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ABSTRACT: Information of the chemical, mechanical, and electrical properties of
materials can be obtained using force volume mapping (FVM), a measurement mode
of scanning probe microscopy (SPM). Protocols have been developed with FVM for a
broad range of materials, including polymers, organic films, inorganic materials, and
biological samples. Multiple force measurements are acquired with the FVM mode
within a defined 3D volume of the sample to map interactions (i.e., chemical,
electrical, or physical) between the probe and the sample. Forces of adhesion,
elasticity, stiffness, deformation, chemical binding interactions, viscoelasticity, and
electrical properties have all been mapped at the nanoscale with FVM. Subsequently,
force maps can be correlated with features of topographic images for identifying
certain chemical groups presented at a sample interface. The SPM tip can be coated
to investigate-specific reactions; for example, biological interactions can be probed
when the tip is coated with biomolecules such as for recognition of ligand−receptor
pairs or antigen−antibody interactions. This review highlights the versatility and
diverse measurement protocols that have emerged for studies applying FVM for the analysis of material properties at the nanoscale.

■ INTRODUCTION

Force−volume mapping (FVM) is a characterization mode of
scanning probe microscopy (SPM) that is used to map
material properties, which can be correlated directly with
successively acquired topography images. Scanning probe
microscopy encompasses a family of nanoscale measurements
which use a microfabricated probe for sample character-
izations. The term atomic force microscopy (AFM) is
commonly used to describe SPM protocols for imaging surface
morphology with nanoscale resolution and has also been
referred to as scanning force microscopy. To accomplish FVM,
an array of force measurements is obtained point-by-point in a
grid pattern, using an approach developed by Radmacher et al.
in 1994.1 Properties that have been measured with FVM
include adhesive forces, viscoelasticity, elastic modulus,
chemical forces, dielectric conductance, and electrical proper-
ties. The grid of measurements can be compared directly with
topography images to generate a 3D volume map. Unfortu-
nately, the FVM mode usually requires longer acquisition times
than conventional SPM imaging, which has limited the broad
application of this characterization approach.
Typically, FVM is accomplished by acquiring multiple

measurements of forces or material properties along a defined
grid of points within a selected 3D region of a sample, as
depicted in Figure 1. An AFM probe is used for mapping tip−

sample forces and for characterizing topography features, and
resolution at the atomic level can routinely be achieved.
Features within the corresponding topography frames can be
correlated with FVM measurements to provide insight of
structure/property interrelationships with nanoscale resolu-
tion. Data related to height, stiffness, tip−sample adhesion,
energy dissipation, and mechanical or electrical properties can
be mapped for samples using FVM, with instrument operation
in ambient air, liquid media, or vacuum environments.
In this review, we describe how FVM has been applied for

characterizing multiple types of materials, ranging from
biological samples to polymers and inorganic solids. Measure-
ments of nanomechanical properties have been widely reported
for biological samples; however there are also studies which
used FVM to characterize organic films, inorganic materials,
and polymer films. Measurement protocols and example
studies will be described for FVM, to provide a fresh
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perspective about the capabilities and limitations of this highly
versatile measurement tool.
Volume Mapping with Force−Distance Curves. Two-

dimensional force volume maps can be constructed by
collecting multiple force curves over selected areas of a sample
within a defined grid. Force−distance curves are a graphical
representation of the applied force versus the tip−sample
distance and are acquired by monitoring the cantilever
deflection and piezo displacement during an approach−retract
cycle of the probe.2 Force spectroscopy has been broadly
applied to evaluate properties such as elasticity, stiffness, and
adhesion at the nanoscale.3

Force curves obtained with the force−volume mode are
converted by post-processing, using software algorithms to
extract force−indentation curves. The force, F, is a function of
the piezo displacement, z, and can be expressed as

F k z= Δ (1)

The spring constant, k, is determined by the geometry of the
SPM tip and Young’s modulus, E, of the cantilever material,
expressed as follows:

k Ewt l3 3= − (2)

These equations can be used to derive the spring constant for
tips that have a rectangular geometry for the cantilever, with
variables w = width, t = thickness, and l = length. Young’s
modulus can be derived from k. For force curves that have a
linear approach, k can be derived experimentally from the slope
of the curves.
For FVM mode, multiple force curves are acquired at points

of a defined grid pattern. The interactions between the tip and
sample are measured locally and mapped point-by-point for a
defined 3D region using force−distance curves. An example
profile for an approach−retreat cycle is shown in Figure 2,

which plots the tip deflection as a function of the tip−sample
distance. The approach curve is highlighted in red, and the
retraction is profiled in blue. Starting from the right there, is no
interaction between the tip and sample initially (red line),
which indicates zero force when the tip is far away from the
surface. As the probe is brought closer to the sample, the tip
will “snap-in” to touch the surface due to attractive forces. The
contact line is shown on the left side of the plot for both the
approach and retract portions of the curve, and typically there
is a slight hysteresis which is revealed by the separation of the
two lines. The region for the “jump-from-surface” is indicated
when the tip deflection is negative (blue line); this portion of
the curve is used to measure adhesion forces. Strong adhesion
can result from the capillary force of surface films of water,
particularly when measurements are made in humid environ-

Figure 1. With FVM, grid areas defined to map sample properties for comparison to surface features. Individual measurements are acquired within
each pixel of the volume area to obtain local information on sample properties.

