4, D5, and D6) and linear siloxanes (L2, L3, L4, 
L5, and L6). Table 1 shows that cyclic siloxanes are 2D and 3D conformer generations. In 
accordance with functional groups, there exist four types of siloxanes. The first of these is the 
monofunctional (M) units; the second is the difunctional (D) units, which are oligomers’ and 
polymers’ linear chains or cyclic compounds; the third is trifunctional (T) units; and the fourth 
is tetrafunctional (Q) units, which result in branched and spatially cross-linked molecules 
(elastomers) [2]. The characteristic of these principal structures are presented in Figure 4.

Environmental conditions such as temperature, air, and water contact can alter the confor-
mation of siloxanes. The Si─O siloxane chain can be rotated under minimal force at room 
or higher temperature. When siloxanes are in contact with air, the methyl groups which 
determine the hydrophobic properties are compacted by the contact surface [16]. When the 
contact is made with water, the dipole of the siloxane skeleton is responsible for the interac-
tions between the mediums, as the siloxane (silicone) elastomer becomes more hydrophilic 
[17]. These properties attribute the differences in adhesion properties between silicone 
elastomers.

Prior studies had proven that silicon does not have the ability to form stable, double bonds. 
During the synthesis of siloxanes, chains comprising various numbers of repeat units in the 
chain are formed. Siloxane reaction products [18] are available as oligomers of varying chain 
length and molecular weights. A single type of molecule does not form at the end of the reac-
tion. The mixture may also contain siloxanes in the cyclic structure. HMDS, the initiator mol-
ecule, is converted to siloxanes. As is visible, regular geometric structures vary from HMDS 
[18] molecules. It is possible that the foliar structures present the linear form of siloxanes 
molecule [14] and the cyclic form of siloxane molecule, as was shown in Figure 5.

Technologies Pros Cons Resolution Dimension

Soft lithography Low cost

High biocompatibility

Diffusion from the ink can 
lower the resolution

30 nm–100 mm 2D or 3D

Electrospinning Suitable for tissue 
engineering

More flexibility in 
material requirement

Low yield 3 nm–5 μm 3D

Dip pen Allow the creation of 
biocompatible nanosized 
patterns

Limited suitable materials

Not suitable for curved surface

High cost

30 nm 2D

Electron beam 
writing

High resolution Limited suitable materials

Not suitable for curved surface

High cost

5 nm 2D

Table 1. Summary of the pros and cons of different nanotechnologies [24].

Atomic-force Microscopy and Its Applications96

When closely observing SEM images at the formation of circular structures, it can be seen 
how the molecule shifts from a linear (lamellar structure) to a circular form. The HMDSO is 
monitored from the linear structure to the circular structure that was shown in Figure 6.

Previous studies have reflected that siloxanes were prepared in many stages and were 
obtained by means of hydrolysis with excess water at temperatures ranging from 10 to 
90°C. For example, continuous hydrolysis of dimethyldichlorosilane (Me2SiCl2) produced a 
mixture of cyclic and linear hydroxyl-terminated oligosiloxanes [15].

The chemical formula of all the circular structures and the electron microscopic image 
obtained were the groups of molecules that were shown in Figure 7.

It is possible to define the measurements of the molecules detected by electron microscopy. 
To calculate the diameter and volume of the structure, which is estimated to be the group of 
molecules in the circular form, as is shown in Figure 8. The Si─O bond length was 0.164 nm; 
there were approximately 253 Si─O bonds in the group of molecules.

Synthesis of siloxane elastomers occurs by cross-linking linear siloxane polymers. The process 
of cross-linking involves the conversion of linear polymers into spatial macromolecules, which 
are the result of the formation of cross-links, that is, bridges, between them. The poly addition 
of Si─H bonds to vinyl groups results in the formation of numerous hydrocarbon bridges 
linking polysiloxane chains. This was the type of cross-linking [15] that was shown in Figure 9.

These linear structures lead to the formation of flaccid-appearing structures at the same time. 
The siloxane chain has an unusually dynamic flexibility; additionally, it possesses a large 

Figure 4. The characteristic and principal structures of siloxanes. The table was drawn inspired from Krystyna M [15].
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number of conformations. A conformation can be easily altered. This flexibility facilitates 
turning by chemical bonds [19]. The conformations may change slightly under stress, leading 
to the chain conformation adapting to the ambient conditions. Siloxane conformations have 
minimum free energy of the surface, with these properties possibly creating a thin, highly 
adherent layer on it (Figure 10).

Figure 5. SEM image of different types of siloxanes structures.

Figure 6. SEM images of HMDSO, from the linear structure to the circular structure. The form could be the groups of 
molecules that pack together to make these structures.

Atomic-force Microscopy and Its Applications98

The reaction, beginning with the hydrolysis of the HMDS molecule at the start, is summa-
rized in the reaction table. The transformation of the reaction chain into the HMDSO mol-
ecule, of the step-by-step HMDS molecule, is followed by the formation of other siloxane 
structures from the HMDSO molecule [20]. It is understood that the polymeric structure 

Figure 7. SEM images of the groups of molecules pack together to make these structures.

Figure 8. High magnification of SEM images of the groups of molecules packed together to make these structures.
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has a lamellar appearance, polysiloxanes [21], and a circular structural form. In this work, 
the images obtained after the coincidence provided a visual display of a chemical reaction. 
Therefore, it is once again revealed that electron microscopy displays structures with a high 
magnification power of approximately 100 nm in size.

Figure 10. SEM image of adherent properties of siloxanes on biofilm surface.

Figure 9. SEM images of the cross-linked linear siloxane polymers.

Atomic-force Microscopy and Its Applications100

In this study, during examination of the biological structure on dental implants by electron 
microscopy, residues were noted on the surface. When considering what this compound may be, 
it is understood that the electron microscope is the HMDS used in the sample preparation stages 
and its related properties. Otherwise, the surface containing silicone is free of contaminants.

As a result of closely examining the structures, the states of the HMDS molecule used to 
provide the fixation on the surface were altered when hydrolysis occurred. It is understood, 
according to the information in the literature [22], that the molecule resulting from hydrolysis 
was the HMDSO molecule. Thus, imaging of HMDSO molecules was provided. There exists 
no similar information in prior studies.

The HMDSO molecule resulting from the hydrolysis of HMDs was observed in various pho-
tographs that had been converted to other siloxanes. The structures of the images were pre-
dicted from the chemical structure formulas belonging to the silicon structure. It is possible 
to calculate the number of Si─O bonds [23] in these molecular groups. This study reflected 
that the reactions of molecules entering the imaging boundaries of electron microscopy can 
be observed at various stages. Thus, chemical variations can also be visualized by electron 
microscopy, utilizing simulation studies.
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