Figure 2. Profile of a force−distance cycle measured with SPM. The
approach curve is highlighted in red, and the retract curve is outlined
in blue. The black arrow indicates the jump-to-contact point where
the tip snaps in to touch the surface.
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ments. The magnitude of the adhesion can be reduced by
imaging in liquids. After the tip has been lifted from the
sample, the deflection returns to zero at the right side (blue
line), indicating the tip is no longer in contact with the sample.
Example parameters that have been used with FVM, such as

the grid sizes and types of probes which have been applied for
studies of diverse sample materials are summarized in Table 1.4

Experimental factors such as the imaging environment,
temperature, and type of probe provide flexibility for designing
experiments. For example, dynamic changes for samples can be
evaluated by careful selection of the pH, temperature, or ionic
strength or from the nature of the solvents used as imaging
media. For FVM studies, typically, a square grid is defined,
with 16−256 points tested in the x and y directions. The sizes
of the areas that are mapped range from nanometers to several
micrometers, to be chosen according to the nature of the
sample.
The elastic and adhesive properties of pathogenic bacteria,

Streptococcus pneumoniae (S. pneumoniae) and S. mitis, were
investigated using FVM, as reported by Marshal et al.4e Force-
curve profiles were obtained for the center and edge areas of
individual bacterial cells in PBS buffer, to evaluate the
mechanical properties for cells containing a polysaccharide
capsule compared to unencapsulated cells. The retraction
curves from force volume maps were used to calculate the
adhesion force between an AFM tip and bacterial cells for the
strains, as shown in Figure 3 with FVM maps of the central
areas of individual bacterium. Adhesion is the amount of force
required to pull the tip away from the surface and was reported
to measure less than 1 nN for each pull-off event, during retract
cycles of force curves. Distinct force profiles were measured for
each bacterial strain, shown in Figure 3A−E. The tip did not
adhere well to the unencapsulated samples (Figure 3B,D). The
strongest adhesion was measured for the S. mitis wild-type
bacterium encapsulated with the SK142 strain, shown in Figure
3C. Such studies provide information on the adhesion of
bacteria to host surfaces which can be correlated with
biochemical structure.
Force−distance measurements with FVM were used to

examine self-assembled monolayers (SAMs) of diacetylene
thiol before and after polymerization, as reported by Wu et
al.4b Thiol-terminated polydiacetylenes have conjugated back-
bones that can be polymerized on surfaces by exposure to UV
radiation. Investigations with FVM were used to compare the
load-dependent frictional behavior of the diacetylene SAMs
before and after polymerization. Contact mode AFM was used
to map areas that measured 250 × 250 nm2 with FVM (16 ×
16 grids) to construct friction versus load curves for samples.
Studies revealed changes in local ordering and frictional
response after polymerization.
Elasticity and adhesion force maps were acquired for several

strains of lactic acid bacteria by Schaer-Zammaretti and
Ubbink.4c Force−distance curves (32 × 32 FVM grid) were
obtained with silicon nitride nanoprobes at an applied force of
1 nN for areas measuring 1 × 1 μm2. Samples were studied in
saline buffer, with controlled pH to compare differences for
strains of Lactobacillus. Force maps were found to correlate
with cell morphology and heterogeneities of surface con-
stituents such as proteins and polysaccharides.
A biomimetic membrane comprised of a triblock copolymer

film with blocks of poly(dimethylsiloxane) and poly(2-
methyloxazoline) was studied using FVM by Rein et al.4h

Force maps of the snap-in adhesion were mapped for the fluid T
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membrane using two types of AFM probes, over an area of 80
× 80 μm2. Commercial probes having a tetrahedral geometry
with a force constant of 2 N/m were compared against
ultrasharp silver/gallium probes with a force constant of 6 N/
m. Fewer artifacts were detected for the nanoneedle probes
made of silver/gallium.
The mechanism and dynamics of surface adsorption of hen-

egg-white lysozyme to mica substrates was investigated in situ
using FVM and tapping mode AFM, by Kim et al.4g Time-
lapse images revealed changes over time for lysozyme
adsorption onto mica from an aqueous solution (2 μg/mL).
Force−volume mapping was used to evaluate tip−sample
interactions for distinguishing areas of protein clusters
compared to uncovered substrate.

Analysis and Post-processing of FVM Results. For data
acquisition with FVM, each point (or pixel) of the FVM image
grid contains 3D position information on xyz coordinates, as
well as the approach and retract portions of force measure-
ments. After collecting measurements with FVM, features from
topographic images can be correlated with force curves
acquired at each pixel of a defined grid volume. For a
particular point of the grid, the values of xyz coordinates will
provide data for volume, alongside the changes for cantilever
deflection. Depending on the size of the grid, the data files can
be quite large for subsequent analysis or postprocessing. Real-
time or postprocessing of each data point of the FVM grid is
used to extract information from force curves by using software
programs or designed algorithms.5 A number of programs are
available for analysis of FVM, data and key features of several
such programs are summarized in Table 2.6 Vendor-sourced
software packages for commercial instruments have been
developed for real-time analysis of measurements. There are
also open source programs such as Gwyddion, Scanning Probe
Image Processor (SPIP), and Profilm Online which have been
used for postprocessing with FVM microscopy images.
Instrument manufacturers have developed multiple ap-

proaches to accomplish rapid positioning and acquisition of
data for FVM characterizations. As the tip is brought in and
out of contact with the surface, rich information of sample
properties can be acquired in real time for point-by-point
comparison to topographic features. For example, the Pulsed

Figure 3. Force volume maps and adhesion curves of bacteria for
encapsulated and unencapsulated cells. Areas at the center of the
bacterial cells were mapped over a 300 × 300 nm2 area. Maps and
distribution of adhesive forces for samples of bacterial strains: (A)
Streptococcus pneumoniae (S. pneumoniae) functionalized with TIGR4;
(B) unencapsulated Streptococcus pneumoniae with TIGR4; (C) wild
type S. mitis (SK142); (D) unencapsulated S. mitis wild type
(SK142); (E) capsulated S. mitis functionalized with TIGR4.
Reprinted with permission from ref 4e. Copyright 2020 American
Chemical Society. .

Table 2. Software Programs Used for Real-Time and Post-processing of FVM Data

software program FVM analysis tools source ref

Gwyddion force and indentation volume data processing statistical
functions

Open-Source 6a

Profilm Online digital image processing image analysis Film Metrics 6b
Scanning Probe Image Processor (SPIP) Young’s modulus mapping force-curve analysis force volume

analysis
Image Metrology 6c

Quantitative Imaging (QI) adhesion, stiffness, dissipation JPK Instruments 6d
FC_Analysis force-curve map analysis Open-Source 6e
Gnome X Scanning Microscopy project
(GXSM)

plug-ins for mathematical operations Open-Source 6f, 6g

PeakForce Quantitative Nanomechanical
Mapping (PF-QNM)

mapping chemical, mechanical, biological interactions,
quantitative modulus measurement

Bruker 6h, 6i, 6j,
6k

Igor Pro image post-processing mathematical functions statistical
analysis

Wave Metrics 6l

Pinpoint Nanomechanical Mode (real time) stiffness, elastic modulus, adhesion force Park Systems 6m, 6n
Fast Force Mapping Mode (real time) force−distance measurements modulus adhesion Oxford Instruments Asylum Research 6o
NanoMech Pro (real time) force-curve analysis phase imaging force modulation Oxford Instruments Asylum Research 6p, 6q
HybriD Piezoresponse Force Microscopy nanomechanical, adhesive piezoresponse properties,

electromechanical forces
NT-MDT 6r

Pulsed Force Mode elastic, electrostatic, stiffness adhesive properties WiTec 6s
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Force Mode (WiTec) can be applied using scanning speeds
that are comparable to contact mode imaging for SPM studies
with chemical force microscopy, electrostatic force imaging,
electrochemistry, and adhesion measurements for operation in
air or in fluids.6s The nanomechanical measurement modes of
conventional FVM, Quantitative Imaging (QI), and PeakForce
Quantitative Nanomechanical Mapping (PF-QNM) were
compared for bacterial the samples by Smolyakov et al.7 All
of the three modes, (FVM, QI, and PF-QNM) were found to
provide consistent results for studies of the morphology and
elastic modulus maps of living Pseudomonas aeruginosa
bacterial cells; however, shorter acquisition times and higher
resolution were considered to be advantages with the QI and
PF-QNM modes.
Probing the Nanomechanical Properties of Biological

Samples with Force−Volume Mapping. The mechanical
properties of biological samples such as tissue and cancer cells,
amyloid fibrils, and bacteria have been measured using FVM to
furnish insight into the elastic response and to be correlated
with morphology. For example, FVM has been used to probe
the development of several types of cancer including liver,
cervical, breast cancer, and metastatic tumors residing in the
brain.8 The progression of a normal cell to become a
metastatic cancer cell follows complex structural changes in
the extracellular matrix and cellular architecture, which can be
studied at the level of individual cells using the FVM mode.
A sample of breast cancer cells was examined by FVM which

revealed that healthy breast cells, benign cancer cells, and
metastatic cancer cells each display a distinct mechanical
signature of stiffness properties, as reported by Plodinec et al.8c

The progression of a normal cell to become a metastatic cancer
cell follows complex structural changes in the extracellular
matrix and cellular architecture. Stiffness measurements at the
level of individual cells were examined by FVM, which revealed
that healthy breast cells, benign cancer cells, and metastatic
cancer cells each display a unique profile of elastic modulus;
shown in Figure 4. Healthy cells isolated from a breast biopsy
and benign breast cancer cells presented a uniform stiffness
characterized by a single distinct peak for values plotted with
24 × 24 pixel maps, whereas malignant cancer cells displayed a
broadened distribution of measurements with lower values for
the elastic modulus. The histogram of the distribution of
measurements for healthy cells isolated from a breast biopsy
exhibited a unimodal stiffness distribution of 1.13 ± 0.8 kPa
(Figure 4A), and the benign breast cancer biopsy sample
exhibited a stiffer and broader unimodal distribution of 3.68 ±
1.92 kPa (Figure 4B). The metastatic cancer biopsy displayed a
bimodal distribution of stiffness (Figure 4C), with two
prominent peaks at 0.57 ± 0.16 kPa (first peak) and 1.99 ±
0.73 kPa (second peak).
The mechanical properties of articular cartilage of human,

porcine, and murine samples were investigated using FVM
mode by Darling et al.; example results are presented in Figure
5.9 The AFM probe was modified with a borosilicate glass
sphere to map the site-specific elastic modulus for sectioned
tissue samples of articular cartilage. The pericellular matrix
(PCM) of the articular cartilage was shown to be biochemi-
cally and structurally distinct from the extracellular matrix
(ECM), and samples of human, porcine, and murine, which
differed significantly in stiffness when comparing maps of
elastic modulus. Stiffness differences for cartilage from human
(Figure 5A−C), porcine (Figure 5D−F), and murine (Figure
5G−I) samples are compared with an overlay of topography

and elasticity maps (left) and analysis plots (center and right).
Within regions of interest located in light microscopy images,
16 sites/region were sampled to generate 900−1600
indentation sites. An example test site from each sample
(Figure 5A,D,G) is displayed as a combined topography/FVM
image. The distribution is presented using the compression
behavior of amyloid fibrils for radially applied force that was
examined using FVM histograms (Figure 5C,F,I). A combined
topography/FVM image and the contour maps (Figure
5B,E,H) show the location of areas of the PCM that were
sampled. A comparison of the distribution of the elastic moduli
measurements for the PCM and ECM is represented in
histograms (Figure 5C,F,I), showing that the PCM is
characteristically less stiff than the ECM, and the distribution
of elastic moduli values is notably broader for the ECM than
for the PCM.
Investigations with FVM were used to study the stiffness of

the outer membrane of individual bacterial cells of Escherichia
coli by Longo et al.10 Commercial probes with nominal spring
constants of 0.06 N/m were used to acquire indentation
measurements within scan areas of 2, 5, and 10 μm regions. An
example image for an area containing four bacterial cells is
revealed in the topography frame of Figure 6A. Each pixel of
the corresponding FVM image (Figure 6B) represents the sites
where force−distance measurements were acquired. Force
measurements were converted to values of Young’s modulus

Figure 4. Stiffness measurements obtained using FVM mode for
samples of breast tissue. Optical micrographs of a stained tissue and
distribution of elastic modulus measurements are shown for (A)
healthy tissue and (B) benign and (c) metastatic cancer cells. Tissues
were treated with hematoxylin and eosin stain: nuclei are stained blue,
and the extracellular matrix along with the cytoplasm is stained pink.
Reprinted with permission from ref 8c. Copyright 2012 Springer
Nature.
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using a Hertzian model and is plotted in MPa. The stiffer areas
are indicated in yellow-orange-red shades for the color scale,
and the blue regions represent lower values.
The compression elasticity of amyloid fibrils was examined

using FVM mode, by Zhou et al.11 For FVM experiments, a
glucagon peptide consisting of 29 amino acid residues was
chosen for characterization during selected intervals of
fibrillogenesis. High resolution images (300 × 300 nm2) of
fibrils were acquired for defining areas with 32 × 32 grid maps
to measure elasticity changes for three positions along the
length of the glucagon fibrils. Structural heterogeneities were
revealed for elasticity with comparisons of twisting con-
formations and fibril thickness.

Measuring the Young’s Modulus of Soft Materials
with FVM. Force−volume mapping can be applied to measure
the mechanical properties of soft samples at the scale of
nanometers with multiple approach−retract cycles, which can
then be used to derive highly local measurements of Young’s
modulus. Nanomechanical mapping of elastic response using
FVM has been applied for sample materials such as biological
cells and polymer blends.12 Several models have been
employed for calculating elastic modulus values from SPM
force curves.13 Strategies for extracting information of the
elastic properties from force−distance measurements have
been previously described by Bahrami et al.13a and by Lin et
al.13d The most widely used models are based on the
Derjaguin−Müller−Toporov (DMT)13b and the Johnson−
Kendall−Roberts (JKR) models that describe relationships
between the applied force, adhesion force, and the tip radius
for calculations of nanomechanical properties.13c Both the
DMT and JKR approaches are extensions of the Hertzian

Figure 5. Comparison of stiffness measurements measured with FVM for sectioned tissue samples of articular cartilage from human (top row),
porcine (middle row), and murine (bottom panels). Topography images are shown with an overlay of FVM elasticity maps (left column: A, D, and
G). Contour maps of the elastic moduli of the pericellular matrix are shown for multiple regions that were tested (center column: B, E, and H).
Histograms of elastic moduli reveal a bimodal distribution (right column: C, F, and I). The black peaks of the histograms correspond to the
pericellular matrix with low modulus values, and the white bars indicate regions of the extracellular matrix with higher elastic modulus. Reprinted
with permission from ref 9. Copyright 2010 Elsevier. .

Figure 6. Images of the outer membrane of Escherichia coli cells
captured with 32 × 32 pixel resolution. (A) Topography frame; (B)
corresponding elastic modulus measurements (5 × 5 μm2 frames)
acquired in ambient air. Reprinted with permission from ref 10.
Copyright 2012 Wiley. .
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model for contact mechanics, which describes adhesion forces
between contacting areas.
The Young’s modulus of bacterial samples was measured

using FVM, and example measurements are presented in
Figure 7, as reported by Gaboriaud et al.12f A grid map (10 ×

10) that was generated with force−volume mode is shown in
Figure 7A for a region of the surface of a single bacterial cell.
Within the 4 × 4 μm2 area of the digital FVM image, an
approach−retract cycle was acquired, and the colors indicate
indentation from the deflection of the tip. The brighter square
colors correspond to soft areas. Examples of individual force
approach and retract cycles are plotted in Figure 7B for four
distinct areas of the sample. Regions of the substrate (i, iv)
show a linear relationship of hard-wall repulsion when the tip
and the sample are brought into contact, which indicates that
the substrate is not deformable. For force profiles of regions of
the cell (ii, iii) the curve shapes are not linear at low load force
and large indentation occurs at high load, which indicated a
higher elastic modulus compared to that of the substrate.

Dynamic studies with FVM were used to measure the elastic
modulus of neuronal soma cells at selected temperatures by
Sunnerberg et al.12a Force versus indentation curves were
obtained using a spherical AFM tip for samples of soma cells
which measured 12 ± 4 μm2 in diameter. A 16 × 16 grid of
force versus indentation curves was taken with each cell
sample. The indentation curves were fitted with a Hertzian
model for a spherical indenter to obtain values of the local
elastic modulus. The FVM experiments revealed that the
modulus increased with a decrease in temperature, for
measurements that were made at 37 and 25 °C.
The effects of glutamate-induced excitotoxicity were studied

for neuron cells to evaluate changes for mechanical properties,
cell volume, and structure using FVM, by Efremov et al.12b

Nanomechanical maps for areas measuring 80 × 80 μm2 were
examined with grids of 40 × 40 measurement points that were
characterized with a fast force−volume mode. Values of
Young’s modulus were calculated by fitting FVM force curves
with Hertz’s model. Hyperosmotic stress was applied to the
cells by adding sucrose to the cell medium, and time-lapse
experiments were conducted to evaluate whether cells
recovered from the stress.
Measurement of Young’s modulus was determined quanti-

tatively at the nanometer level using FVM for a sample of a
biphasic polymer, by Reynaud et al.12c The biphase polymer
system was composed of poly(methyl methacrylate) (PMMA)
in a polyacrylate matrix. Indentation measurements were
obtained for areas measuring 100 × 100 μm2, with a maximum
cantilever deflection setting of 15 nm. The modulus measure-
ments for the polymer blends obtained with FVM were in close
agreement with the values measured for control samples of the
pure polymers.
Values of the Young’s modulus of polystyrene−polybuta-

diene polymer blends were studied using FVM by Kram̈er et
al.12d A stiffness map is shown for a 6 × 6 μm2 area of the
polymer film that was acquired with a 100 × 100 force−
volume grid (Figure 8A). The brighter white regions
correspond to stiffer polymer domains of polystyrene,
compared with the softer black regions of butadiene. The
arrow points to one of the gray regions of the matrix which has
an intermediate stiffness value, between 0.1 and 0.7 MPa. To

Figure 7. Force−volume data acquired from a sample of an individual
bacterial cell measuring interactions between an AFM tip and
bacterium. (A) A 10 × 10 grid map of zero-force height values
obtained by analyzing each force curve. (B) Approach and retract
curves measured on (i) the substrate, (ii) the cell periphery, (iii) the
cell apex, and (iv) the substrate. The arrows indicate the
corresponding piezo displacement distance for each approach−retract
cycle. Reprinted with permission from ref 12f. Copyright 2008
Elsevier.

Figure 8. Stiffness map acquired using FVM for a triblock copolymer
sample consisting of a polystyrene−polybutadiene blend. White areas
correspond to stiffer polystyrene domains; black areas are butadiene.
The arrow indicates an area of intermediate stiffness. Reprinted with
permission from ref 12d. Copyright 2014 Elsevier. .
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quantitatively measure Young’s modulus for the sample, force−
distance curves were acquired for the blend using a cantilever
with a spring constant of 8 N/m and a radius of 110 nm. To
calculate values of Young’s modulus, models from both DMT
and the JKR theories were used for post-processing of data
obtained with force curves.
Mechanical properties of adhesion, stiffness, and dissipation

were evaluated for samples of polypropylene using volume
mapping with Peak Force QNM, as reported by Voss et al.12e

Areas of crystalline isotactic and amorphous elastomer were
characterized, and changes were evaluated after steps of wet
chemical etching for ablation of surface layers. Maps of force
curves were collected for measuring sample properties with a
scan rate of 1 Hz (1000−2000 curves/s).14 Force curves were
fitted with the DMT model to extract elastic properties. The
combination of etching steps with volume mapping provided
information of structural defects and inhomogeneities with
nanoscale resolution. Peak Force QNM has been applied for
studies of nanomechanical properties such as elastic modulus,
stiffness, and adhesion for a diverse range of polymer samples
such as thermoplastic elastomers, polyamide/polypropylene
blends, polysaccharide films, polyamide/fluoroelastomer
blends, polycaprolactone fibrils, carbon fiber and poly(ether
ether ketone) blends, poly(methyl methacrylate) layers grafted
on Ti, and films of polystyrene and poly(methyl methacrylate)
blends, as well as for polyamide and cellulose nanofibers.15

Natural diamond AFM probes with steel cantilevers were
used for mapping indentation and elastic modulus of an epoxy
molding compound using FVM, as reported by Germanicus et
al.16 A sample was prepared by incorporating silica beads in
epoxy o-cresol novolac resins which are used as plastic
packages for automotive, aerospace coatings, and integrated
microelectronic devices. Indentation measurements acquired
using SPM were compared to measurements acquired using
Peak Force QNM at micrometer scales, in which the average
values of contact modulus obtained by the two techniques
were found to be comparable. The DMT stiffness model was
applied to calculate Young’s modulus, and the authors reported
higher spatial resolution and surface sensitivity for mechanical
mapping for elastic areas of samples as compared to
indentation measurements.
Peak Force QNM was used for force−volume mapping with

samples of elastomers, thermoplastics, and thermoset resins by

Bahrami et al.13a Force curves were evaluated and compared
using both the DMT and JKR models. Parameters such as the
tip−sample interaction area and contact radius were found to
govern the spatial resolution for measuring adhesion forces and
elastic modulus.

Mapping Electromechanical Properties with Piezor-
esponse Force Microscopy. For samples of ferroelectric
materials, a mapping mode of piezoresponse force microscopy
or PFM has been developed for local characterization of
ferroelectric domains.17 The basic principle of PFM is based
on detecting the deformation of the sample induced by an
electrical bias voltage. For the instrument configuration of
PFM, a functional generator is used to apply an oscillating
voltage to a conductive probe scanned in contact with the
sample, and small deflections of the tip are detected with a
lock-in amplifier.18 Local changes of surface volume due to the
piezoelectric effect can be evaluated with PFM; however,
contributions from electrostriction, electrostatic forces, electro-
chemical strain, Joule heating, and polarization can complicate
analysis and interpretation of measurements.19 The electro-
mechanical properties of a broad range of materials have been
studied and mapped with PFM, such as inorganic ferro-
electrics, piezoelectric materials, ceramics, and biomaterials.20

Force−Volume Mapping of the Dielectric Properties
of Bacterial Cells. The dielectric constants of bacterial
membranes have been characterized using FVM, with spatial
resolution at the level of individual cells. For example, bacterial
cells of Pseudomonas aeruginosa (P. aeruginosa) were studied in
ambient conditions under low humidity (<30%) using FVM to
collect measurements of electrostatic forces, as reported by
Checa et al.21 A data set of electrostatic force microscopy
(EFM) measurements collected with deflection and amplitude
approach curves was acquired using an FVM grid of 128 × 128
pixels. Information from FVM data sets was used to identify
differences for the dielectric properties of the cell wall and the
cytoplasmatic region and to map variations in the dielectric
constant along the cell wall of individual bacterial cells. Raw
data measurements from tip deflection and oscillation
amplitude approach curves were converted into calibrated
deflection and capacitance gradient data. A geometric model of
measurement grid sites obtained from a topography image is
shown in Figure 9A, for an area of a silicon oxide (SiO2) pillar.
Examples of the grid maps for a bacterial flagella and cell body

Figure 9.Mapping dielectric constants with FVM. Local geometric models from topography images that were used to calculate dielectric properties
for (A) a fabricated silicon oxide pillar; (B) an area of a bacterial flagella; (C) central area within the body of a bacterial cell. Maps of the calculated
electric potential distributions corresponding to the (D) SiO2 pillar, (E) flagella, and (F) bacterial cell body. Reprinted with permission from ref 21.
Copyright 2019 Royal Society of Chemistry.
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are shown in Figure 3B,C, respectively. Corresponding FVM
maps for the calculated values of dielectric constants are shown
in Figure 9D−F below each topography grid map. The colored
regions indicate the potential distributions that correspond to
the grid positions underneath the tip. Measurements of
dielectric constants were mapped for samples of the flagella
and the bacterial cell body of P. aeruginosa. The distribution of
the values of the dielectric constant were uniform across areas
of the SiO2 pillar and also for the regions of the bacterial
flagella. However, the bacterial cell showed a non-uniform
distribution of the measured dielectric constants, furnishing
information regarding the heterogeneity of cell components.
Using approach curves that were acquired with EFM, local
maps of dielectric constants were generated by post-processing
of data to correspond with images of sample topography.
Maps of the conductivity and interfacial capacitance were

acquired with FVM for the semiconducting channel of an
organic field-effect transistor (FET) device, as reported by
Kyndiah et al.22 Scanning dielectric microscopy in liquid was
combined with FVM to acquire electric force images (128 ×
26 pixels) of a semiconducting film for regions of the transistor
in the on-state. For mapping dielectric properties, a metallic
(platinum-coated) probe was used as a gate electrode for the
transistor and also for recording electrical forces during
operation with FVM in liquid media. The variations in
conductivity along the channel attributable to changes in the
gate voltage were characterized. Maps of conductivity revealed
heterogeneities at micrometer and sub-micrometer scales at
the semiconductor/electrolyte interface.
Spatial Mapping of Proteins and Tissues with FVM.

Spatial maps of biological samples such as proteins and tissue
samples have been acquired with FVM mode to measure forces
of adhesion, deformation, and specific chemical binding.23

Experiments with FVM can be accomplished in liquid media

such as buffers, to mimic physiological conditions of living cells
and to prevent denaturation. Such studies provide insight into
the interplay between physiological characteristics and
biochemistry at small size scales when imaging individual cells.
The collagen component in soft organ tissue sections of

humans and mice were examined with FVM, to measure elastic
properties, as reported by Calo et al.24 Measurements of
mechanical properties were found to correlate with the amount
and location of collagen in tissue samples that were analyzed
with a tandem instrument consisting of an SPM system
integrated with bright-field optical microscopy. Example FVM
results are shown in Figure 10 for a tissue sample from human
liver that was obtained from a patient with colon cancer.
Bright-field microscopy images were used to locate certain
areas of sectioned tissue for mapping, shown in Figure 10A,B.
Maps of elastic modulus were acquired for 60 × 60 μm2 areas,
shown in Figure 10C. The deformation of the cantilever
obtained with force-curve measurements at each pixel area was
used to derive values of Young’s modulus by fitting with
contact mechanics models. The mechanical properties were
found to correlate with the density of collagen, as revealed by
staining in optical microscopy images (Figure 10D,E). Areas of
low collagen density are mapped with FVM in Figure 10F.
Nonstained optical images of adjacent tissue sections shown in
Figure 10B,E indicate the placement of the AFM probe for
scanning the framed areas that were mapped with FVM.
High spatial resolution can be achieved with FVM for

measuring chemical and physical properties for samples of the
purple membrane of Halobacterium salinarum, as reported by
Medalsy et al.23d Purple membranes consist of lipid and a
crystalline arrangement of the bacteriorhodopsin protein,
which serve as a light driven protein pump. Images of purple
membranes are shown with topography (Figure 11A) and
corresponding FVM images. Force−distance curves were

Figure 10. Maps of elastic modulus values compared for areas of collagen-enriched and low collagen areas in frozen-fixed mouse tissue, pinpointed
with optical and AFM images. (A) Optical microscopy image of a stained tissue section with low collagen areas indicated in red, and collagen-
enriched areas (framed area) stained in blue. The asterisk shows a hollow cavity from a large blood vessel wall as a reference feature. (B) Adjacent,
nonstained area of the same tissue sample imaged with bright-field microscopy showing the area scanned with an AFM probe for FVM
measurements. (C) Elastic modulus map of the collagen-enriched area framed in panel B. (D) Microscopy image of stained tissue section with low
collagen density. (E) Placement of the cantilever tip shown for an unstained section with a bright-field image. (F) Elastic modulus maps of the area
with low collagen content shown in panel E. (Scale bar, 100 μm; map size, 60 × 60 μm2; pixel size, 6 × 6 μm2). Reprinted with permission from ref
24. Copyright 2020 Springer Nature.
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acquired at each pixel of the topography image (512 × 512
pixel grid) and were subsequently used to extract information
of Young’s modulus, sample deformation, adhesion force,

energy dissipation, and trigger force error (Figure 11B−F).
The trigger force error (Figure 11F) is a measure of the
deviation of the instrument feedback loop to adjust the trigger
force; the values ranged from 50 to 300 pN. Such experiments
showcase the capabilities of FVM mode for mapping and
quantifying multiple parameters of chemical and physical
properties of biological samples with nanometer resolution.

Chemical Force Microscopy Using FVM with Func-
tionalized Probes. The FVM mode can be used in
combination with chemical force microscopy, an imaging
strategy in which tips are functionalized to characterize
chemically specific interactions with a sample. Multiple
approaches have been developed for tip functionalization to
design chemically specific tip−sample interactions, and
representative examples of tip coatings that have been used
with FVM are presented in Table 3.25

Wettability studies with mica substrates were completed
using FVM with thiolated AFM probes, to simulate low salinity
and nanofluid enhanced oil recovery (EOR) techniques, as
reported by Afekare et al.25d The tip coating strategy with
thiolated molecules is illustrated in Figure 12. For FVM
studies, a silicon nitride tip that was coated on the underside
with a thin layer of gold was used to facilitate Au−S
chemisorption of thiolated molecular coatings. Gold-coated
probes were functionalized by simple immersion into dilute
solutions of thiolated molecules to present methyl, carboxylic
acid, and phenyl moieties on the tip surface. The thiol at one
end of each molecule is linked to the gold coating via
chemisorption, and a hydrocarbon spacer connects designed
functionalities (methyl, phenyl, and carboxylic acid) to be
presented at the tip interface.
Using force−volume mapping, adhesion maps (16 × 16

pixels) were obtained with tips terminated with alkyl, aromatic,
and carboxylic acid functional groups to probe wettability
interactions with mica as a model mineral substrate, as
reported by Afekare et al.25d The tip coatings were selected to
simulate possible interactions in oil media. An example
experimental series is shown in Figure 13, which reveals that
as the brine salinity was decreased, the mean adhesion force
was reduced. A series of FVM experiments were designed with
nanofluids containing SiO2 nanoparticles dispersed in high
salinity brine, which revealed that brine and silica nanofluids
can be used to alter surface wettability.
Diverse chemical and biological interactions have been

studied using force−volume mapping with the mode of
chemical force microscopy using AFM tips that are coated

Figure 11. Spatial mapping with force modulation mode for a sample
of native purple membrane using force-volume mapping in buffer
solution. (A) Surface features of purple membrane viewed with a
topography image that was used to measure cytoplasmic and
extracellular heights. Corresponding maps of (B) Young’s modulus;
(C) deformation; (D) adhesion forces between the tip and sample;
(E) energy dissipation; and (F) the trigger force error channel. Scale
bars are 200 nm. Reprinted with permission from ref 23d. Copyright
2011 John Wiley and Sons.

Table 3. Coating Materials Used to Functionalize SPM Probes for FVM

interactions studied tip functional groups FVM grid
area

sampled ref

binding force between Concanavalin A and mannan
polymers of yeast cells in PBS buffer

gold-coated Si3N4 tip SH-functionalized protein, Concanavalin A 16 × 16 3 × 3 μm2 25a

mapped the distribution of an enzyme on the
membrane of nerve cells in salt solutions

gold-coated Si3N4 tip nerve growth factor attached with a
thiolated cross-linker

32 × 32 8 × 8 μm2 25b
4 × 4 μm2

specific interaction between cholera toxin B oligomer
and receptor ganglioside in PBS buffer

gold-coated Si3N4 tip ganglioside (GM1) attached to a thiolated
cross-linker

16 × 16 5 × 5 μm2 25c

mapped adhesion forces between polar/nonpolar
moieties to mineral substrates in brine solutions

gold-coated Si3N4 tip methyl, aromatic, and carboxylic acid
groups of alkanethiols

32 × 32 1 × 1 μm2 25d

adhesion forces mapped with freshwater diatom,
Nitzschia palea in liquid culture medium

gold-coated Si3N4 tip hydrophobic (dodecanethiol) or
hydrophilic coatings
(mercaptoundecanol)

32 × 32 2 × 2 μm2 25e

antigen−antibody unbinding measured in buffer amine-functionalized
Si3N4 tip

derivatized with antibodies linked to a
heterobifunctional PEG800 spacer

32 × 32 4 × 4 μm2 23c
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with biological molecules. For example, a gold-coated tip
functionalized with Concanavalin A was employed for mapping
the distribution of polysaccharides on living yeast cells
(Saccharomyces cerevisiae), by Gad et al.25a Experiments with
FVM were conducted for mapping specific receptor−ligand
binding interactions for areas spanning 3 × 3 μm2 with a
sampling grid of 16 × 16 pixels. Specific molecular recognition
was accomplished using a tip coated with Concanavalin A for
locally mapping the distribution of mannan, a natural polymer
located on the exterior of yeast cells.
The distribution and association of an enzyme was mapped

with FVM using biologically coated tips for samples of nerve
cells, by Reddy et al.25b The specific interaction between nerve
growth factor, a neurotrophin protein, and the tyrosine kinase
A enzyme was mapped for the outer membrane of living PC12
nerve cells within a fluid cell containing salt solutions. A gold-
coated silicon nitride tip was functionalized using a thiolated
cross-linker, succinimidyl 3-(2-pyridyldithio)propionate, which
contains a hydroxysuccinimidyl group to react with amino acid
groups of the protein. Force maps were generated by scanning
the protein-coated AFM tip across a living cell to identify the
distribution of the tyrosine kinase A enzyme on the outer
surface of cells.

Experiments with FVM were used to map biochemically
specific interactions between cholera toxin B oligomer with its
receptor, reported by Vengasandra et al.25c A gold-coated AFM
probe was functionalized with a receptor ganglioside, GM1,
using a cross-linking agent, succinimidyl 3,2-(2-pyridyldithio)-
propionate (SPDP). For sample preparation, a silicon substrate
was coated with gold, and the cholera toxin B oligomer was
attached using the SPDP cross-linker which is reactive to the
amino acid groups of cholera toxin B. An example FVM image
(Figure 14A) depicts an FVM grid map of the relative strength

of the interaction between the oligomer and ganglioside
receptor, with strong attractive forces being generated at the
darkest regions. Weaker attractive forces are apparent at the
brighter pixel regions, which have lesser concentrations of
cholera toxin B. Force curves from three data points of the
force volume image are shown in Figure 14B for pixel regions
that have dark, intermediate, and light contrast. Measurements
of the attractive forces from multiple approach−retraction

Figure 12. Concept for functionalizing gold-coated Si3N4 tips with thiolated molecules. Tips were coated with (A) undecanethiol, (B)
phenylethanethiol, and (C) mercaptoundecanoic acid.

Figure 13. Example force−volume maps (5 × 5 μm2) acquired with a
mica substrate, which were collected in brine solutions using a
methyl-functionalized tip that was coated with undecanethiol.
Adhesion measurements were acquired in (A) high salinity, 72,800
ppm salts; (B) low salinity, 5000 ppm salts; and (C) low salinity brine
water, 5000 ppm without cations. Reprinted with permission from ref
25d. Copyright 2020 MDPI.

Figure 14. Grid map of the specific interactions between an oligomer
of cholera toxin B with its ganglioside receptor. (A) FVM grid map of
adhesion measurements for a 1 × 1 μm2 area of a surface that was
modified with cholera toxin B. The probe was coated with receptor
ganglioside, GM1. (B) Force curves from three data point positions
labeled in A. Experiments were conducted in buffer solutions at pH
7.4. Reprinted with permission from ref 25c. Copyright 2003
American Chemical Society.
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cycles acquired with FVM could be specifically correlated to
the bond rupture force of the bond between cholera toxin B
and ganglioside GM1.
Chemical force microscopy studies with FVM were used to

characterize samples of the freshwater diatom Nitzschia palea
(N. palea), by Lavieale et al.25e The distribution of adhesive
molecules for regions of diatom cells was mapped with a
coated probe to achieve a lateral resolution of a few
nanometers, using a tip that was coated with either hydrophilic
or hydrophobic alkanethiols. Diatom cells of N. palea were
deposited on gold-coated glass slides that were functionalized
with alkanethiols, either mercaptoundecanol or dodecanethiol.
Gold-coated silicon nitride tips (nominal spring constant of
∼0.06 N/m) were functionalized with methyl-terminated
dodecanethiol to generate a hydrophobic interface, and
hydroxyl-terminated mercaptoundecanol furnished a hydro-
philic coating. An example FVM experiment that was
accomplished in buffer using a hydrophobic tip is shown in
Figure 15A, for an area at the central region of a diatom cell.
Approximately 20% of the areas that were mapped displayed
adhesive events, which could be correlated with molecular
density; the adhesion force measurements are plotted in Figure
15B. The rupture lengths ranged up to 4000 nm in length
(Figure 15C), and the force signatures revealed approach−
retract cycles with both single and multiple peaks that had a
sawtooth pattern, which is characteristic of stretching and
unfolding of intramolecular domains. The profile of a single
peak corresponds to a single extension of the molecules
without unfolding events. New insight was gained about the
mechanisms of the adhesion of diatoms using FVM experi-
ments combined with chemical force microscopy.
The strength of unbinding forces was evaluated for specific

antigen−antibody interactions using FVM mode with a
biofunctionalized AFM probe, as reported by Avci et al.23c

Silicon nitride tips were functionalized with amine groups by
treatment with ethanolamine−HCl, and then derivatized
antibodies were linked to the tip with a spacer consisting of
a heterobifunctional PEG800 tether molecule. The linker
molecule with the free end conjugated to the antibody was
designed with a flexible spacer to increase the chances for the
antibody to find and bind to the surface-bound antigen.
Force−volume measurements were collected in buffer, in
which the 4 × 4 μm2 area was mapped with a 32 × 32 pixel
grid, to generate 1024 force−distance curves. Values of the

unbinding force of collagen antibody from its antigen were
derived using code written with MatLab for automated analysis
of force curves. Approximately 20% of the multiple force−
distance curves that were acquired showed profiles of adhesive
pull-off events, with single or multiple unbinding contact
points that are characteristic of the stretching and unfolding of
collagen fibrils.

■ CONCLUSION

Protocols for studies with FVM mode can be applied to a
broad range of nanomaterials and molecular systems to gain
fundamental insight of chemical and biochemical properties
and surface reactions. Dynamic protocols can be designed by
changing the imaging environment, coating the AFM probe for
chemical force measurements, or changing the instrument
configuration for measuring electrical or physical properties.
Key benefits of the FVM mode are the capabilities for
correlating force measurements with specific features of AFM
topography frames for unraveling the roles of structure and
function at small size scales. Considerable progress has been
made for speeding the time required for acquisition and post-
processing of FVM images, as well as for handling the large
electronic data sets that are generated. Future directions will be
to continue to apply FVM measurements in novel ways to
address research questions and to take full advantage of the
capabilities for obtaining multiple channels of information with
hybrid SPM measurement modes combined with topography
analysis.
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